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Legal Notice

This report was prepared by General Electric Company as an account of the work sponsored by the

participating companies listed in the Foreword. Neither the Sponsors, nor General Electric, nor any

person acting on behalf of any of them:

1. Makes any warranty or representation, express or implied, with respect to the accuracy,

completeness, or usefulness of the information contained in this report, or that the use of

any information, apparatus, methods, or process disclosed in this report may not infringe

privately owned rights; or

2. Assumes any liability with respect to the use of, or for damages resulting from the use of,

any information, apparatus, methods, or process disclosed in this report.

In accordance with the terms and conditions of the contracts between GE and the Sponsors, neither this

report, nor any technical project results or guidelines may be disclosed to any company, utility,

individual, or organization other than the Sponsors as listed in the Foreword of this report, without the

written concurrence of the DSTAR Chairman.

Copyright© 2012 General Electric International, Inc. All rights reserved. 
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Foreword

The goal of the DSTAR Data e-Handbook is to create a dynamic electronic document that consists of

information commonly used by the DSTAR membership. Covering a variety of distribution engineering

topics, the DSTAR e-Handbook is intended to be an authoritative source of information. The material

included in the e-Handbook has been obtained from existing distribution handbooks, manufacturer

information, standards documents, results from DSTAR software programs, and surveys of the DSTAR

membership. All the information has been collated and sanitized for applicability and accuracy.

The e-Handbook has been designed to be a living document that is easy to maintain and add new

material. The Adobe Acrobat electronic format was chosen because it offers a high level of flexibility to

support future document modifications. Also, since the originating document format is Microsoft Word,

the document can be maintained by anyone with access to Word and a conversion tool such as Adobe

Acrobat full version.

This project was conducted by General Electric International, Inc. for a consortium of utility companies

and utility organizations known as the Distribution Systems Testing, Application, and Research (DSTAR)

group as part of DSTAR Program 12. The participating companies are

Ameren Corporation

Duke Energy

National Rural Electric Cooperative Association, 

Cooperative Research Network

PacifiCorp

This project was performed under the guidance of a Project Review Committee whose membership is

comprised by representatives of the companies listed above. This committee is responsible for both the

Program 12 research and long-range goals of the DSTAR program. We’d like to offer a special thanks to

those who provided information for inclusion in this handbook, and those who edited and reviewed 

the material.
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South Carolina Electric & Gas

Southern Company

We Energies

Wisconsin Public Service Corporation
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For well over a decade, DSTAR has brought valuable, timely results and products to its members.

DSTAR projects have included laboratory testing, field testing, analytical investigations of many impor-

tant equipment application and protection standard issues, as well as the development of software prod-

ucts focused on providing the means for the member utilities to operate more efficiently within the ever-

tightening constraints of manpower limitations and procurement budgets.

The table below shows a topical list of many of the completed DSTAR projects. Each project is linked

to a more detailed description on the DSTAR website (www.dstar.org). If this handbook does not specif-

ically address your need, then you may find your answer via one of the completed projects shown below.

Please contact your DSTAR administrator to determine the projects that are accessible to your utility.

Underground Distribution

Cable Electrical Parameters Software (CEPS)

Cable Pulling Assistant (cable pulling tension software)

Ferroresonance

Impulse-duty Aging of Underground Cables

Underground Cable Ampacity

Underground System Overvoltage Protection

Overhead Distribution

Guy Tension Analyzer Software

Overhead Calculation Suite Software

Secondary-Side Surges

Wye-delta Overhead Transformer Bank Overvoltages

Economic Overhead Conductor Software (EOCS)

Distribution Engineering Software

Cable Electrical Parameters Software (CEPS)

Cold-Load Pickup Software

Secondary Electrical Design Software (SEDS)

Toolbox

Transformer Owning Costs Software (TOCS)

Transformer Scrap / Repair Decision Process

System Owning Cost Comparison Software (SOCCS)

Economic Overhead Conductor Software (EOCS)

http://www.dstar.org/P_R_Software_EOCS.htm
http://www.dstar.org/P_R_Software_SOCCS.htm
http://www.dstar.org/P_R_Software_TS.htm
http://www.dstar.org/P_R_Software_TOCS.htm
http://www.dstar.org/P_R_Software_TB_1.htm
http://www.dstar.org/P_R_Software_SEDS.htm
http://www.dstar.org/P_R_Software_CLP.htm
http://www.dstar.org/P_R_Software_CEPS_1.htm
http://www.dstar.org/P_R_Software_EOCS.htm
http://www.dstar.org/P_R_Summary_WDOB.htm
http://www.dstar.org/P_R_Summary_SSS.htm
http://www.dstar.org/P_R_Software_TB_1.htm#Overhead Calculation
Guy Tension Analyzer Software
http://www.dstar.org/P_R_Summary_UCSO.htm
http://www.dstar.org/P_R_Software_CA.htm
http://www.dstar.org/P_R_Summary_IDA.htm
http://www.dstar.org/P_R_Summary_Ferr_1.htm
http://www.dstar.org/P_R_Software_TB_1.htm#Cable Pulling
http://www.dstar.org/P_R_Software_CEPS_1.htm
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Distribution Transformer Application

Graphic Secondary Voltage Imbalance Calculator Software

Padmount Transformer Fault Current Withstand

Separable Connector (Elbow) Flashover Problems

Transformer Loading and Economic Evaluation

Transformer Owning Costs Software (TOCS)

Transformer Scrap / Repair Decision Process

Transformer Seasonal Loading Analysis Guidelines

Overcurrent Protection Coordination

Cold-Load Pickup Software

Padmount Transformer Fault Current Withstand

Transient Currents in Capacitor Fuses

System Design and Planning

Cold-Load Pickup Software

Secondary Electrical Design Software (SEDS)

Voltage Drop and Flicker Analysis Software Tool

System Owning Cost Comparison Software (SOCCS)

Distributed Generation - Impact on Distribution Systems

http://www.dstar.org/P_R_Summary_DG.htm
http://www.dstar.org/P_R_Software_SOCCS.htm
http://www.dstar.org/P_R_Software_TB_1.htm#Voltage Drop
http://www.dstar.org/P_R_Software_SEDS.htm
http://www.dstar.org/P_R_Software_CLP.htm
http://www.dstar.org/P_R_Summary_Fuses.htm
http://www.dstar.org/P_R_Summary_PTFW.htm
http://www.dstar.org/P_R_Software_CLP.htm
http://www.dstar.org/P_R_Summary_LC.htm
http://www.dstar.org/P_R_Software_TS.htm
http://www.dstar.org/P_R_Software_TOCS.htm
http://www.dstar.org/P_R_Summary_TLEE.htm
http://www.dstar.org/P_R_Summary_Flash.htm
http://www.dstar.org/P_R_Summary_PTFW.htm
http://www.dstar.org/P_R_Software_GSVIC_1.htm
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Areas, Weights and Impedance

Size 
In.

Area
In2

Wt./Ft.
Lbs.

Inductive
Reactance
Xab

EC No. 2 EC-T61
DC

Resistance
c

RAC/RDC
d

AC
Resistance

e

DC
Resistance

b

RAC/RDC
c

AC
Resistance

d

¼x1 0.250 0.294 0.0864 53.40 1.01 64.80 57.16 1.01 68.54
¼x1-½ 0.375 0.441 0.0787 35.60 1.01 43.20 38.11 1.01 45.72
¼x2 0.500 0.588 0.0729 26.70 1.02 32.40 25.58 1.02 34.63
¼x3 0.750 0.882 0.0644 17.80 1.04 22.25 19.05 1.04 23.54
¼x4 1.000 1.176 0.0583 13.35 1,06 17.00 14.29 1.06 18.00
¼x5 1.250 1.470 0.0534 10.68 1.09 13.93 11.43 1.08 14.67
¼x6 1.500 1.764 0.0492 8.900 1.11 11.86 9.527 1.10 12.45
¼x8 2.000 2.352 0.0431 6.675 1.15 9.246 7.145 1.14 9.676
3/8x2 0.750 0.882 0.0716 17.80 1.04 21.60 19.05 1.04 23.54
3/8x3 1.125 1.323 0.0636 11.87 1.08 15.32 12.70 1.07 16.15
3/8x4 1.500 1.764 0.0576 8.900 1.12 11.88 9.527 1.10 12.45
3/8x5 1.875 2.205 0.0529 7.120 1.15 9.795 7.621 1.13 10.23
3/8x6 2.250 2.646 0.0491 5.933 1.18 8.362 6.351 1.16 8.752
3/8x8 3.000 3.528 0.0430 4.450 1.23 6.545 4.763 1.21 6.846
½x3 1.500 1.764 0.0627 8.900 1.12 11.88 9.527 1.10 12.45
½x4 2.000 2.352 0.0570 6.675 1.17 9.319 7.145 1.15 9.761
½x5 2.500 2.940 0.523 5.340 1.21 7.718 5.716 1.19 8.081
½x6 3.000 3.528 0.0485 4.450 1.24 6.609 4.763 1.22 6.903
½x8 4.000 4.704 0.0423 3.380 1.29 5.173 3.573 1.27 5.391

Aluminum Rectangular Bus Bar Area, Weight and Impedance

Table 2.1  Aluminum Rectangular Bus Bar Area, Weight and Impedance a

a Aluminum Company of America. Aluminum Rectangular Bus Bar, Current Ratings - Amperes. Tables 58-60. Pittsburgh, PA: ALCOA. Cited in Hubbell Power Systems
Technical Data, A Reference for the Electrical Power Industry. Bulletin #AEC-41. p.55. Leeds, AL: Anderson C Hubbell Power Systems. Extracted, with permission,
from the Hubbell Power Systems Bulletin #AEC-41. Copyright Anderson C Hubbell Power Systems. Used with permission from ALCOA

b Inductive Reactance at 1-ft Spacing Ohms/1000 ft.
c DC Resistance at 20°C Micro-ohms/ft.
d RAC/RDC at 70°C.
e AC Resistance at 70°C Micro-ohms/ft.
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Size
In.

Spacingb

- 2-3/8 in. - - - 2-3/8 in. 2-3/8 in. - 2-3/8 in. 2-3/8 in. 2-3/8 in.

A B C D E F G H J K L
1/8x1 247 450 390 494 568 632 672 469 790 931 1,075

1/8x2 447 813 705 894 1,028 1,144 1,215 849 1,430 1,685 1,944

1/8x3 696 1,267 1,100 1,392 1,600 1,782 1,893 1,322 2,227 2,624 3,028

1/8x4 900 1,630 1,420 1,800 2,070 2,304 2,448 1,710 2,880 3,393 3,915

¼x1 366 666 578 732 842 937 995 695 1,171 1,380 1,592

¼x1¼ 443 806 700 886 1,019 1,134 1,205 842 1,418 1,670 1,927

¼x2 647 1,178 1,020 1,294 1,488 1,656 1,760 1,229 2,070 2,440 2,814

¼x3 973 1,770 1,540 1,946 2,238 2,490 2,647 1,849 3,114 3,668 4,232

¼x4 1,220 2,220 1,925 2,440 2,800 3,123 3,318 2,318 3,904 4,600 5,307

¼x5 1,460 2,657 2,300 2,920 3,358 3,738 3,971 2,774 4,672 5,504 6,350

¼x6 1,660 3,020 2,620 3,320 3,818 4,250 4,515 3,154 5,312 6,258 7,220

¼x8 2,020 3,676 3,190 4,040 4,646 5,171 5,494 3,838 6,464 7,615 8,787

3/8x1 502 914 792 1,004 1,155 1,285 1,365 954 1,606 1,892 2,184

3/8x2 865 1,574 1,365 1,730 1,990 2,214 2,353 1,643 2,768 3,260 3,763

3/8x3 1,180 2,148 1,860 2,360 2,714 3,020 3,210 2,242 3,776 4,449 5,133

3/8x4 1,440 2,620 2,280 2,880 3,312 3,686 3,917 2,736 4,608 5,429 6,264

3/8x5 1,685 3,067 2,660 3,370 3,875 4,314 4,583 3,201 5,392 6,352 7,330

3/8x6 1,960 3,576 3,100 3,920 4,508 5,018 5,331 3,724 6,272 7,389 8,525

3/8x8 2,420 4,404 3,820 4,840 5,566 6,195 6,582 4,598 7,744 9,123 10,527

½x1 603 1,097 953 1,206 1,387 1,544 1,640 1,146 1,930 2,273 2,623

½x2 990 1,802 1,560 1,980 2,277 2,534 2,693 1,881 3,168 3,732 4,306

½x3 1,325 2,411 2,090 2,650 3,047 3,392 3,604 2,517 4,240 4,995 5,764

½x4 1,630 2,967 2,570 3,260 3,750 4,173 4,434 3,097 5,216 6,145 7,090

½x5 1,935 3,522 3,050 3,870 4,450 4,954 5,263 3,676 6,192 7,295 8,417

½x6 2,220 4,040 3,500 4,440 5,106 5,683 6,038 4,218 7,104 8,370 9,647

½x8 2,760 5,023 4,350 5,220 6,348 7,065 7,507 5,244 8,832 10,405 12,005

Copper Rectangular Bus Bar Current Ratings

Table 2.2  Current Carrying Capacity (Ampacity) of Rectangular Copper Bus Bars a

a Chase Brass and Copper Company. Current Carrying Capacity of Rectangular Copper Bars, 60 Cycles (Amperes). Table. Montpelier, OH: Chase Brass,
c.1965.  Extracted, with permission, from the Hubbell Power Systems Bulletin #AEC-41. Copyright Anderson C Hubbell Power Systems. Used with per-
mission from Chase Brass.

b Spacing between bars is ¼ in. unless otherwise indicated.

Ampacity Tables
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a Aluminum Company of America. Aluminum Rectangular Bus Bar, Current Ratings - Amperes. Tables 58-60. Pittsburgh, PA: ALCOA. Cited in Hubbell
Power Systems Technical Data, A Reference for the Electrical Power Industry. Bulletin #AEC-41. p.55. Leeds, AL: Anderson C Hubbell Power Systems.
Extracted, with permission, from the Hubbell Power Systems Bulletin #AEC-41. Copyright Anderson C Hubbell Power Systems. Used with permission
from ALCOA.

b Ratings based on 30°C rise over 40°C ambient in still but unconfined air (e=0.35), corresponding to usual indoor temperature. Vertical bar ampacity
from industry sources.

c For multiple bus arrangements, the space between bars equal to the bar thickness.

For a-c phase spacings less then 18-in. an allowance for proximity effect must be made.

Ratings are based on horizontal mounting, in air with no attachments.

For dc ratings o ther alloys, multiply by: For 1350, 1.035; 6101-T6, 0.982; T6101-T63, 0.992; 6101-T64, 1.02; 6101-T65, 0.996.

For 60 Hz, the use of these multipliers is conservative.   

Size
In.

1 Bar 2 Bar c 

6101-T61 Alloy 57% IACS Conductivity 6101-T61 Alloy 57% IACS Conductivity
DC AC DC AC

¼x1 308 308 607 601

¼x1-½ 430 429 833 817

¼x2 549 545 1051 1021

¼x3 780 768 1472 1410

¼x4 1005 980 1878 1760

¼x5 1225 1184 2275 2092

¼x6 1443 1381 2665 2413

¼x7 1870 1760 3427 3034

3/8x2 691 678 1340 1278

3/8x3 974 941 1857 1709

3/8x4 1249 1191 2356 2099

3/8x5 1519 1429 2842 2483

3/8x6 1785 1657 3320 2847

3/8x8 2308 2098 4253 3569

3/8x10 2822 2534 5165 4289

½x3 1145 1074 2205 1991

½x4 1462 1369 2782 2416

½x5 1774 1634 3345 2828

½x6 2081 1892 3897 3230

½x8 2685 2393 4975 4014

½x10 3278 2880 6209 4779

Aluminum Vertical Rectangular Bus Bar Current Ratings b

Table 2.3  Aluminum Vertical Rectangular Bus Bar Current Ratings - Amperes a
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Size 
In.

3 Bar b 4 Bar b 

6101-T61 Alloy 57% IACS Conductivity 6101-T61 Alloy 57% IACS Conductivity
DC AC DC AC

¼x1 905 887 1203 1168

¼x1-½ 1235 1194 1637 1561

¼x2 1552 1480 2053 1915

¼x3 2162 2000 2851 2530

¼x4 2749 2462 3619 3081

¼x5 3321 2905 4365 3625

¼x6 3881 3338 5095 4146

¼x7 4974 4183 6517 5152

3/8x2 1989 1831 2638 2332

3/8x3 2739 2384 3620 2946

3/8x4 3460 2893 4563 3574

3/8x5 4162 3387 5479 4178

3/8x6 4848 3857 6375 4765

3/8x8 6188 4774 8119 5875

3/8x10 7493 5632 9817 6941

½x3 3265 2742 4324 3297

½x4 4100 3264 5417 3940

½x5 4912 3778 6477 4580

½x6 5706 4284 7514 5210

½x8 7255 5276 9531 6246

½x10 8763 6256 11493 7579

Table 2.3 (continued)  Aluminum Vertical Rectangular Bus Bar Current Ratings - Amperes
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Size
In.

1 Bar c 2 Bar b

6101-T61 Alloy 57% IACS Conductivity 6101-T61 Alloy 57% IACS Conductivity
DC AC DC AC

¼x1 300 300 585 580

¼x1-½ 420 415 800 785

¼x2 535 530 1010 980

¼x3 750 735 1380 1310

¼x4 955 930 1720 1600

¼x5 1160 1120 2000 1830

¼x6 1320 1270 2220 2010

¼x8 1620 1520 2640 2320

3/8x2 670 660 1230 1170

3/8x3 935 905 1680 1550

3/8x4 1190 1130 2080 1860

3/8x5 1420 1340 2420 2110

3/8x6 1630 1520 2710 2330

3/8x8 2000 1820 3240 2700

½x3 1100 1050 1870 1650

½x4 1390 1300 2290 1960

½x5 1650 1520 2680 2240

½x6 1890 1710 3050 2490

½x8 2310 2050 3640 2900

¼x1 775 765 905 880

¼x1-½ 1060 1020 1240 1180

¼x2 1340 1280 1560 1460

¼x3 1850 1700 2180 1940

¼x4 2300 2050 2740 2330

¼x5 2670 2330 3160 2610

¼x6 2970 2540 3440 2800

¼x8 3410 2840 3900 3080

a Aluminum Company of America. Aluminum Rectangular Bus Bar, Current Ratings - Amperes. Tables 58-60. Pittsburgh, PA: ALCOA. Cited in Hubbell
Power Systems Technical Data, A Reference for the Electrical Power Industry. Bulletin #AEC-41. p.55. Leeds, AL: Anderson C Hubbell Power Systems.
Extracted, with permission, from the Hubbell Power Systems Bulletin #AEC-41. Copyright Anderson C Hubbell Power Systems. Used with permission
from ALCOA.

b Ratings based on 30°C rise over 40°C ambient in still but unconfined air (e=0.35), corresponding to usual indoor temperature. Horizontal bar ampacity
from industry sources.

c For multiple bus arrangements, the space between bars equal to the bar thickness.

For a-c phase spacings less then 18-in. an allowance for proximity effect must be made.

Ratings are based on horizontal mounting, in air with no attachments.

For dc ratings o ther alloys, multiply by: For 1350, 1.035; 6101-T6, 0.982; T6101-T63, 0.992; 6101-T64, 1.02; 6101-T65, 0.996.

For 60 Hz, the use of these multipliers is conservative.   

Aluminum Horizontal Rectangular Bus Bar Current Ratingsb

Table 2.4  Aluminum Rectangular Bus Bar Current Ratings - Amperes a
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References

Chase Brass and Copper Company. Current Carrying Capacity of Rectangular Copper Bars, 60 Cycles

(Amperes). Table. Montpelier, OH: Chase Brass, c.1965.  Extracted, with permission, from the Hubbell

Power Systems Bulletin #AEC-41. Copyright Anderson C Hubbell Power Systems. Used with permis-

sion from Chase Brass.

Aluminum Company of America. Aluminum Rectangular Bus Bar, Current Ratings - Amperes. 

Tables 58-60. Pittsburgh, PA: ALCOA. Cited in Hubbell Power Systems Technical Data, A Reference for

the Electrical Power Industry. Bulletin #AEC-41. p.55. Leeds, AL: Anderson C Hubbell Power Systems.

Extracted, with permission, from the Hubbell Power Systems Bulletin #AEC-41. Copyright Anderson C

Hubbell Power Systems. Used with permission from ALCOA.

Size 
In.

3 Bar b 4 Bar b

6101-T61 Alloy 57% IACS Conductivity 6101-T61 Alloy 57% IACS Conductivity
DC AC DC AC

3/8x2 1620 1490 1920 1700

3/8x3 2250 1960 2730 2220

3/8x4 2800 2340 3360 2630

3/8x5 3250 2650 3850 2940

3/8x6 3680 2940 4280 3200

3/8x8 4210 3270 4320 3490

½x3 2560 2080 3070 2340

½x4 3150 2470 3800 2750

½x5 3630 2780 4370 3090

½x6 4060 3050 4800 3330

½x8 4790 3490 5510 3720

Table 2.4 (continued)  Aluminum Rectangular Bus Bar Current Ratings - Amperes
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Cable Construction and Performance
Insulated utility power cables are designed for voltages 600 V and above, and are generally rated as low

voltage (600 V and below), medium voltage (5-35 kV), and high voltage (above 35 kV). Medium voltage

power cables are typically used for primary underground residential distribution (URD) applications in

the US, while high voltage power cables are used for subtransmission and transmission applications. 

The basic components of a power cable are solid or stranded conductors, shielding or screening,

insulation, and a protective jacket. The construction of a shielded cable with these components is shown

in Figure 3.1.

Figure 3.1  Construction of a shielded power cable

The following sections will discuss various topics that relate to specifying primary cable, including

construction choices, insulation materials, design choices, field testing, and handling and storage

requirements.

Phase Conductors

Conductors are either copper or aluminum with either a solid or stranded cross section. Stranded conductors

are composed of several layers of individual solid wire in various configurations. Therefore they are more

flexible and can be compressed, compacted or segmented for desired flexibility, diameter or current density.

However, stranded conductors generally have increased diameter and resistance for the same metal area of

solid conductors. Table 3.1 lists the most common types of stranding for distribution cables. 
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Table 3.1  Common Conductor Strand Types

The physical and electrical properties of stranded and solid conductors are listed further in this chapter.

Neutral Conductors

Besides the phase conductor, the other major current-carrying component of a power cable is the neutral

conductor. The neutral conductor provides a return path for current, conducts system fault currents in case

of cable dielectric failure and in many cable constructions, also functions as the electrostatic shield, or

provides a grounding means for the shield. This is further discussed in Shielding and Screening.

There are several construction choices for neutrals/shields, including concentric neutral wires, flat-strap

neutrals, longitudinally corrugated copper tape (LC shield), small copper (drain) wires, and other less

popular configurations. The most common are:

• Concentric neutral – Spirally wound layer of copper wires between the insulation and the

jacket. May be referred to as “full-neutral” (neutral wires having same total ampacity as

center conductor) or “reduced neutral” (some fraction of the ampacity of center conductor

such as 1/3, 1/6 etc.) for 3-phase applications (see Shielding and Screening). Most popular

choice for URD applications.

• Flat-strap neutral – Helically applied layer of copper tape completely encircling the

insulation. Primarily used to provide physical protection and minimize mechanical and/or

rodent damage to the cable. Low short-circuit current capability, but good electrostatic

Common Conductor Strand Types 

Strand Type Comment Diagram

Concentric Stranding

· Central wire or core surrounded by one or more layers
of helically laid wires 

· Number of strands in each layer are 1, 6, 12, 18, etc.,
with each layer generally wound opposite to previous
layer

Compressed Stranding

· Intermediate in size between standard concentric
conductors and compact conductors

· Conductor is put through a die which “squeezes out”
some of the space between wires

Compact Stranding

· All layers are stranded in the same direction and rolled
to a predetermined ideal shape

· Each wire is in a trapezoidal shape, finished conductor
is smooth with no air spaces, resulting in a smaller
diameter



3 | 4Distribution Data e-Handbook | rev date 12/12

3 | Primary Underground Cable

shield. Used mostly for industrial applications; not normally used in multi-grounded wye

applications where neutral currents routinely flow.

• LC shields – Longitudinally applied corrugated copper tape, especially if sealed, provide

protection from moisture, reduce mechanical damage, and minimize shield losses. Short

circuit level between flat-strap neutral and concentric neutral cables. Popular for larger

cables in 600-A installations where reduced amounts of copper may be specified.

Insulation

The insulation (also called dielectric) is a layer non-conducting material completely surrounding the

conductor. The insulation electrically isolates the conductor from other conductors and from ground to

prevent electrical breakdown.

Insulation Materials

The most common insulation materials used by utilities are Crosslinked Polyethylene (XLPE) and

Ethylene-Propylene Rubber (EPR) which are thermoset materials.a Less commonly used thermoplastic

materials include Polyethylene (PE) and Polyvinyl Chloride (PVC). XLPE or EPR insulations are the

same thickness for the same voltage value. Therefore, normally the same terminators and splices can be

applied on the same cable design, whether it is XLPE or EPR insulation. Table 3.2 summarizes some

characteristics of these materials.

a Thermoset materials maintain their form in spite of heat unlike thermoplastic materials which loose their form when heated.
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Table 3.2  Characteristics of Common Insulation Materialsa

Insulation Properties

Table 3.3  Common Properties of Thermoplastic and Thermoset Insulation Materials

* Insulation Resistance IR = (IRK)Log10(D/d)

Insulation Thickness

Medium voltage insulated cable is usually specified with either 100% or 133% insulation thickness.

Cables in the 100% level are intended for use where the system is provided with relay protection such

that ground faults clear rapidly (within 1 minute). Cables in the 133% level are intended for use in

situations where the clearing time requirements of the 100% level category cannot be met, for use on

ungrounded systems, or additional insulation strength is desirable. Table 3.4 lists the minimum insulation

thicknesses for shielded cable from the relevant ICEA standards.

Common Properties of Thermoplastic and Thermoset Insulation Materials 

Nominal Temp. Range
(°C)

Dielectric Constantb Dissipation Factorc
Insulation Resistance
Constant IRK (MW)d

XLPE -40 – 130 2.3 0.006 10,000

EPR -60 – 150 2.8 – 3.5 0.005 20,000 (medium volt)

PE -60 – 80 2.3 0.003 50,000

PVC
Standard -20 – 80 
Premium -55 – 105

3.5 – 8 0.1 2,000

Characteristics of Common Insulation Materials

Insulation Type Characteristics
Crosslinked Polyethylene (XLPE) · Vulcanized with crosslinking agent to improve properties of PE

· Good low temperature properties, and resistance to corona and cracking 
· Tree-retardant XLPE (referred to as TRXLPE) has additives that resist treeing

Ethylene-Propylene Rubber (EPR) · Tends to be a higher cost than XLPE
· Rubber-like properties with great flexibility
· Very good high temp characteristics and low temp performance

Polyethylene (PE) · Popular because of low price and processability
· Good chemical and moisture resistance, and low temperature flexibility
· Produced in a variety of densities (low to high) with increasing hardness,
yield strength, stiffness, and chemical/heat resistance

Polyvinyl Chloride (PVC) · Standard insulation for cables rated 1 kV or less
· Prone to become cracked or brittle over time and stiffen at low temperatures
· Prone to premature failure from corona discharges and treeing

a Based on a variety of sources including Southwire Power Cable Manual and the Anixter Wire and Cable Handbook.
b Dielectric Constant (relative permittivity) - A measure of the extent to which a material concentrates electrostatic lines of flux. It is the ratio of the amount of
stored electrical energy when a potential is applied, relative to the permittivity of a vacuum.

c Dissipation Factor - The ratio of the power loss in a dielectric material to the total power transmitted through the dielectric.
d Insulation resistance is calculated as IR = (IRK)Log10(D/d) where D and d are the diameters over and under the insulation



3 | 6Distribution Data e-Handbook | rev date 12/12

3 | Primary Underground Cable

Table 3.4  ICEA Nominal Insulation Thicknesses for Shielded Power Cable

Shielding and Screening

Shielding for medium voltage cables is composed of a conductor shield, between the insulation and the

conductor group, and the insulation shield between the insulation and jacket. The insulation shield

typically has a semi-conducting layer and a metallic layer. Shielding reduces electrical shock hazard and

provides uniform distribution of dielectric stress throughout the insulation, which extends cable life by

eliminating partial discharges.

Conductor Shield

The conductor shield is a layer of semi-conducting material around the conductor. The layer shields out

the conductor surface irregularities and is usually required for insulated conductors rated 2 kV or higher. 

Consider Figure 3.2(a) which shows the electrical stress pattern produced by unshielded insulated

stranded conductors. The insulation “works harder” where electrical stress is concentrated and will

degrade more due to partial discharges in the gaps where the stress is concentrated. The application of a

conductor shield in Figure 3.2(b) makes stresses equal in the radial direction (if cable is not touching or

very close to ground). The smooth, continuous, void-free interface between the conductor layer and the

insulation layer helps prevent treeing and premature insulation failure.

Figure 3.2  Electrical stress in (a) unshielded insulated conductors and (b) shielded insulated conductorsa

ICEA Nominal Insulation Thicknesses for Shielded Power Cable

Rated Voltage, 
Phase-to-Phase (volts)

Conductor Size 
(AWG or kcmil)

Insulation Thickness (mils)
100 % Level 133% Level

2001-5000 8 – 1000 90 115

5001-8000 6 – 1000 115 140

8001-15000 2 – 1000 175 220

15001-25000 1 – 1000 260 320

25001-28000 1 – 1000 280 345

28001-35000 1/0 – 1000 345 420

a Reprinted with permission from Basic Power Cable Design by Carl Landinger, Hendrix Wire & Cable
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Nonmetallic Insulation Shield

The semi-conductive layer of the insulation shield, sometimes called the auxiliary shield, is extruded

polymer applied directly over the insulation. Even with a conductor shield, at higher voltage levels, the

cable insulation closer to ground is worked harder because the electrical stress pattern is disrupted by

proximity to ground, as shown in Figure 3.3(a). The semi-conductive insulation shield maintains a close,

smooth contact with the insulation to uniformly distribute the electrical stress on the insulation surface,

as shown in Figure 3.3(b). The electric stresses stay in the radial pattern when the nonmetallic shield is

grounded if the layer has much lower resistance than the insulation. So typically a metallic layer of the

insulation shield is used to bridge or lower the resistance of the semi-conducting layer.

Figure 3.3  Effect of (a) proximity to ground, and (b) insulation shield, on electric field symmetrya

Metallic Insulation Shield

The metallic shield, sometimes called the primary shield, is in contact with the semi-conductive

insulation shield. It’s key functions are to ground to the non-metallic insulation shield and provide a path

for the insulation’s leakage current. It can also provide a path for short-circuit current, and may also

function as the system neutral and carry neutral current. Typical utility medium voltage cables have one

of the following types of metallic shields, discussed earlier in Neutral Conductors:

• Concentric neutral wires (typically #14 to #10 AWG)

• Copper tape helically applied directly over the semi-conducting layer 

• Corrugated copper tape

The most common form of utility medium voltage metallic shielding is concentric neutral wires, shown

in Figure 3.4.

Figure 3.4  Typical cable construction showing concentric neutral shield wires

a Reprinted with permission from Basic Power Cable Design by Carl Landinger, Hendrix Wire & Cable
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Neutrals can be designed to carry the same current as the phase conductor, in which case they are referred

to as “full neutrals”. However, since the full size concentric neutral is not necessary for balanced three-

phase circuits (even for single-phase circuits much of the return current flows in the earth) the number

and size of the concentric neutral wires can be effectively reduced. The “one-third” neutral construction

is common for three-phase cables.

Grounding of Metallic Shield

Grounding of the metallic shield refers to an electrical connection between the metallic shield and the

system ground. This allows a symmetrical distribution of the electric field and dielectric stress within the

cable, minimizing corona damage and accelerated aging. Shield grounding is also a good safety practice

as it minimizes the potentials on the outer surface of the cable and accessories. 

Shield grounding can be single-point or multiple-point. In single-point grounding (sometimes called 

an open-circuit shield) there is no closed loop for induced circulating currents to flow so there is an

improvement in cable ampacity. However, single-point grounding results in a build-up of voltage along

the shield toward the ungrounded end. In order to keep the voltage at the ungrounded end below the 

recommended 25 volts, the cable can be grounded at the mid-point rather than at one end. For long

cables, even shields grounded at the mid-point can experience voltage build-up greater than 25 volts 

at the ends. Therefore it may be necessary to ground the shield at multiple points, such as at splices and

terminations. While multiple-point grounding keeps shield potentials at a minimum, it also allows

induced circulating currents to flow, generating I2R (heat) losses, and reducing the ampacity of the circuit.

Jacketing

Jackets, also called sheathsa form the outermost layer of an insulated power cable (see Figure 3.1), 

providing thermal, mechanical and environmental protection to the insulated conductor, and electrical

insulation to the shield. In some cases a jacket may enclose multiple insulated conductors for easier

installation and routing. 

Generally speaking, a jacket is a covering applied primarily for protection from moisture and contaminants.

Concentric neutral wires can be overlaid by the jacket or encapsulated in the jacket. The later application

provides better moisture and mechanical protection. Jackets can also be semi-conductive to provide

continuous ground for better surge protection (discussed further in Semi-Conductive Jackets). The

following tables list properties of commonly used materials for insulating jackets.

a The differentiation between jackets, sheaths and armor is often unclear and the terms are sometimes used interchangeably. Sheathing and armor don’t apply to
most distribution cable.
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Insulating Jacket Material Properties

Table 3.5  Jacket Materials Thermal/Mechanical Performance Characteristics

Table 3.6  Jacket Materials Environmental Performance Characteristics

* Material drawn from a variety of sources

Semi-Conductive Jackets

Besides thermal/mechanical and environmental protection capabilities, semi-conductive jackets can 

be used in place of insulating jackets to improve URD system grounding efficiency. Proper grounding

minimizes voltage to ground, and provides protection from lightning surges and other transient overvoltages.

Where there is high ground resistance at riser poles, neutral-to-ground voltage across an insulating jacket

can be quite high. In these cases, bare concentric neutral would provide the best grounding efficiency, 

but at the risk of accelerated neutral corrosion due to environmental exposure. Semi-conductive jackets,

which behave like concentric neutral under impulse conditions and like insulated cable for neutral 

Jacket Materials Environmental Performance Characteristics

Environmental PVC PE Nylon Hypalon (CSP) Neoprene
Flame Resistance Good Poor Poor Excellent Excellent

Moisture Resistance Good Excellent Fair Excellent Good

Ozone Resistance Excellent Excellent Excellent Excellent Good

Weather/Sun Resistance Good Excellent Excellent Excellent Good

Mineral Acid Resistance Excellent Excellent Fair Excellent Excellent

Alkali Resistance Good Excellent Excellent Excellent Good

Alcohols Resistance Fair Good Fair Good Fair

Petroleum Oil Resistance Good Good Excellent Good Good

Gasoline/Kerosene Resistance
(Paraffinic Hydrocarbons)

Good Good Good Fair Fair

Organic Solvent Resistance
(Aromatic Hydrocarbons)

Fair Poor Good Fair Fair

Degreaser Solvents Resistance
(Halogenated Hydrocarbons)

Poor Fair Fair Poor Poor

Jacket Materials Thermal/Mechanical Performance Characteristics

Thermal/Mechanical PVC PE Nylon Hypalon (CSP) Neoprene
Cont. Service Temp. (°C) 90 75 90 90 90

Min. Installation Temp. (°C) -10 -40 -10 -20 -20

Specific Gravity 1.43 .93 1.13 1.54 1.35

Halogen Content (% weight) 26 0 0 14 18

Abrasion Resistance Good Excellent Good Good Good

Compression Resistance Good Excellent Excellent Excellent Excellent

Min. Tensile Strength (psi) 1500 1400 7900 1200 1500

Minimum Elongation (%) 100 350 40 200 250

Relative Flexibility Good Fair Fair Excellent Excellent
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corrosion protection, provide good surge protection (extensive testing under DSTAR Program 1 and

Program 2 concluded that the ground resistance has little effect on neutral-to-ground voltages for cables

with semi-conductive jackets).

In the past, semi-conductive jackets exhibited poor physical properties but advances in technology has

lead to improved thermoplastic semi-conductive materials that combine the excellent physical properties

of an LLDE insulating jacket with the conductivity of conventional semi-conductive materials.

Field Testing

Cables are tested in the field to assure that splices and terminations have been made properly, that the

cable was not damaged during shipping and installation, and that the cable system is not too

compromised, degraded or aged to perform satisfactorily when it is energized. The various components

of a cable system can be tested as follows:

• Conductor Continuity – simple check for a break or discontinuity in the conductor metal

or location of a fault.

• Dielectric Condition – determination of the health of the cable insulation by measuring

insulation resistance, evaluating leakage currents, or conducting diagnostic tests.

• Metallic Shield Condition – test of shield continuity or determination of resistance.

• Jacket Integrity – test of insulation resistance for insulating jackets or continuity and 

conductivity for semi-conducting jackets or metallic sheaths. 

By far, the most critical test of cable system integrity is evaluation of the dielectric condition, which can

be broadly categorized as withstand tests and diagnostic tests. The common are briefly described below.

Dielectric Condition Assessment

• DC Hipot (Withstand) – uses DC to determine the ability of the cable insulation to

withstand a voltage higher than the maximum operating voltage. The cable either withstands

the voltage (pass) or breaks down (fail). DC hipot has a long history of use and is good for

exposing conductive defects (water) though not high impedance defects (voids and cuts).

Routine use is discouraged because it sometimes causes premature breakdown of cable that

may have served long and well at the nominal AC voltage.

• VLF (Very Low Frequency) Hipot (Withstand) – uses AC signals from 0.01Hz to 1 Hz to

test ability of cable insulation to withstand a specified voltage for a specified period of time

without breakdown; good for exposing conductive and high impedance defects; can

potentially aggravate defects in aged cable without failing, but less destructive than DC

hipot.

• Power Frequency Hipot (Withstand) – uses 60 Hz AC to test ability of cable insulation to

withstand a specified voltage for a specified period of time without breakdown; similar to

VLF hipot but takes longer to grow defects and more expensive (high power requirement).

• VLF (Very Low Frequency) Diagnostic – uses VLF signals to determine the relative

amount of degradation of cable insulation by nondestructive methods such as partial

discharge, dissipation factor (tan-delta), harmonic loss current, and dielectric spectroscopy;
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effective for assessing overall condition, but cannot localize defects and typically require

prior data on failure patterns for comparison.

• Low Potential Megger (Diagnostic) – typically used to measure the insulation resistance

(IR) of low voltage (<600 volts) power cables and control cables using low voltage DC 

(0.6 to 2.5 kV); measured values, especially for non-shielded and nonmetallic-sheathed

cable, can be affected by a range of external and environmental factors but the rule of

thumb for IR is “acceptable” if 50 megaohms or higher, “investigate” if 2 to 50 megaohms,

and “unacceptable” if less than 2 megaohms.

Receiving, Handling and Storage

Underground cable represents a significant portion of the T&D budget so it is imperative that the 

quality is verified and that cable is handled and stored in a manner that does not damage and compromise

the life of the cable. The following are guidelines, derived from a variety of sources,a to prevent 

deterioration and possible damage before installation, during handling and storage.

Receiving Guidelines

Before accepting any cable shipment, all reels should be visually inspected for damage. Be particularly

alert for damage if:

a. A reel is lying flat on its side, especially large conductor sizes (500 kcmil and above)

b. Reels are stacked or other freight is stacked on reels

c. Reel flange is damaged or nails have been driven into flange to secure blocking

d. Cable covering is removed, stained or damaged

e. Cable end seal is removed or damaged (possibly allowing moisture to enter)

f. Cable ties are loose

Visually inspect reel tags to ensure that they meet the specifications. At a minimum, the following

information should be verified:

a. Name and address of purchaser

b. Order number

c. Conductor size and type

d. Insulation thickness and jacket type

e. Amount of cable on reel

f. Beginning and ending sequential footage numbers marked on cable (if specified)

Any information missing from the tags should be obtained from the manufacturer.

a From Pirelli Wire and Cable Engineering Guide, and Anixter Wire and Cable Technical Information Handbook
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Handling Guidelines

Cable reels may be moved short distanced by rolling. Reels should always be rolled in the direction

specified on the flanges to prevent loosening the cable which might cause installation problems. If there

is no “roll this way” indication or arrows on the flange, roll the reel in a direction consistent with

wounding cable onto the reel. Under no circumstances should reels be dropped or be allowed to roll

uncontrolled.

When moving cable reels with material handling equipment, ensure that the equipment does not make

contact with the cable surface or the protective coating on the reel. With forklift trucks, the reels should

be lifted from the sides and only if the forks are long enough to cradle both flanges. With cranes, booms,

or other overhead lifting equipment, a steel bar, heavy rod or pipe should be inserted through the reel

hubs. A lifting yoke is recommended where there is unbalance to prevent slipping and tipping.

Storage Guidelines

Where possible, reels should be stored indoors on a hard, dry surface to avoid deterioration of the reels

and possible moisture damage to the cable. If reels are stored outdoors, they should be supported off the

ground and covered with suitable weatherproof material for longer wooden reel life.

All cable reels should be stored in a manner that allow for easy access for lifting and moving. Reels

should not be stored on their sides. Align reels flange to flange and chock each reel to prevent free rolling.

Reels should be stored away from construction activities, falling or lying objects, sources of heat, open

flames, chemicals, petroleum products, etc. that might contact and damage cable. The use of protective

fencing or other barriers is high recommended.

When cable lengths are cut from a master cable reel, all exposed ends must be resealed with plastic

weatherproof caps or tape to prevent moisture ingress. Loose ends should be refastened and not allowed

to lie on the ground.
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Size AWG 
or kcmil

Nominal Diameters (in.)

Solid Compact Compressed
Combination

Unilay
Concentric Lay Stranded

Class B Class C
8 0.1285 0.134 0.141 0.143 0.146 0.148

6 0.1620 0.169 0.178 0.179 0.184 0.186

4 0.2043 0.213 0.225 0.226 0.232 0.234

3 0.2294 0.238 0.252 0.254 0.260 0.262

2 0.2576 0.268 0.283 0.286 0.292 0.296

1 0.2893 0.299 0.322 0.321 0.332 0.333

1/0 0.3249 0.336 0.361 0.360 0.373 0.374

2/0 0.3648 0.376 0.406 0.404 0.419 0.420

3/0 0.4096 0.423 0.456 0.454 0.470 0.471

4/0 0.4600 0.475 0.512 0.510 0.528 0.529

250 0.5000 0.520 0.558 0.554 0.575 0.576

300 0.5477 0.570 0.611 0.607 0.630 0.631

350 0.5916 0.616 0.661 0.656 0.681 0.681

400 0.6325 0.659 0.706 0.701 0.728 0.729

450 0.6708 0.700 0.749 0.744 0.772 0.773

500 0.7071 0.736 0.789 0.784 0.813 0.815

550 0.7416 0.775 0.829 - 0.855 0.855

600 0.7746 0.813 0.866 - 0.893 0.893

650 0.8062 0.845 0.901 - 0.929 0.930

700 0.8367 0.877 0.935 - 0.964 0.965

750 0.8660 0.908 0.968 - 0.998 0.999

800 0.8944 0.938 1.000 - 1.031 1.032

900 0.9487 0.999 1.061 - 1.093 1.093

1000 1.0000 1.060 1.117 - 1.152 1.153

Diameters for Copper and Aluminum Conductors

a ASTM International. V 2.03 Electrical Conductors, Standards B8, B609, B231. West Conshohocken, PA: ASTM, May, 2002. Cited in Southwire Company Power
Cable Manual. p.2-4. Carollton, GA: Southwire Company, 1991. Extracted, with permission, from the annual book of ASTM Standards. Copyright ASTM
International. Used with permission from Southwire Company.

Conductor Physical Properties
A conductor size is usually specified based upon the conductor's cross-sectional area. Standard practice

in the USA is to identify conductor size by the American Wire Gage (AWG) or by thousand circular mils

(kcmil) for conductor sizes larger then 4/0 AWG.

Table 3.7  Diameter for Copper and Aluminum Conductors a



Table 3.8  Solid Copper and Aluminum Conductor Cross-Section Area, Diameter and Weighta
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Size AWG 
or kcmil

Cross Section Area
cmil

Diameter
in.

Copper
lb/1000ft

Aluminum
lb/1000ft

8 16,510 0.1285 49.98 15.57

6 26,240 0.1620 79.44 24.12

4 41,740 0.2043 126.3 38.35

3 52,620 0.2294 159.3 48.36

2 66,360 0.2576 200.9 60.98

1 83,690 0.2893 253.3 76.91

1/0 105,600 0.3249 319.6 97.00

2/0 133,100 0.3648 402.9 122.3

3/0 167,800 0.4096 507.9 154.2

4/0 211,600 0.4600 640.5 194.4

250 250,000 0.5000 - 229.7

300 300,000 0.5477 - 275.7

350 350,000 0.5916 - 321.6

400 400,000 0.6325 - 367.6

450 450,000 0.6708 - 413.5

500 500,000 0.7071 - 459.4

550 550,000 0.7416 - 505.4

600 600,000 0.7746 - 551.3

650 650,000 0.8062 - 597.3

700 700,000 0.8367 - 643.3

750 750,000 0.8660 - 689.1

800 800,000 0.8944 - 735.1

900 900,000 0.9487 - 827.1

1000 1,000,000 1.0000 - 918.9

Solid Copper and Aluminum Areas, Diameters and Weights

a ASTM International. V 2.03 Electrical Conductors, Standards B8, B609, B231. West Conshohocken, PA: ASTM, May, 2002. Cited in Southwire Company Power
Cable Manual. p.2-4. Carollton, GA: Southwire Company, 1991. Extracted, with permission, from the annual book of ASTM Standards. Copyright ASTM
International. Used with permission from Southwire Company.
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Table 3.9 provides diameters and weights of Class B and Class C stranded copper and aluminum

conductors. Class B stranding is recommended for power cable use. Class C stranding is recommended

for use where power cable conductors require greater flexibility than Class B stranded conductors.

Table 3.9  Stranded Copper and Aluminum Conductor Diameters and Weightsa

Size AWG
or kcmil

Class B Class C Weight 

Number 
of 

Strands

Diameter
of 

strands
(mils)

Nominal
Outside
Diameter

(in.)

Number 
of 

Strands

Diameter
of 

strands
(mils)

Nominal
outside
diameter

(in.)

Copper
lb/1000ft

Aluminum
lb/1000ft

8 7 48.6 0.146 19 29.5 0.148 50.97 15.5

6 7 61.2 0.184 19 37.2 0.186 81.05 24.6

4 7 77.2 0.232 19 46.9 0.234 128.9 39.1

3 7 86.7 0.260 19 52.6 0.263 162.5 49.3

2 7 97.4 0.292 19 59.1 0.296 204.9 62.2

1 19 66.4 0.332 37 47.6 0.333 258.4 78.4

1/0 19 74.5 0.373 37 53.4 0.374 325.8 98.9

2/0 19 83.7 0.419 37 60.0 0.420 410.9 124.8

3/0 19 94.0 0.470 37 67.3 0.471 518.1 157.2

4/0 19 105.5 0.528 37 75.6 0.529 653.3 198.4

250 37 82.2 0.575 61 64.0 0.576 771.9 234.3

300 37 90.0 0.630 61 70.1 0.631 926.3 281.4

350 37 97.3 0.681 61 75.1 0.681 1081 327.9

400 37 104.0 0.728 61 81.0 0.729 1235 375.7

450 37 110.3 0.772 61 85.9 0.773 1389 421.8

500 37 116.3 0.813 61 90.5 0.815 1544 468.3

550 61 95.0 0.855 91 77.7 0.855 1698 516.2

600 61 99.2 0.893 91 81.2 0.893 1853 562.0

650 61 103.2 0.929 91 84.5 0.930 2007 609.8

700 61 107.1 0.964 91 87.7 0.965 2161 655.8

750 61 110.9 0.998 91 90.8 0.999 2316 703.2

800 61 114.5 1.031 91 93.8 1.032 2470 750.7

900 61 121.5 1.093 91 99.4 1.093 2779 844.0

1000 61 128.0 1.153 91 104.8 1.153 3088 936.8

Concentric Stranded and Aluminum Diameters and Weights

a ASTM International. V 2.03 Electrical Conductors, Standards B8, B609, B231. West Conshohocken, PA: ASTM, May, 2002. Cited in Southwire Company Power
Cable Manual. p.2-4. Carollton, GA: Southwire Company, 1991. Extracted, with permission, from the annual book of ASTM Standards. Copyright ASTM
International. Used with permission from Southwire Company.
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Conductor Electrical Properties 

DC Resistance at 25°C

Basic calculation at 25°C: a

(Wfoot)

Where:

K = 1.02 for class B and C stranded Conductor, 1 for solid conductor

r = Volume resistivity in ohm-cmil/foot

= 10,575 for uncoated copper at 25°C

= 17,345 for (61% conductivity) aluminum at 25°C

A = Cross-section area of conductor in cmil.

a IPCEA. Committee Report on AC/DC Resistance Ratios at 60 Cycles. IPCEA Project 359. June 1958, Reprinted 1973. Cited in Southwire Company Power Cable
Manual. p.2-9. Carollton, GA: Southwire Company, 1991.

DC Resistance at Other Temperatures

For aluminum:

(W1000ft)

For copper:

(W1000ft)

Where:
R2 = Resistance at desired temperature in ohms or ohms/distance

T2 = Temperature (°C) at which the resistance R2 is desired. 

R2 = Resistance at 25°C in ohms or ohms/distance

T1 = Reference temperature = 25°C

AC/DC Resistance Ratio

Where:
f = Frequency in Hertz

RDC = Conductor resistance, dc, at operating temperature in ohms/100 feet

Then,

(W1000ft)
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Table 3.10  Resistance Ratio Due to Skin Effecta

X R/R0 X R/R0 X R/R0 X R/R0

0.0 1.00000 2.9 1.28644 6.6 2.60313 17.0 6.26817

0.1 1.00000 3.0 1.31809 6.8 2.67312 18.0 6.62129

0.2 1.00001 3.1 1.35102 7.0 2.74319 19.0 6.97446

0.3 1.00004 3.2 1.38504 7.2 2.81334 20.0 7.32767

0.4 1.00013 3.3 1.41999 7.4 2.88355 21.0 7.68091

0.5 1.00032 3.4 1.45570 7.6 2.95380 22.0 8.03418

0.6 1.00067 3.5 1.49202 7.8 3.02411 23.0 8.38748

0.7 1.00124 3.6 1.52879 8.0 3.09445 24.0 8.74079

0.8 1.00212 3.7 1.56587 8.2 3.16480 25.0 9.09412

0.9 1.00340 3.8 1.60314 8.4 3.23518 26.0 9.44748

1.0 1.00519 3.9 1.64051 8.6 3.30557 28.0 10.15422

1.1 1.00758 4.0 1.67787 8.8 3.37597 30.0 10.86101

1.2 1.01071 4.1 1.71516 9.0 3.44638 32.0 11.56785

1.3 1.01470 4.2 1.75233 9.2 3.51680 34.0 12.27471

1.4 1.01969 4.3 1.78933 9.4 3.58723 36.0 12.98160

1.5 1.02582 4.4 1.82614 9.6 3.65766 38.0 13.68852

1.6 1.03323 4.5 1.86275 9.8 3.72812 40.0 14.39545

1.7 1.04205 4.6 1.89914 10.0 3.79857 42.0 15.10240

1.8 1.05240 4.7 1.93533 10.5 3.97477 44.0 15.80936

1.9 1.06440 4.8 1.97131 11.0 4.15100 46.0 16.51634

2.0 1.07816 4.9 2.00710 11.5 4.32727 48.0 17.22333

2.1 1.09375 5.0 2.04272 12.0 4.50358 50.0 17.93032

2.2 1.11126 5.2 2.11353 12.5 4.67993 60.0 21.46541

2.3 1.13069 5.4 2.18389 13.0 4.85631 70.0 25.00063

2.4 1.15207 5.6 2.25393 13.5 5.03272 80.0 28.53593

2.5 1.17538 5.8 2.32380 14.0 5.20915 90.0 32.07127

2.6 1.20056 6.0 2.39359 14.5 5.38560 100.0 35.60666

2.7 1.22753 6.2 2.46338 15.0 5.56208 - -

2.8 1.25620 6.4 2.53321 16.0 5.91509 - -

Resistance Ratio Due to Skin Effect

a National Bureau of Standards. Bulletin 169. Gaithersburg, MD: National Institute of Standards and Technology, c.1962. Cited in Southwire Company Power Cable
Manual. p.2-14. Carollton, GA: Southwire Company, 1991. Used with permission from Southwire Company.
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Size 
AWG or
kcmil

Insulation Thickness 100% Insulation Thickness 133%
Voltage

Regulation
% Neutral
only b

Resistance
(W/1000ft)

Reactance
(W/1000ft)

Resistance
(W/1000ft)

Reactance
(W/1000ft)

Neutral
Only

Neutral
+ Earth

Neutral
Only

Neutral
+ Earth

Neutral
Only

Neutral
+ Earth

Neutral
Only

Neutral
+ Earth

15 kV
#2 0.5046 0.3811 0.0330 0.1507 0.5046 0.3802 0.0349 0.1526 0.65

1/0 0.3164 0.2710 0.0284 0.0945 0.3164 0.2705 0.0302 0.0965 0.41

2/0 0.2479 0.2231 0.0275 0.0725 0.2479 0.2228 0.0292 0.0744 0.33

3/0 0.1990 0.1842 0.0259 0.0580 0.1990 0.1840 0.0276 0.0597 0.26

4/0 0.1586 0.1502 0.0245 0.0462 0.1586 0.1501 0.0260 0.0479 0.21

250 0.1306 0.1259 0.0231 0.0376 0.1306 0.1258 0.0246 0.0392 0.18

25 kV
1/0 0.3164 0.2701 0.0321 0.0985 0.3164 0.2693 0.0353 0.1020 0.21

2/0 0.2479 0.2226 0.0310 0.0763 0.2479 0.2221 0.0340 0.0796 0.17

3/0 0.1990 0.1839 0.0292 0.0616 0.1990 0.1836 0.0321 0.0647 0.13

4/0 0.1586 0.1500 0.0276 0.0496 0.1586 0.1498 0.0304 0.0525 0.11

250 0.1306 0.1257 0.0268 0.0415 0.1306 0.1256 0.0294 0.0442 0.09

35 kV
1/0 0.3164 0.2691 0.0360 0.1028 - - - - 0.15

2/0 0.2479 0.2220 0.0346 0.0803 - - - - 0.12

3/0 0.1990 0.1835 0.0328 0.0654 - - - - 0.10

4/0 0.1586 0.1498 0.0310 0.0532 - - - - 0.08

250 0.1306 0.1256 0.0294 0.0442 - - - - 0.07

Single Phase at 10ºC - Concentric neutral

a Calculations performed using CEPS V4.1 of DSTAR Program 8
Assumptions made:
- Aluminum Conductors, Strands are not compressed.
- Conductor shield thickness - 0.02 in. 
- Insulation - Crosslinked Polythylene (XLPE); Insulation thickness at 100% & 15kV = 175 mils, 25kV = 260 mils, 35kV = 345 mils; Insulation thickness at 133% 
& 15kV = 215 mils, 25kV = 345 mils.

- Insulation shield thickness - 40 mils for 15kV(all) and 25kV(all, except 250kcmil). Rest has 60 mils.
- Neutral - Full. Earth resistivity = 100 ohm-m.
- Jacket - Crosslinked Polythylene (XLPE), Encapsulated, thickness = 50 mils except 250kcmil at 35kV which has 80 mils.

b Voltage Regulation per 1000 ft at 100A and 0.9 pf. lagging.

Impedance Tables

Table 3.11  Single Phase at 10ºC - Concentric neutral a
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Size 
AWG or
kcmil

Insulation Thickness 100% Insulation Thickness 133%
Voltage

Regulation
% Neutral
only b

Resistance
(W/1000ft)

Reactance
(W/1000ft)

Resistance
(W/1000ft)

Reactance
(W/1000ft)

Neutral
Only

Neutral
+ Earth

Neutral
Only

Neutral
+ Earth

Neutral
Only

Neutral
+ Earth

Neutral
Only

Neutral
+ Earth

15 kV
#2 0.6439 0.4658 0.0330 0.1742 0.6439 0.4647 0.0349 0.1760 0.82

1/0 0.4038 0.3332 0.0284 0.1144 0.4038 0.3326 0.0302 0.1164 0.52

2/0 0.3166 0.2768 0.0275 0.0883 0.3166 0.2764 0.0292 0.0901 0.41

3/0 0.2540 0.2297 0.0259 0.0702 0.2540 0.2295 0.0276 0.0720 0.33

4/0 0.2023 0.1883 0.0245 0.0551 0.2023 0.1882 0.0260 0.0568 0.27

250 0.1668 0.1589 0.0231 0.0439 0.1668 0.1588 0.0246 0.0455 0.22

25 kV
1/0 0.4038 0.3319 0.0321 0.1184 0.4038 0.3309 0.0353 0.1218 0.26

2/0 0.3166 0.2760 0.0310 0.0921 0.3166 0.2753 0.0340 0.0953 0.21

3/0 0.2540 0.2292 0.0292 0.0738 0.2540 0.2288 0.0321 0.0770 0.17

4/0 0.2023 0.1880 0.0276 0.0585 0.2023 0.1878 0.0304 0.0615 0.13

250 0.1668 0.1587 0.0268 0.0478 0.1668 0.1585 0.0294 0.0506 0.11

35 kV
1/0 0.4038 0.3306 0.0360 0.1225 - - - - 0.19

2/0 0.3166 0.2752 0.0346 0.0960 - - - - 0.15

3/0 0.2540 0.2287 0.0328 0.0777 - - - - 0.12

4/0 0.2023 0.1877 0.0310 0.0622 - - - - 0.10

250 0.1668 0.1585 0.0294 0.0506 - - - - 0.08
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3 | Primary Underground Cable

Table 3.12  Single Phase at 90ºC - Concentric neutral a

Single Phase at 90ºC - Concentric neutral

a Calculations performed using CEPS V4.1 of DSTAR Program 8
Assumptions made:
- Aluminum Conductors, Strands are not compressed.
- Conductor shield thickness - 0.02 in. 
- Insulation - Crosslinked Polythylene (XLPE); Insulation thickness at 100% & 15kV = 175 mils, 25kV = 260 mils, 35kV = 345 mils; Insulation thickness at 133% 
& 15kV = 215 mils, 25kV = 345 mils.

- Insulation shield thickness - 40 mils for 15kV(all) and 25kV(all, except 250kcmil). Rest has 60 mils.
- Neutral - Full. Earth resistivity = 100 ohm-m
- Jacket - Crosslinked Polythylene (XLPE), Encapsulated, thickness = 50 mils except 250kcmil at 35kV which has 80 mils.

b Voltage Regulation per 1000 ft at 100A and 0.9 pf. lagging.
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Table 3.13  Three Phase at 10ºC - Equilateral Spacinga
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Size
AWG 
or 

kcmil

Insulation Thickness at 100% Insulation Thickness at 133%
Voltage

Regulation
% b

Resistance (W/1000ft) Reactance (W/1000ft) Resistance (W/1000ft) Reactance (W/1000ft)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

15 kV

#1 0.2016 0.3941 0.3785 0.0482 0.0301 0.0762 0.2016 0.3941 0.3783 0.0499 0.0319 0.0785 0.29
#2 0.2534 0.5046 0.4739 0.0512 0.0330 0.1067 0.2531 0.5046 0.4737 0.0513 0.0349 0.1088 0.36
1/0 0.1606 0.3164 0.3073 0.0463 0.0284 0.0598 0.1606 0.3164 0.3072 0.0480 0.0302 0.0618 0.23
2/0 0.1284 0.2479 0.2432 0.0451 0.0275 0.0469 0.1283 0.2479 0.2432 0.0467 0.0292 0.0487 0.19
3/0 0.1029 0.1990 0.1963 0.0433 0.0259 0.0390 0.1029 0.1990 0.1962 0.0448 0.0276 0.0407 0.16
4/0 0.0830 0.1586 0.1570 0.0414 0.0245 0.0329 0.0829 0.1586 0.15700 0.0429 0.0260 0.0345 0.13
250 0.0717 0.1306 0.1297 0.0396 0.0231 0.0286 0.0716 0.1306 0.1297 0.0410 0.0246 0.0301 0.11
350 0.0535 0.0980 0.0974 0.0375 0.0219 0.0253 0.0535 0.0980 0.0974 0.0388 0.0232 0.0267 0.09
500 0.0368 0.1330 0.1301 0.0362 0.0193 0.0326 0.0367 0.1330 0.1301 0.0374 0.0205 0.0339 0.07
750 0.0270 0.0894 0.0883 0.0340 0.0178 0.0240 0.0270 0.0894 0.0883 0.0350 0.0189 0.0251 0.06
1000 0.0226 0.0673 0.0668 0.0319 0.0165 0.0201 0.0226 0.0673 0.0663 0.0328 0.0175 0.0211 0.05

a Calculations performed using CEPS V4.1 of DSTAR Program 8
Assumptions made:
- Aluminum Conductors, Strands are not compressed.
- Conductor shield thickness - 0.02 in. 
- Insulation - Crosslinked Polythylene (XLPE); Insulation thickness at 100% & 15kV = 175 mils, 25kV = 260 mils, 35kV = 345 mils; Insulation thickness at 133% & 15kV = 215 mils, 25kV = 345 mils. 
- Insulation shield thickness - 40 mils for 15kV(all) and 25kV(all, except 250kcmil). Rest has 60 mils.
- One third neutral for sizes 500, 750 & 1000. Rest - full neutral. Earth resistivity = 100 ohm-m.
- Jacket - Crosslinked Polythylene (XLPE), Encapsulated, thickness = 50 mils except 250kcmil at 35kV which has 80 mils.
- Conductor spacing equals total cable outside diameter

b Voltage Regulation per 1000 ft at 100A and 0.9 pf. lagging.

Three Phase at 10ºC - Equilateral Spacing
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Table 3.13(continued)  Three Phase at 10ºC - Equilateral Spacing

Size
AWG
or

kcmil

Insulation Thickness at 100% Insulation Thickness at 133%
Voltage

Regulation 
% a

Resistance (W/1000ft) Reactance (W/1000ft) Resistance (W/1000ft) Reactance (W/1000ft)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

25 kV

1/0 0.1605 0.3164 0.3070 0.0497 0.0321 0.0639 0.1605 0.3164 0.3068 0.0527 0.0353 0.0674 0.12
2/0 0.1283 0.2479 0.2431 0.0483 0.0310 0.0506 0.1282 0.2479 0.2430 0.0511 0.0340 0.0538 0.10
3/0 0.1028 0.1990 0.1962 0.0464 0.0292 0.0424 0.1028 0.1990 0.1961 0.0491 0.0321 0.0455 0.08
4/0 0.0829 0.1586 0.1570 0.0444 0.0276 0.0362 0.0828 0.1586 0.1569 0.0470 0.0304 0.0390 0.07
250 0.0715 0.1306 0.1297 0.0430 0.0268 0.0323 0.0715 0.1306 0.1296 0.0455 0.0294 0.0350 0.06
350 0.0534 0.0980 0.0974 0.0407 0.0252 0.0287 0.0533 0.0980 0.0974 0.0429 0.0276 0.0311 0.05
500 0.0367 0.1330 0.1301 0.0392 0.0224 0.0359 0.0367 0.1330 0.1300 0.0413 0.0246 0.0382 0.04
750 0.0269 0.0894 0.0883 0.0366 0.0205 0.0268 0.0269 0.0894 0.0883 0.0385 0.0225 0.0288 0.03
1000 0.0226 0.0673 0.0668 0.0343 0.0190 0.0226 0.0225 0.0673 0.0668 0.0361 0.0209 0.0245 0.03

35 kV

1/0 0.1605 0.3164 0.3068 0.0533 0.0360 0.0628 - - - - - - 0.08
2/0 0.1282 0.2479 0.2430 0.0517 0.0346 0.0545 - - - - - - 0.06
3/0 0.1027 0.1990 0.1961 0.0497 0.0328 0.0461 - - - - - - 0.05
4/0 0.0828 0.1586 0.1569 0.0476 0.0310 0.0396 - - - - - - 0.05
250 0.0715 0.1306 0.1296 0.0455 0.0294 0.0350 - - - - - - 0.04
350 0.0537 0.0980 0.0974 0.0435 0.0276 0.0311 - - - - - - 0.03
500 0.0369 0.1330 0.1300 0.0419 0.0246 0.0383 - - - - - - 0.03
750 0.0272 0.0883 0.0883 0.0390 0.0225 0.0288 - - - - - - 0.02
1000 0.0228 0.0673 0.0667 0.0365 0.0209 0.0245 - - - - - - 0.02

a Voltage Regulation per 1000 ft at 100A and 0.9 pf. lagging.
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Table 3.14  Three Phase at 90ºC - Equilateral Spacinga

Size
AWG
or

kcmil

Insulation Thickness at 100% Insulation Thickness at 133%
Voltage

Regulation 
% b

Resistance (W/1000ft) Reactance (W/1000ft) Resistance (W/1000ft) Reactance (W/1000ft)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

15 kV

#1 0.2684 0.5634 0.4773 0.0482 0.0301 0.0958 0.2684 0.5034 0.4770 0.0499 0.0319 0.0981 0.38
#2 0.3378 0.6439 0.5933 0.0513 0.0330 0.1362 0.3375 0.6439 0.5931 0.0513 0.0349 0.1383 0.47
1/0 0.2135 0.4038 0.3886 0.0464 0.0284 0.0736 0.2134 0.4038 0.3884 0.0481 0.0302 0.0757 0.30
2/0 0.1701 0.3166 0.3087 0.0453 0.0275 0.0557 0.1701 0.3166 0.3086 0.0468 0.0292 0.0576 0.24
3/0 0.1358 0.2540 0.2494 0.0435 0.0259 0.0450 0.1358 0.2540 0.2493 0.0450 0.0276 0.0467 0.20
4/0 0.1089 0.2023 0.1997 0.0417 0.0245 0.0369 0.1088 0.2023 0.1997 0.0431 0.0260 0.0385 0.16
250 0.0934 0.1668 0.1653 0.0400 0.0231 0.0311 0.0933 0.1668 0.1653 0.0413 0.0246 0.0327 0.14
350 0.0687 0.1248 0.1239 0.0381 0.0219 0.0269 0.0687 0.1248 0.1239 0.0393 0.0232 0.0283 0.11
500 0.0474 0.1657 0.1609 0.0364 0.0193 0.0387 0.0474 0.1657 0.1668 0.0375 0.0205 0.0401 0.08
750 0.0337 0.1112 0.1094 0.0343 0.0178 0.0269 0.0337 0.1112 0.1094 0.0353 0.0189 0.0280 0.07
1000 0.0273 0.0836 0.0827 0.0324 0.0165 0.0217 0.0273 0.0836 0.0827 0.0334 0.0175 0.0227 0.06

25 kV

1/0 0.2134 0.4038 0.3882 0.0498 0.0321 0.0779 0.2134 0.4038 0.3878 0.0527 0.0353 0.0815 0.15
2/0 0.1701 0.3166 0.3085 0.0485 0.0310 0.0595 0.1700 0.3166 0.3083 0.0512 0.0340 0.0628 0.12
3/0 0.1358 0.2540 0.2493 0.0465 0.0292 0.0485 0.1357 0.2540 0.2492 0.0492 0.0321 0.0516 0.10
4/0 0.1088 0.2023 0.1996 0.0446 0.0276 0.0402 0.1087 0.2023 0.1996 0.0472 0.0304 0.0431 0.08
250 0.0933 0.1668 0.1653 0.0434 0.0268 0.0349 0.0932 0.1668 0.1652 0.0459 0.0294 0.0376 0.07
350 0.0686 0.1248 0.1239 0.0412 0.0252 0.0303 0.0685 0.1248 0.1239 0.0435 0.0276 0.0327 0.06
500 0.0474 0.1657 0.1608 0.0393 0.0224 0.0421 0.0473 0.1657 0.1607 0.0414 0.0246 0.0445 0.04
750 0.0336 0.1112 0.1094 0.0369 0.0205 0.0297 0.0336 0.112 0.1093 0.0388 0.0225 0.0318 0.03
1000 0.0273 0.0836 0.0827 0.0348 0.0190 0.0243 0.0272 0.0836 0.0827 0.0366 0.0209 0.0262 0.03

a Calculations performed using CEPS V4.1 of DSTAR Program 8
Assumptions made: - Aluminum Conductors, Strands are not compressed.

- Conductor shield thickness - 0.02 in. 
- Insulation - XLPE; Insulation thickness at 100% & 15kV = 175 mils, 25kV = 260 mils, 35kV = 345 mils; Insulation thickness at 133% & 15kV = 215 mils, 25kV = 345 mils. 
- Insulation shield thickness - 40 mils for 15kV(all) and 25kV(all, except 250kcmil). Rest has 60 mils.
- One third neutral for sizes 500, 750 & 1000. Rest - full neutral. Earth resistivity = 100 ohm-m.
- Jacket - Crosslinked Polythylene (XLPE), Encapsulated, thickness = 50 mils except 250kcmil at 35kV which has 80 mils.
- Conductor spacing equals total cable outside diameter

b Voltage Regulation per 1000 ft at 100A and 0.9 pf. lagging.

Three Phase at 90ºC - Equilateral Spacing

http://www.dstar.org/P_R_Software_CEPS_1.htm


3 | Primary Underground Cable

3 | 23Distribution Data e-Handbook | rev date 12/12

Table 3.14 (continued)  Three Phase at 90ºC - Equilateral Spacing

a Voltage Regulation per 1000 ft at 100A and 0.9 pf. lagging.

Size
AWG
or

kcmil

Insulation Thickness at 100% Insulation Thickness at 133%
Voltage

Regulation 
% a

Resistance (W/1000ft) Reactance (W/1000ft) Resistance (W/1000ft) Reactance (W/1000ft)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

1/0 0.2134 0.4038 0.3877 0.0534 0.0360 0.0823 - - - - - - 0.11
2/0 0.1700 0.3166 0.3083 0.0519 0.0346 0.0635 - - - - - - 0.09
3/0 0.1357 0.2540 0.2492 0.0498 0.0328 0.0523 - - - - - - 0.07
4/0 0.1087 0.2023 0.1996 0.0478 0.0310 0.0437 - - - - - - 0.06
250 0.0932 0.1668 0.1652 0.0459 0.0294 0.0376 - - - - - - 0.05
350 0.0689 0.1248 0.1239 0.0441 0.0274 0.0327 - - - - - - 0.04
500 0.0475 0.1657 0.1606 0.0421 0.0246 0.0445 - - - - - - 0.03
750 0.0338 0.1112 0.1093 0.0394 0.0225 0.0318 - - - - - - 0.03
1000 0.0275 0.0836 0.0827 0.0371 0.0209 0.0262 - - - - - - 0.02
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Table 3.15  Three Phase at 10ºC - Random Lay with 12" Trench Widtha

a Calculations performed using CEPS V4.1 of DSTAR Program 8
Assumptions made: - Aluminum Conductors, Strands are not compressed.

- Conductor shield thickness - 0.02 in. 
- Insulation - XLPE; Insulation thickness at 100% & 15kV = 175 mils, 25kV = 260 mils, 35kV = 345 mils; Insulation thickness at 133% & 15kV = 215 mils, 25kV = 345 mils. 
- Insulation shield thickness - 40 mils for 15kV(all) and 25kV(all, except 250kcmil). Rest has 60 mils.
- One third neutral for sizes 500, 750 & 1000. Rest - full neutral. Earth resistivity = 100 ohm-m.
- Jacket - Crosslinked Polythylene (XLPE), Encapsulated, thickness = 50 mils except 250kcmil at 35kV which has 80 mils.

a Voltage Regulation per 1000 ft at 100A and 0.9 pf. lagging.

Size
AWG
or

kcmil

Insulation Thickness at 100% Insulation Thickness at 133%
Voltage

Regulation 
% b

Resistance (W/1000ft) Reactance (W/1000ft) Resistance (W/1000ft) Reactance (W/1000ft)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

15 kV

#1 0.2089 0.3941 0.3765 0.0708 0.0301 0.0787 0.2083 0.3941 0.3764 0.0714 0.0319 0.0807 0.31
#2 0.2593 0.5046 0.4700 0.0752 0.0330 0.1104 0.2588 0.5046 0.4698 0.0758 0.0349 0.1126 0.37
1/0 0.1690 0.3164 0.3061 0.0676 0.0284 0.0616 0.1683 0.3164 0.3060 0.0683 0.0302 0.0635 0.25
2/0 0.1379 0.2479 0.2426 0.0641 0.0275 0.0480 0.1373 0.2479 0.2426 0.0649 0.0292 0.0498 0.21
3/0 0.1135 0.1990 0.1959 0.0602 0.0259 0.0397 0.1128 0.1990 0.1959 0.0611 0.0276 0.0414 0.18
4/0 0.0946 0.1586 0.1568 0.0558 0.0245 0.0334 0.0939 0.1586 0.1568 0.0568 0.0260 0.0350 0.15
250 0.0840 0.1306 0.1296 0.0512 0.0231 0.0289 0.0833 0.1306 0.1296 0.0523 0.0246 0.0304 0.14
350 0.0654 0.0980 0.0974 0.0456 0.0219 0.0255 0.0648 0.0980 0.0974 0.0468 0.0232 0.0268 0.11
500 0.0450 0.1331 0.1299 0.0506 0.0193 0.0322 0.0446 0.1331 0.1299 0.0513 0.0205 0.0345 0.09
750 0.0361 0.0895 0.0884 0.0443 0.0178 0.0243 0.0357 0.0895 0.0883 0.0451 0.0189 0.0254 0.08
1000 0.0320 0.0675 0.0670 0.0392 0.0165 0.0202 0.0316 0.0675 0.0670 0.0400 0.0175 0.0212 0.07

25 kV

1/0 0.1677 0.3164 0.3059 0.0690 0.0321 0.0655 0.1667 0.3164 0.3058 0.0703 0.0353 0.0689 0.13
2/0 0.1366 0.2479 0.2425 0.0657 0.0310 0.0516 0.1355 0.2479 0.2425 0.0670 0.0340 0.0548 0.11
3/0 0.1121 0.1990 0.1959 0.0620 0.0292 0.0431 0.1110 0.1990 0.1958 0.0635 0.0321 0.0461 0.09
4/0 0.0932 0.1586 0.1568 0.0578 0.0276 0.0366 0.0920 0.1586 0.1568 0.0595 0.0304 0.0394 0.08
250 0.0823 0.1306 0.1296 0.0539 0.0268 0.0326 0.0812 0.1306 0.1296 0.0538 0.0294 0.0353 0.07
350 0.0639 0.0980 0.0974 0.0484 0.0252 0.0288 0.0629 0.0980 0.0974 0.0504 0.0276 0.0312 0.06
500 0.0439 0.1331 0.1296 0.0523 0.0224 0.0365 0.0431 0.1331 0.1298 0.0535 0.0246 0.0388 0.05
750 0.0350 0.0895 0.0883 0.0462 0.0205 0.0270 0.0342 0.0895 0.0883 0.0475 0.0225 0.0290 0.04
1000 0.0310 0.0675 0.0669 0.0412 0.0190 0.0227 0.0305 0.0675 0.0669 0.0426 0.0209 0.0246 0.04

Three Phase at 10ºC - Random Lay with 12" Trench Width
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Table 3.15 (continued)  Three Phase at 10ºC - Random Lay with 12" Trench Width

b Voltage Regulation per 1000 ft at 100A and 0.9 pf. lagging.

Size
AWG
or

kcmil

Insulation Thickness at 100% Insulation Thickness at 133%

Voltage
Regulati
on % a

Resistance (W/1000ft) Reactance (W/1000ft) Resistance (W/1000ft) Reactance (W/1000ft)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

35 kV

1/0 0.1665 0.3164 0.3058 0.0705 0.0360 0.0697 - - - - - - 0.09
2/0 0.1353 0.2479 0.2425 0.0674 0.0346 0.0554 - - - - - - 0.08
3/0 0.1107 0.1990 0.1958 0.0639 0.0328 0.0467 - - - - - - 0.06
4/0 0.0917 0.1586 0.1568 0.0599 0.0310 0.0401 - - - - - - 0.05
250 0.0812 0.1306 0.1296 0.0558 0.0294 0.0353 - - - - - - 0.05
350 0.0631 0.0980 0.0974 0.0505 0.0276 0.0312 - - - - - - 0.04
500 0.0432 0.1331 0.1298 0.0537 0.0246 0.0388 - - - - - - 0.03
750 0.0344 0.0895 0.0883 0.0477 0.0225 0.0291 - - - - - - 0.03
1000 0.0304 0.0675 0.0669 0.0427 0.0209 0.0246 - - - - - - 0.03
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Table 3.16  Three Phase at 90ºC - Random Lay with 12" Trench Widtha

a Calculations performed using CEPS V4.1 of DSTAR Program 8
Assumptions made: - Aluminum Conductors, Strands are not compressed.

- Conductor shield thickness - 0.02 in. 
- Insulation - XLPE; Insulation thickness at 100% & 15kV = 175 mils, 25kV = 260 mils, 35kV = 345 mils; Insulation thickness at 133% & 15kV = 215 mils, 25kV = 345 mils. 
- Insulation shield thickness - 40 mils for 15kV(all) and 25kV(all, except 250kcmil). Rest has 60 mils.
- One third neutral for sizes 500, 750 & 1000. Rest - full neutral. Earth resistivity = 100 ohm-m.
- Jacket - Crosslinked Polythylene (XLPE), Encapsulated, thickness = 50 mils except 250kcmil at 35kV which has 80 mils.

b Voltage Regulation per 1000 ft at 100A and 0.9 pf. lagging.

Size AWG
or kcmil

Insulation Thickness at 100% Insulation Thickness at 133%
Voltage
Regulati
on % b

Resistance (W/1000ft) Reactance (W/1000ft) Resistance (W/1000ft) Reactance (W/1000ft)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

15 kV

#1 0.2745 0.5034 0.4741 0.0714 0.0301 0.0991 0.2740 0.5034 0.4739 0.0720 0.0319 0.1012 0.39
#2 0.3427 0.6439 0.5873 0.0756 0.0330 0.1406 0.3423 0.6439 0.5869 0.0762 0.0349 0.1428 0.49
1/0 0.2205 0.4038 0.3866 0.0684 0.0284 0.0761 0.2260 0.4038 0.3865 0.0690 0.0302 0.0781 0.32
2/0 0.1783 0.3166 0.3077 0.0653 0.0275 0.0573 0.1777 0.3166 0.3077 0.0660 0.0292 0.0591 0.26
3/0 0.1451 0.2540 0.2488 0.0618 0.0259 0.0461 0.1444 0.2540 0.2488 0.0626 0.0276 0.0477 0.22
4/0 0.1192 0.2023 0.1994 0.0579 0.0245 0.0376 0.1185 0.2023 0.1994 0.0588 0.0260 0.0391 0.18
250 0.1047 0.1668 0.1651 0.0538 0.0231 0.0316 0.1040 0.1668 0.1651 0.0548 0.0246 0.0331 0.16
350 0.0801 0.1248 0.1239 0.0487 0.0219 0.0272 0.0795 0.1248 0.1239 0.0496 0.0232 0.0285 0.13
500 0.0545 0.1658 0.1604 0.0518 0.0193 0.0369 0.0541 0.1658 0.1604 0.0524 0.0205 0.0409 0.10
750 0.0419 0.1113 0.1094 0.0462 0.0178 0.0273 0.0415 0.1113 0.1093 0.0468 0.0189 0.0284 0.09
1000 0.0361 0.0838 0.0828 0.0415 0.0165 0.0219 0.0357 0.0838 0.0828 0.0422 0.0175 0.0229 0.08

25 kV

1/0 0.2195 0.4038 0.3864 0.0697 0.0321 0.0801 0.2186 0.4038 0.3861 0.0709 0.0353 0.0836 0.16
2/0 0.1771 0.3166 0.3076 0.0667 0.0310 0.0609 0.1762 0.3166 0.3075 0.0679 0.0340 0.0641 0.13
3/0 0.1438 0.2540 0.2488 0.0634 0.0292 0.0495 0.1428 0.2540 0.2487 0.0647 0.0321 0.0525 0.11
4/0 0.1179 0.2023 0.1994 0.0597 0.0276 0.0408 0.1168 0.2023 0.1993 0.0611 0.0304 0.0437 0.09
250 0.1031 0.1668 0.1651 0.0562 0.0268 0.0354 0.1020 0.1668 0.1651 0.0578 0.0294 0.0380 0.08
350 0.0786 0.1248 0.1239 0.0511 0.0252 0.0306 0.0776 0.1248 0.1239 0.0529 0.0276 0.0330 0.07
500 0.0535 0.1658 0.1604 0.0533 0.0224 0.0429 0.0528 0.1657 0.1603 0.0544 0.0246 0.0453 0.05
750 0.0408 0.1113 0.1093 0.0478 0.0205 0.0301 0.0401 0.1113 0.1093 0.0490 0.0225 0.0321 0.04
1000 0.0351 0.0838 0.0828 0.0433 0.0190 0.0245 0.0344 0.0838 0.0828 0.0446 0.0209 0.0264 0.04

Three Phase at 90ºC - Random Lay with 12" Trench Width
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Table 3.16 (continued)  Three Phase at 90ºC - Random Lay with 12" Trench Width

a Voltage Regulation per 1000 ft at 100A and 0.9 pf. lagging.

Size
AWG
or

kcmil

Insulation Thickness at 100% Insulation Thickness at 133%
Voltage

Regulation 
% a

Resistance (W/1000ft) Reactance (W/1000ft) Resistance (W/1000ft) Reactance (W/1000ft)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

35 kV

1/0 0.2184 0.4038 0.3861 0.0711 0.0360 0.0843 - - - - - - 0.12
2/0 0.1760 0.3166 0.3075 0.0682 0.0346 0.0648 - - - - - - 0.09
3/0 0.1426 0.2540 0.2487 0.0650 0.0328 0.0532 - - - - - - 0.08
4/0 0.1166 0.2023 0.1993 0.0615 0.0310 0.0443 - - - - - - 0.07
250 0.1020 0.1668 0.1651 0.0578 0.0294 0.0380 - - - - - - 0.06
350 0.0778 0.1248 0.1239 0.0530 0.0276 0.0330 - - - - - - 0.05
500 0.0529 0.1657 0.1603 0.0546 0.0246 0.0453 - - - - - - 0.04
750 0.0403 0.1113 0.1093 0.0492 0.0225 0.0321 - - - - - - 0.03
1000 0.0345 0.0838 0.0828 0.0447 0.0209 0.0264 - - - - - - 0.03
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Table 3.17  Three Phase at 10ºC - Flat Arrangement with 7.5" Spacing between Adjacent Phasesa

a Calculations performed using CEPS V4.1 of DSTAR Program 8
Assumptions made: - Aluminum Conductors, Strands are not compressed.

- Conductor shield thickness - 0.02 in. 
- Insulation - XLPE; Insulation thickness at 100% & 15kV = 175 mils, 25kV = 260 mils, 35kV = 345 mils; Insulation thickness at 133% & 15kV = 215 mils, 25kV = 345 mils. 
- Insulation shield thickness - 40 mils for 15kV(all) and 25kV(all, except 250kcmil). Rest has 60 mils.
- One third neutral for sizes 500, 750 & 1000. Rest - full neutral. Earth resistivity = 100 ohm-m.
- Jacket - Crosslinked Polythylene (XLPE), Encapsulated, thickness = 50 mils except 250kcmil at 35kV which has 80 mils.

b Voltage Regulation per 1000 ft at 100A and 0.9 pf. lagging.

Size
AWG
or

kcmil

Insulation Thickness at 100% Insulation Thickness at 133%
Voltage

Regulation 
% b

Resistance (W/1000ft) Reactance (W/1000ft) Resistance (W/1000ft) Reactance (W/1000ft)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

15 kV

#1 0.2218 0.3941 0.3738 0.0915 0.0301 0.0817 0.2207 0.3941 0.3737 0.0920 0.0319 0.0837 0.33
#2 0.2701 0.5046 0.4651 0.0981 0.0330 0.1145 0.2692 0.5046 0.4649 0.0985 0.0349 0.1166 0.40
1/0 0.1834 0.3164 0.3045 0.0859 0.0284 0.0638 0.1823 0.3164 0.3044 0.0866 0.0302 0.0657 0.28
2/0 0.1536 0.2479 0.2418 0.0788 0.0275 0.0495 0.1525 0.2479 0.2417 0.0797 0.0292 0.0512 0.24
3/0 0.1298 0.1990 0.1954 0.0715 0.0259 0.0407 0.1287 0.1990 0.1954 0.0727 0.0276 0.0424 0.21
4/0 0.1105 0.1586 0.1565 0.0633 0.0245 0.0341 0.1096 0.1586 0.1565 0.0646 0.0260 0.0356 0.18
250 0.0987 0.1306 0.1294 0.0549 0.0231 0.0293 0.0979 0.1306 0.1294 0.0563 0.0246 0.0308 0.16
350 0.0777 0.0980 0.0973 0.0464 0.0219 0.0258 0.0772 0.0980 0.0973 0.0478 0.0232 0.0271 0.13
500 0.0597 0.1330 0.1294 0.0629 0.0193 0.0342 0.0589 0.1330 0.1294 0.0637 0.0205 0.0355 0.12
750 0.0502 0.0894 0.0880 0.0506 0.0178 0.0247 0.0496 0.0894 0.0880 0.0515 0.0189 0.0258 0.10
1000 0.0442 0.0673 0.0667 0.0414 0.0165 0.0205 0.0437 0.0673 0.0667 0.0424 0.0175 0.0214 0.08

25 kV

1/0 0.1811 0.3164 0.3044 0.0874 0.0321 0.0677 0.1792 0.3164 0.3042 0.0866 0.0353 0.0710 0.14
2/0 0.1514 0.2479 0.2417 0.0807 0.0310 0.0530 0.1495 0.2479 0.2417 0.0823 0.0340 0.0561 0.12
3/0 0.1276 0.1990 0.1954 0.0739 0.0292 0.0441 0.1258 0.1990 0.1954 0.0758 0.0321 0.0470 0.10
4/0 0.1086 0.1586 0.1565 0.0660 0.0276 0.0373 0.1070 0.1586 0.1565 0.0682 0.0304 0.0401 0.09
250 0.0968 0.1306 0.1294 0.0585 0.0268 0.0330 0.0954 0.1306 0.1294 0.0610 0.0294 0.0357 0.08
350 0.0764 0.0980 0.0973 0.0449 0.0252 0.0291 0.0753 0.0980 0.0973 0.0524 0.0276 0.0315 0.06
500 0.0577 0.1330 0.1293 0.0649 0.0224 0.0374 0.0563 0.1330 0.1293 0.0662 0.0246 0.0397 0.06
750 0.0486 0.0894 0.0880 0.0530 0.0205 0.0274 0.0474 0.0894 0.0880 0.0547 0.0225 0.0295 0.05
1000 0.0430 0.0673 0.0667 0.0440 0.0190 0.0230 0.0421 0.0673 0.0667 0.0458 0.0209 0.0248 0.04

Three Phase at 10ºC - Flat Arrangement with 7.5" Spacing between Adjacent Phases
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Table 3.17 (continued)  Three Phase at 10ºC - Flat Arrangement with 7.5" Spacing between Adjacent Phases

a Voltage Regulation per 1000 ft at 100A and 0.9 pf. lagging.

Size
AWG
or

kcmil

Insulation Thickness at 100% Insulation Thickness at 133%

Voltage
Regulation 

% a

Resistance (W/1000ft) Reactance (W/1000ft) Resistance (W/1000ft) Reactance (W/1000ft)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

35 kV

1/0 0.1788 0.3164 0.3042 0.0888 0.0360 0.0718 - - - - - - 0.10
2/0 0.1491 0.2479 0.2416 0.0826 0.0346 0.0568 - - - - - - 0.09
3/0 0.1254 0.1990 0.1954 0.0762 0.0328 0.0477 - - - - - - 0.07
4/0 0.1066 0.1586 0.1565 0.0687 0.0310 0.0407 - - - - - - 0.06
250 0.0954 0.1306 0.1294 0.0610 0.0294 0.0357 - - - - - - 0.06
350 0.0753 0.0980 0.0973 0.0524 0.0276 0.0315 - - - - - - 0.05
500 0.0563 0.1330 0.1293 0.0662 0.0246 0.0397 - - - - - - 0.04
750 0.0474 0.0894 0.0880 0.0547 0.0225 0.0295 - - - - - - 0.04
1000 0.0421 0.0673 0.0667 0.0458 0.0209 0.0248 - - - - - - 0.03
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Table 3.18  Three Phase at 90ºC - Flat Arrangement with 7.5" Spacing between Adjacent Phasesa

a Calculations performed using CEPS V4.1 of DSTAR Program 8
Assumptions made: - Aluminum Conductors, Strands are not compressed.

- Conductor shield thickness - 0.02 in. 
- Insulation - XLPE; Insulation thickness at 100% & 15kV = 175 mils, 25kV = 260 mils, 35kV = 345 mils; Insulation thickness at 133% & 15kV = 215 mils, 25kV = 345 mils. 
- Insulation shield thickness - 40 mils for 15kV(all) and 25kV(all, except 250kcmil). Rest has 60 mils.
- One third neutral for sizes 500, 750 & 1000. Rest - full neutral. Earth resistivity = 100 ohm-m.
- Jacket - Crosslinked Polythylene (XLPE), Encapsulated, thickness = 50 mils except 250kcmil at 35kV which has 80 mils.

b Voltage Regulation per 1000 ft at 100A and 0.9 pf. lagging.

Size
AWG
or

kcmil

Insulation Thickness at 100% Insulation Thickness at 133%
Voltage

Regulation 
% b

Resistance (W/1000ft) Reactance (W/1000ft) Resistance (W/1000ft) Reactance (W/1000ft)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral 
+ Earth)

15 kV

#1 0.2857 0.5034 0.4699 0.0938 0.0301 0.1030 0.2847 0.5034 0.4697 0.0942 0.0319 0.0942 0.42
#2 0.3519 0.6439 0.5798 0.0997 0.0330 0.1454 0.3511 0.6439 0.5795 0.1000 0.0349 0.1475 0.51
1/0 0.2333 0.4038 0.3840 0.0890 0.0284 0.0790 0.2323 0.4038 0.3839 0.0895 0.0302 0.0810 0.35
2/0 0.1927 0.3166 0.3064 0.0829 0.0275 0.0593 0.1917 0.3166 0.3063 0.0836 0.0292 0.0610 0.29
3/0 0.1606 0.2540 0.2480 0.0765 0.0259 0.0475 0.1595 0.2540 0.2480 0.0774 0.0276 0.0491 0.25
4/0 0.1353 0.2023 0.1989 0.0690 0.0245 0.0385 0.1343 0.2023 0.1989 0.0701 0.0260 0.0401 0.21
250 0.1205 0.1668 0.1649 0.0610 0.0231 0.0322 0.1196 0.1668 0.1649 0.0623 0.0246 0.0337 0.19
350 0.0943 0.1248 0.1237 0.0523 0.0219 0.0276 0.0936 0.1248 0.1237 0.0536 0.0232 0.0289 0.15
500 0.0683 0.1657 0.1596 0.0669 0.0193 0.0410 0.0675 0.1657 0.1596 0.0676 0.0205 0.0423 0.13
750 0.0562 0.1112 0.1090 0.0556 0.0178 0.0279 0.0555 0.1112 0.1090 0.0564 0.0189 0.0290 0.11
1000 0.0495 0.0836 0.0825 0.0467 0.0165 0.0223 0.0490 0.0836 0.0825 0.0476 0.0175 0.0233 0.09

25 kV

1/0 0.2312 0.4038 0.3838 0.0901 0.0321 0.0830 0.2295 0.4038 0.3837 0.0909 0.0353 0.0864 0.17
2/0 0.1906 0.3166 0.3063 0.0843 0.0310 0.0629 0.1888 0.3166 0.3062 0.0855 0.0340 0.0660 0.14
3/0 0.1584 0.2540 0.2480 0.0783 0.0292 0.0509 0.1566 0.2540 0.2479 0.0798 0.0321 0.0538 0.12
4/0 0.1332 0.2023 0.1989 0.0712 0.0276 0.0417 0.1314 0.2023 0.1989 0.0731 0.0304 0.0445 0.10
250 0.1183 0.1668 0.1648 0.0641 0.0268 0.0360 0.1167 0.1668 0.1648 0.0663 0.0294 0.0386 0.09
350 0.0926 0.1248 0.1237 0.0555 0.0252 0.0309 0.0913 0.1248 0.1237 0.0578 0.0276 0.0333 0.07
500 0.0663 0.1657 0.1595 0.0685 0.0224 0.0422 0.0649 0.1657 0.1595 0.0695 0.0246 0.0465 0.07
750 0.0545 0.1112 0.1090 0.0576 0.0205 0.0307 0.0532 0.1112 0.1089 0.0590 0.0225 0.0327 0.06
1000 0.0481 0.0836 0.0825 0.0490 0.0190 0.0248 0.0470 0.0836 0.0825 0.0506 0.0209 0.0267 0.05

Three Phase at 90ºC - Flat Arrangement with 7.5" Spacing between Adjacent Phases
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Table 3.18 (continued)  Three Phase at 90ºC - Flat Arrangement with 7.5" Spacing between Adjacent Phases

a Voltage Regulation per 1000 ft at 100A and 0.9 pf. lagging.

Size AWG
or kcmil

Insulation Thickness at 100% Insulation Thickness at 133%
Voltage
Regulati
on % a

Resistance (W/1000ft) Reactance (W/1000ft) Resistance (W/1000ft) Reactance (W/1000ft)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral
+ Earth)

Positive
Seq.

Zero Seq.
(Neutral
Only)

Zero Seq.
(Neutral
+ Earth)

35 kV

1/0 0.2292 0.4038 0.3836 0.0911 0.0360 0.0871 - - - - - - 0.12
2/0 0.1884 0.3166 0.3062 0.0858 0.0346 0.0667 - - - - - - 0.10
3/0 0.1562 0.2540 0.2479 0.0801 0.0328 0.0545 - - - - - - 0.09
4/0 0.1311 0.2023 0.1989 0.0735 0.0310 0.0452 - - - - - - 0.08
250 0.1167 0.1668 0.1648 0.0663 0.0294 0.0386 - - - - - - 0.07
350 0.0913 0.1248 0.1237 0.0578 0.0276 0.0333 - - - - - - 0.05
500 0.0649 0.1657 0.1595 0.0695 0.0246 0.0465 - - - - - - 0.05
750 0.0532 0.1112 0.1089 0.0590 0.0225 0.0327 - - - - - - 0.04
1000 0.0470 0.0836 0.0825 0.0506 0.0209 0.0267 - - - - - - 0.03



Ampacity Tables

Table 3.9  Ampacity of Single-phase Medium Voltage Cable - Concentric Neutral a
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a Calculations performed using CEPS V4.1 of DSTAR Program 8. Assumptions are:
- Aluminum Conductors, Strands are not compressed; 
- Conductor shield thickness - 0.02 in. 
- Insulation - Crosslinked Polythylene (XLPE); 
- Insulation thickness at 100% & 15kV = 175 mils, 25kV = 260 mils, 35kV = 345 kV; Insulation 
thickness at 133% & 15kV = 215 mils, 25kV = 345 mils. Insulation shield thickness - 40 mils 
for 15kV(all) and 25kV(all, except 250kcmil). Rest has 60 mils.

Size
AWG
or

kcmil

Direct Buried

Condui
t OD
(in)

PE Conduit PVC Conduit Fiberglass Conduit
Insulation
Thickness
100%

Insulation
Thickness
133%

Insulation
Thickness
100%

Insulation
Thickness
133%

Insulation
Thickness
100%

Insulation
Thickness
133%

Insulation
Thickness
100%

Insulation
Thickness
133%

Ground Return Ground Return Ground Return Ground Return Ground Return Ground Return Ground Return Ground Return

Neutra
l Only

Neutra
l +

Earth
Neutra
l Only

Neutra
l +

Earth
Neutra
l Only

Neutra
l +

Earth
Neutra
l Only

Neutra
l +

Earth
Neutra
l Only

Neutra
l +

Earth
Neutra
l Only

Neutra
l +

Earth
Neutra
l Only

Neutra
l +

Earth
Neutra
l Only

Neutra
l +

Earth
15 kV

#2 136.7 155.9 136.5 155.3 2 122.9 140.8 123.0 140.6 119.7 137.2 119.7 137.1 121.2 138.9 121.3 138.7
1/0 176.0 191.0 175.8 190.6 2 157.8 171.9 158.0 171.9 153.5 167.4 153.7 167.4 155.7 169.5 155.7 169.5
2/0 200.8 213.3 200.6 212.9 2 180.1 191.6 180.1 191.4 175.2 186.3 175.2 186.3 177.5 188.9 177.5 188.7
3/0 226.6 237.5 226.4 237.1 2 203.1 212.9 202.9 212.7 197.3 206.8 197.3 206.8 199.9 209.8 199.8 209.6
4/0 256.6 265.2 256.3 265.0 2.5 235.5 243.8 235.5 243.8 229.9 237.9 229.7 237.9 232.4 240.6 232.4 240.6
250 284.0 290.6 283.6 290.2 2.5 260.5 266.8 260.4 266.8 254.3 260.5 253.9 260.2 257.0 263.5 257.0 263.3

25 kV

1/0 175.4 190.2 175.2 189.6 2 158.0 171.9 158.0 171.5 153.7 167.2 153.7 167.0 155.7 169.3 155.7 169.1
2/0 200.4 212.5 199.9 211.7 2 180.1 191.4 179.9 191.0 175.0 186.1 174.8 185.9 177.3 188.7 177.1 188.3
3/0 226.2 236.7 225.8 235.9 2 202.9 212.5 202.7 212.3 197.3 206.6 196.9 206.4 199.8 209.4 199.6 209.2
4/0 255.9 264.6 255.5 264.1 2.5 235.2 243.4 235.0 243.0 229.7 237.7 229.3 237.5 232.4 240.4 232.0 240.0
250 284.0 290.6 283.6 290.2 2.5 260.7 267.2 260.2 266.4 254.3 260.5 253.9 260.2 257.4 263.7 256.8 263.1

35 kV

1/0 175.8 190.2 - - 2 158.2 172.1 - - 153.9 167.4 - - 156.1 169.5 - -
2/0 200.4 212.5 - - 2 180.3 191.4 - - 175.2 186.3 - - 177.5 188.7 - -
3/0 226.2 236.7 - - 2 203.1 212.7 - - 197.3 206.8 - - 199.9 209.6 - -
4/0 255.5 264.1 - - 2.5 234.8 243.0 - - 229.3 237.3 - - 231.8 240.0 - -
250 282.8 289.5 - - 2.5 259.4 265.8 - - 253.1 259.4 - - 256.3 262.5 - -

Ampacity of Single-phase Medium Voltage Cable - Concentric Neutral

- One third neutral for sizes 500, 750 & 1000. Rest - full neutral. Earth resistivity = 100 ohm-m.
- Jacket - Crosslinked Polythylene (XLPE), Encapsulated, thickness = 50 mils except 250kcmil at 35kV which has 80 mils.
- Ampacity based on 20°C Earth, 90°C Al Conductor, earth resistivity (r) = 100 Ohm-m and Burial Depth 36".
- Conduit Data - Maximum % Area of Conduit kept around 50%. Conduit wall thickness = 0.15-0.20 in.

http://www.dstar.org/P_R_Software_CEPS_1.htm


Size
AWG 
or 

kcmil

Triplexed
Random Lay with 12 " 

Trench Width
Flat Arrangement with 7.5"

Spacing between Adjusted Phases 

Insulation Thick.
100%

Insulation Thick.
133%

Insulation Thick.
100%

Insulation Thick.
133%

Insulation Thick.
100%

Insulation Thick.
133%

Neutral Only Neutral Only Neutral Only Neutral Only Neutral Only Neutral Only
15 kV

#1 148.9 148.4 176.3 175.2 183.3 181.9
#2 135.7 135.1 156.3 155.5 163.3 162.0
1/0 163.1 162.7 198.3 197.2 204.7 203.5
2/0 179.1 178.7 222.3 221.4 227.5 226.4
3/0 196.8 196.3 248.1 247.7 251.4 250.5
4/0 217.2 216.8 275.4 274.9 276.4 275.8
250 236.1 235.5 295.2 294.9 295.1 294.5
350 273.9 273.3 340.3 340.4 337.6 337.3
500 268.4 268.6 416.0 416.4 397.8 398.7
750 312.3 312.5 475.1 476.8 442.4 444.1
1000 353.9 354.0 513.3 515.6 475.9 477.7

25 kV
1/0 163.0 162.2 196.1 194.4 202.2 200.2
2/0 179.1 178.3 220.3 218.7 225.2 223.4
3/0 196.9 196.1 246.5 245.1 249.6 248.1
4/0 217.5 216.7 274.3 273.3 275.1 274.0
250 237.0 236.1 295.5 294.7 294.8 293.8
350 275.0 274.0 341.6 341.6 337.8 337.3
500 270.5 270.9 418.2 418.6 401.0 402.3
750 314.7 314.9 480.3 482.9 447.5 450.5
1000 356.5 356.6 520.1 524.3 481.3 484.8

35 kV
1/0 163.4 - 194.8 - 200.6 -
2/0 179.6 - 219.2 - 223.8 -
3/0 197.6 - 245.6 - 248.7 -
4/0 218.4 - 274.0 - 274.6 -
250 237.3 - 294.7 - 293.8 -
350 275.2 - 340.5 - 336.1 -
500 271.4 - 417.2 - 401.0 -
750 315.8 - 481.2 - 449.1 -
1000 358.0 - 522.3 - 483.3 -
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Table 3.20  Ampacity of Three-phase Medium Voltage Cable

Ampacity of Three-phase Medium Voltage Cable a

a Calculations performed using CEPS V4.1 of DSTAR Program 8. Assumptions are:
- Aluminum Conductors, Strands are not compressed; 
- Conductor shield thickness - 0.02 in. 
- Insulation - Crosslinked Polythylene (XLPE); 
- Insulation thickness at 100% & 15kV = 175 mils, 25kV = 260 mils, 35kV = 345 kV; Insulation thickness at 133% & 15kV = 215 mils, 25kV = 345 mils. Insulation 
shield thickness - 40 mils for 15kV(all) and 25kV(all, except 250kcmil). Rest has 60 mils.

- One third neutral for sizes 500, 750 & 1000. Rest - full neutral. Earth resistivity = 100 ohm-m.
- Jacket - Crosslinked Polythylene (XLPE), Encapsulated, thickness = 50 mils except 250kcmil at 35kV which has 80 mils.
- Ampacity based on 20°C Earth, 90°C Al Conductor, earth resistivity (r) = 100 Ohm-m and Burial Depth 36".
- Conduit Data - Maximum % Area of Conduit kept around 50%. Conduit wall thickness = 0.15-0.20 in.

http://www.dstar.org/P_R_Software_CEPS_1.htm
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Riser Pole Ampacity
The ampacity of underground cables and overhead lines has been well understood for over 45 years. In

1957, Neher and McGrath a described methods, still used today, for calculating open air and underground

cable ampacity. These methods have served the utility industry well, but do not address cable ampacity

in riser poles. In 1983, Hartlein and Black b introduced a method for determining vented and unvented

cable ampacity in risers. A slightly modified version of these algorithms has been implemented in the

DSTAR CEPS software for calculating cable riser ampacity. Since 1983, work has been done by DSTAR

and other entities to better understand the major factors that affect riser ampacity. The major factors are

described below:

1. Riser Protective Cover Construction - The most commonly used cable protective covers are

PVC conduit, galvanized steel conduits, PVC U-guards, PE U-guards, galvanized steel U-guards,

and painted steel U-guards. The protective cover parameters that impact ampacity calculations are

emissivity c and solar radiation absorption coefficient. The solar absorption coefficient is defined

as the ratio of the absorbed solar energy divided by the total solar energy normal to the surface of

the cover. The overall size of the riser influences the amount of free air flow within the cover and,

therefore, affects the heat dissipation via convection and radiation. d

2. Cable Construction - As with normal underground cable ampacity, the cable construction,
layout, and number of cables has a significant impact on ampacity. In addition, the cable jacket

emissivity and reflectivity are considered when calculating riser ampacity. Mutual heating for

systems with multiple cables can significantly reduce overall ampacity. It has also been suggested

that radiation heat transfer accounts for roughly half of all heat transfer from the cable.e Therefore,

emissivity and absorptivity significantly impact riser ampacity.

3. Protective Cover Venting - Most utilities install riser cables with top venting or top and bottom
venting. However, some utilities in areas with significant rainfalls and low ambient temperatures

choose to install cables in unvented risers to keep rain out of the riser. Restricting air flow by

closing off the top and bottom of a riser protective cover will lower overall riser ampacity. In

order to achieve effective venting, it is recommended that the ratio of the inside diameter of the

riser to the effective outside diameter of the cables be greater than 1.2.

4. Environmental Conditions - Wind speed, solar radiation, and ambient air temperature impact
riser ampacity. For each of these parameters, it is common to consider the worst case when

calculating riser ampacity. Wind speed is often conservatively assumed to be zero which

correlates to no convection cooling exterior to the cover. If this assumption severely limits

ampacity, then historical weather information should be reviewed. The solar radiation normal to

the protective cover can be estimated based upon the altitude and latitude of the cable installation.

a Neher, J.H, McGrath, M.H, (1957) “The Calculation of the Temperature Rise and Load Capability of Cable Systems”, AIEE Transactions, Vol. 76, Part 3, October 1957,
pp.752-772

b Hartlein, R.A, Black W.Z., (1983), “Ampacity of Electric Power Cables in Vertical Protective Risers”, IEEE Trans. On Power Apparatus and Systems, Vol. PAS-102, No.
6, pp.1678-1686.

c Emissivity is the ratio of heat that an object will radiate to its surroundings divided by the heat that a perfect “black body” would radiate.  Consequently, materials
with a dark color tend to have a higher emissivies and negatively impact riser ampacity.  The surface finish (smooth vs. rough) also impact emissivity.

d ibid.
e ibid.

http://www.dstar.org/P_R_Software_CEPS_1.htm


There are many factors affecting riser ampacity and each application is unique. It is recommended that

engineers consider all of these factor carefully to determine a worst case ampacity when transitioning to

a riser. It is often the case that the riser ampacity is the limiting element for a cable run.

Impact of Soil Thermal Characteristics
The current carrying capacity (ampacity) of an underground distribution cable is constrained by the

maximum allowable conductor temperature. The presence of an external heat source, such as another

cable or a utility steam line or heated oil line, limits the cable ampacity.

DSTAR members have a variety of cable constructions and installation conditions that cannot be fully

analyzed in this document. The principles of ampacity discussed below apply to all cable and installation

types. In order to provide a basis for this discussion, a base case has been constructed and is shown below.

A standard 15-kV cable in a concrete-encased duct bank is used as the base case for the analysis.

Table 3.21  Base case Ampacity Parameters

The change in base case ampacity can be calculated for variations on system parameters such as loss

factor, number of circuits in the duct-bank, ambient earth temperature, soil thermal resistivity, etc.

However, uncertainty in some parameters, especially soil thermal resistivity and ambient earth

temperature, can cause the calculated ampacities to be uncertain. For example, higher soil thermal

resistivity results in lower ampacity due to the thermal resistance to heat flow from the cable.

Table 3.22 shows typical ampacities for various soil types and Figure 3.5 shows the relationship between

ampacity and soil thermal resistivity.

Duct 5-inch PVC

Configuration 2 x 2 duct bank, three ducts filled

Concrete Envelop 19 x 19 inches; Envelop thickness = 3 inches.Duct Spacing = 2 inches; TR = 50C-cm/watt

Native Soil TR = 90C-cm/watt

Ambient Earth 25C

Depth to Center of Top Duct 42 inches

Cable Standard 175 mil XLPE, 500 kcmil aluminum conductor, 1/6 neutral, polyethylene jacket. 90ºC 
maximum steady-state conductor temperature

Operation 3 cables per duct. Multi-grounded shields.

Daily Loss Factor 0.6 per unit

Loading Equal loading for all circuits in duct bank
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Base case Ampacity Parameters
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Table 3.22  Typical Thermal Resistivity of Various Soil Types

Figure 3.5  Ampacity versus soil thermal resistivity. 

Likewise, a higher ambient earth temperature reduces the allowable temperature difference from conductor

to ambient earth and, therefore, reduces cable ampacity. Figure 3.6 below demonstrates this relationship.

Soil Type Thermal Resistivity (C-cm/watt)
Fluidized Thermal Backfill (FTB) 40

Concrete 30

Stone Screenings 30

Thermal Sand 50

Uniform Sand 70

Clay 100

Lake Bottom 100

Highly Organic Soil 300

Typical Thermal Resistivity of Various Soil Types



For groups of combinations of cables it is recommended that the conduit be of such size that the sum of

the cross-sectional areas of the individual cables will not be more then the percentage of the interior

cross-sectional area of the conduit as shown below.

Table 3.24  Maximum Percent Internal Area of Conduit (%) a

Underground Construction

Conduit Data

Table 3.23  Rigid Conduit Information in Inches

Maximum Percent Diameter of Conduit (%)

Number of Cables 1 2 3 4
Cables (not lead-covered) 72.8 39.3 36.5 31.6

Lead-covered cables 74.2 38.7 36.5 30.8

Table 3.25  Maximum Percent Diameter of Conduit (%) b
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Maximum Percent Internal Area of Conduit (%)

Number of Cables 1 2 3 4 Over 4
Cables (not lead-covered) 53 31 40 40 40

Lead-covered cables 55 30 40 38 35

Rigid Conduit Information in Inches

Nominal
Size
-In.-

Metallic, Steel or Aluminum
PVC, thin wall or Heavy

Schedule 40
Heavy Schedule 80

O.D. I.D. Wall O.D. I.D. Wall O.D. I.D. Wall
½ 0.840 0.632 0.104 0.840 0.622 0.109 0.840 0.546 0.147

¾ 1.050 0.836 0.107 1.050 0.824 0.113 1.050 0.742 0.154

1 1.315 1.063 0.1261 .315 1.049 0.133 1.315 0.957 0.179

1 ¼ 1.660 1.394 0.133 1.660 1.380 0.140 1.660 1.278 0.191

1 ½ 1.900 1.624 0.138 1.900 1.610 0.145 1.900 1.500 0.200

2 2.375 2.083 0.146 2.375 2.067 0.154 2.375 1.939 0.218

2 ½ 2.875 2.489 0.193 2.875 2.469 0.203 2.875 2.323 0.276

3 3.500 3.090 0.205 3.500 3.066 0.216 3.500 2.900 0.300

3 ½ 4.000 3.570 0.215 4.000 3.548 0.226 - - -

4 4.500 4.050 0.225 4.500 4.026 0.237 4.500 3.826 0.337

5 5.563 5.073 0.245 5.563 5.047 0.258 5.563 4.813 0.375

6 6.625 6.093 0.266 6.625 6.065 0.280 6.625 6.193 0.432

a Okonite Cables. Engineering Data for Copper and Aluminum Conductor Electrical Cables. p.37. Ramsey, NJ: The Okonite Company, 1990. Used with permission from
The Okonite Company. 

b ibid.
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Typical Coefficients of Dynamic Friction (m)

Cable Exterior

Type of Conduit c

M PVC FIB ASB

PVC – Polyvinyl Chloride 0.4 0.35 0.5 0.5

PE – Low density HNW Polyethylene 0.35 0.35 0.5 0.5

CSPE - Hypalon 0.5 0.5 0.7 0.6

XLPE – Cross linked PE 0.35 0.35 0.5 0.5

Nylon 0.4 0.35 0.5 0.5

CPE 0.5 0.5 0.7 0.6

Table 3.26  Maximum Allowable Diameter of individual Cables Given Size of Conduita

To determine the size of conduit required for any number, n, of equal cables in excess of four, multiply

the diameter of one cable by . This will give the “equivalent” diameter of four such cables and the

conduit size required for n cables may be then be found by using the column for four cables.

Coefficient of Friction

The coefficient of dynamic frictions (µ) is a measure of the friction between a moving cable and the

conduit. Typical values of the coefficient of friction are presented below. 

Table 3.27  Typical Coefficients of Dynamic Friction (m)

a Okonite Cables. Engineering Data for Copper and Aluminum Conductor Electrical Cables. p.37. Ramsey, NJ: The Okonite Company, 1990. Used with permission
from The Okonite Company.

b These diameters are based on percent fill only. The jam ratio, conduit I.D. to cable O.D., should be checked to avoid possible jamming.
c M = metallic, steel or aluminum; PVC = polyvinyl chloride, thin wall or heavy schedule 40; FIB = fiber conduit – Orangeburg or Nocrete; ASB = asbestos cement –
Transite or Korduct.

Maximum Allowable Diameter of Individual Cables Given Size of Conduit

Nominal Size 
-In.-

Number of cables having same O.D. (inches)
1 2b 3a 4a

½ 0.453 0.244 0.227 0.197

¾ 0.600 0.324 0.301 0.260

1 0.763 0.412 0.383 0.332

1 ¼ 1.010 0.542 0.504 0.436

1 ½ 1.173 0.633 0.588 0.509

2 1.505 0.812 0.754 0.653

2 ½ 1.797 0.970 0.901 0.780

3 2.234 1.206 1.120 0.970

3 ½ 2.583 1.395 1.296 1.121

4 2.930 1.583 1.470 1.273

5 3.675 1.985 1.844 1.595

6 4.416 2.385 2.215 1.916
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Cable Mechanical Parameters

Table 3.28  Physical Characteristics of Underground Cable

a Dimensions D, E, and F can be up to 80 mils greater for #1 and #2, and up to 90 mils greater for 4/0, 350, 750 and 1000.
b Copper.

Physical Characteristics of Underground Cable

Secondary Cable

Size Type Neutral Size
Diameter
Overall In.

Diameter Single Conductor
Neutral (In.) Phase (In.)

3c-1/0 Aluminum 2 1.10 0.425 0.525

3c-3/0 Aluminum 1/0 1.30 0.525 0.620

4c-3/0 Aluminum 1/0 1.55 0.525 0.620

350 KCM Aluminum - 0.88 - 0.880

3c-350 Aluminum 4/0 1.90 0.675 0.855

500 KCM Copper - 1.02 - 1.020

700 KCM Aluminum - 1.20 - 1.200

1000 KCM Copper - 1.39 - 1.390

3c-2 Copper - 0.97 - 0.425

3c-1/0 Copper - 1.23 - 0.525

Primary Cable

Conductor Volt
(kV)

Concentric
Neutral

Diameter (Mils)
No Jacket Jacketed

Size Str. No. Size A B C Da E a D a E a F a

1 1 28 13 14 289 319 879 939 1067 939 1067 1167

2 7 28 10 14 292 322 882 942 1070 942 1070 1170

4/0 19 28 20 12 528 558 1118 1198 1360 1198 1360 1460

350 37 28 11 12 681 721 1281 1361 1523 - - -

750 61 28 24 12 998 1048 1608 1718 1880 1718 1880 2040

1000 61 28 26 12 1152 1202 1762 1872 2034 1872 2034 2194

2 b 7 15 10 14 292 322 762 822 950 - - -

350 b 37 15 11 12 681 721 1161 1241 1403 - - -

750 b 61 15 11 12 998 1048 1488 1598 1760 - - -
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The maximum pulling tension placed on a cable should not exceed the following:

Maximum Pulling Tension

For Cable equipped with a pulling eye or bolt attached to the conductor:
1)    For copper of any temper and hard-drawn aluminum conductor

       

2)    For ¾ hard-drawn aluminum conductor

       

For cable to be pulled with a cable grip over the sheath:
1)    For cable with load sheath 

       
Where:

       
Where:

                  A = cross-sectional area of lead (square inches)
                  t = sheath thickness (inches)
                  D = overall diameter of cable (inches)

2)    For a cable grip over non-lead jacketed cable 

       (For a straight section)

Where:
                 T = Pulling Tension (lbs.)
                 L = Length of raceway run (feet)
                 W = Weight of cable (lbs./ft)
                 f = Coefficient of friction 

       (For a raceway with a bend)

Where:
                 T1 = Tension for the straight section preceding the bend (lbs.)
                 e = Natural log base (2.718)
                 f = Coefficient of friction
                 a = Angle of bend (radians)

It should be noted that the DSTAR Cable Pulling Assistant (CPA) is an effective tool for calculating cable
sidewall pressure and tension for complex conduit layouts.

http://www.dstar.org/P_R_Software_TB_1.htm#Cable%20Pulling
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Table 8.1. Maximum Short Circuit Temperatures for Types of Insulation a

Maximum Short Circult Temperatures for Insulation Types

Type of Insulation
Maximum Continuous

Temperature Rating b (°C)
Maximum Short Circuit
Temperature Rating (°C)

EPR and XLPE 90 250

Vulkene® 90 250

Paper 85 200

Rubber- Versatol® 75 200 

- Super Coronol® 90 200

- Silicone Rubber 125 250

Thermoplastic- Flamenol® 60 150

- Polyethylene 75 150

Varnished Cambric 85 200

a General Electric Company. Distribution Data Book: A collection of fundamental data pertaining to the elements of, and the loads on, distribution systems. p.25.
Schenectady, New York: GE Power Distribution Systems Engineering Operation, 1986.

b Although the continuous temperature ratings of some insulations vary with voltage rating, the short-circuit temperatures are independent of voltage and apply 
in all cases.

Allowable Short Circuit Current for Aluminum and Copper Conductors:

Duration of Short Circuit in Seconds for Aluminum and Copper Conductor:

Where:

ISC = Short Circuit Current in Amps

A = Conductor Area in circular mils

t = Duration of Short Circuit in Seconds

T1 = Initial Conductor Temperature in C

T2 = Final Conductor Temperature in °C

Insulated Conductor Short Circuit Withstand
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Applicable Cable Standards

Applicable electric utility cable standards include:

• IEEE Standard 400, IEEE Guide for Field Testing and Evaluation of the Insulation of

Shielded Power Cable Systems

• AEIC CS 8-06, Specification for Extruded Dielectric Shielded Power Cables Rated 5

through 46 kV

• ICEA S-81-570 Direct Burial, 600 Volt, Ruggedized Insulation

• ICEA S-94-649 Standard for Concentric Neutral Cables 5,000 – 46,000 Volts

• ICEA S-97-682 Utility Shielded Power Cables Rated 5-46 KV 

• ICEA S-105-692 600 Volt Single Layer Thermoset Insulated Utility Underground

Distribution Cable 

• ANSI/IEEE 576, IEEE Recommended Practice for Installation, Termination, and Testing of

Insulated Power Cable as used in Industrial and Commercial Applications

• ANSI/IEEE Std 510, IEEE Recommended Practices for Safety in High-Voltage and High-

Power Testing

• IEC 60885-3, Electrical test methods for electric cables. Part 3: Test Methods for Partial

Discharge Measurements on Lengths of Extruded Power Cables.

• IEC 60060-1, 2, and 3 High-Voltage Test Techniques – Parts1, 2, and 3
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a Resistance of conductor in ohms/mile, 60 Hz, 25°C temperature.
b X1 = Reactance of conductor out to one foot spacing in Ohms/Mile, 60 Hz. Total Reactance per phase = X1+X2; X2 = External reactance of conductor beyond one 
ft spacing, in ohms per 1000 ft, 60 Hz obtained from Figure 4.1.

c Conductor at 80°C, 40°C AMBIENT, emissivity = 0.5 for copper, 0.2 for aluminum. Lower current values correspond to still air. Higher current values correspond to
air moving at two feet per second.

Conductor
O.D.
(in.)

Rated
Strength
(lbs.)

Weight
(lb/ft)

Resistance a

Ohms/Mile

Reactance to 
1-ft spacing b

Ohms/Mile

Approx. Ampacity
(Amps) cSize

Trade
Name

Str.

ACSR
4 Swan 6/1 0.250 1900 0.0574 2.178 0.604 55 85
4 Swanate 7/1 0.257 2360 0.0671 2.154 0.608 - -
2 Sparrow 6/1 0.316 2850 0.0913 1.372 0.578 110 165
2 Sparate 7/1 0.325 3640 0.1067 1.357 0.579 - -
1/0 Raven 6/1 0.398 4380 0.1452 0.864 0.550 150 225
2/0 Quail 6/1 0.447 5310 0.1830 0.686 0.536 175 260
3/0 Pigeon 6/1 0.502 6620 0.2308 0.545 0.520 210 305
4/0 Penguin 6/1 0.563 8350 0.2911 0.434 0.508 245 355
336.4 Linnet 26/7 0.720 14000 0.4630 0.2797 0.451 340 480
397.5 Ibis 26/7 0.783 16300 0.5466 0.2368 0.441 380 535
477 Hawk 26/7 0.858 19500 0.6570 0.1975 0.430 430 605
795 Drake 26/7 1.108 31500 1.0940 0.1190 0.399 620 850

AAAC
4 Alton 7 0.250 1760 0.0457 2.182 0.593 - -
2 Ames 7 0.316 2800 0.0727 1.371 0.564 - -
1/0 Azusa 7 0.398 4460 0.1157 0.8620 0.536 - -
4/0 Alliance 7 0.563 8560 0.2318 0.4309 0.494 - -

AAC
1/0 Poppy 7 0.368 1990 0.0991 0.8853 0.546 145 215
4/0 Oxlip 7 0.522 3830 0.1986 0.4420 0.504 240 340
250 Valerian 19 0.574 4660 0.2346 0.3745 0.487 - -
336.4 Tulip 19 0.666 6150 0.3158 0.2786 0.469 330 465
477 Cosmos 19 0.792 8360 0.4475 0.1973 0.448 425 590
500 Zinnia 19 0.811 8760 0.4692 0.1885 0.445 - -
556.5 Dahlia 19 0.856 9750 0.5220 0.1697 0.438 465 645
795 Arbutus 37 1.026 13900 0.7463 0.1200 0.415 605 820
954 Magnolia 37 1.124 16400 0.8960 0.1009 0.403 - -

Bare Copper
6 - Solid 0.162 1280 0.0796 2.180 0.6368 - - 
4 - Solid 0.204 1970 0.1263 1.370 0.6087 - -
2 - Solid 0.258 3003 0.2010 0.864 0.5806 - -
1/0 - 7 0.368 4752 0.3258 0.555 0.5458 200 285
2/0 - 7 0.414 5926 0.4110 0.440 0.5315 240 335
3/0 - 7 0.464 7366 0.5180 0.350 0.5177 280 390
4/0 - 7 0.522 9154 0.6534 0.278 0.5034 330 450

Table 4.1  Physical and Electrical Characteristics of Conductors

Physical and Electrical Characteristics of Conductors
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Figure 4.1 External reactance of conductor beyond one foot in ohms per 1000 feet, 
60 Hz for various equivalent spacing between conductors.

In addition, X2 can be obtained using equation , where D is the the 

equivalent delta spacing in inches.

References

1 ASTM International. V 2.03 Electrical Conductors, Standards B8, B609, B231. West Conshohocken,

PA: ASTM, May, 2002. Cited in Southwire Company Power Cable Manual. p.2-4. Carollton, GA:

Southwire Company, 1991. Extracted, with permission, from the annual book of ASTM Standards.

Copyright ASTM International. Used with permission from Southwire Company.

2 ibid.

3 ibid.

4 IPCEA. Committee Report on AC/DC Resistance Ratios at 60 Cycles. IPCEA Project 359. June

1958, Reprinted 1973. Cited in Southwire Company Power Cable Manual. p.2-9. Carollton, GA:

Southwire Company, 1991.

5 National Bureau of Standards. Bulletin 169. Gaithersburg, MD: National Institute of Standards and

Technology, c.1962. Cited in Southwire Company Power Cable Manual. p.2-14. Carollton, GA:

Southwire Company, 1991. Used with permission from Sou1.
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Equivalent Spacing Calculations for Various Conductor Arrangements
The Geometric Mean Distance (GMD) between conductors in various arrangements can be obtained

from the formulae below where A, B, & C are the distances between the phase conductors of the three-

phase systems shown.

A few typical arrangements with their equivalent GMD spacing are shown below. The arrangements used

in practice will vary from system to system. Therefore, please use specific company arrangements if

available.

Table 5.1  Equivalent Spacing of Conductors 1

Table 5.2. Equivalent Spacing of Conductors 5

Symmetric triangular    Right triangular     Unequal triangular       Symmetrical flat spacing       Unsymmetrical flat spacing 

spacing                  spacing                  spacing                              A = B

Equivalent Spacing of Conductors

Equivalent Spacing (GMD) of Conductors

Dimensions
- In. - Nominal Voltage - kV

12.47Y/7.2 24.94Y/14.4 35.5Y/19.92

A 24 40 69

B 24 40 69

C 48 80 138

D 24 72 81

Equivalent Spacing 30.2 50.4 87.0

Equivalent Spacing of Conductors

Equivalent Spacing (GMD) of Conductors

Dimensions
- In. - Nominal Voltage - kV

12.47Y/7.2 24.94Y/14.4 35.5Y/19.92

A 24 40 69

B 24 40 69

C 48 80 138

D 24 72 81

Equivalent Spacing 30.2 50.4 87.0
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Table 5.3  Equivalent Spacing of Conductors 3

Table 5.4  Spacing of Conductors 4

Table 5.5. Equivalent Spacing of Conductors 5

Equivalent Spacing of Conductors

Equivalent Spacing (GMD) of Conductors

Dimensions
- In. - Nominal Voltage - kV

12.47Y/7.2 24.94Y/14.4 35.5Y/19.92

A 29 41 41

B 59 71 71

C 88 112 112

D 44 44 47

Equivalent Spacing 53.2 68.9 68.9

Equivalent Spacing of Conductors

Equivalent Spacing (GMD) of Conductors

Dimensions
- In. - Nominal Voltage - kV

12.47Y/7.2 24.94Y/14.4 35.5Y/19.92

A 44 56 56

B 24 40 69

C 88 112 112

D 44 44 47

Equivalent Spacing 37.6 53.6 70

Equivalent Spacing of Conductors

Equivalent Spacing (GMD) of Conductors

Dimensions
- In. - Nominal Voltage - kV

12.47Y/7.2 24.94Y/14.4 35.5Y/19.92

A 32 40 50

B 28 44 51

C - - -

D 65 72 72

Equivalent Spacing 32.0 45.4 54.4
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O/H Line Impedance Calculations

Resistance and reactance values for overhead lines can be obtained from Table 4.1 in the 

section on Primary Overhead Conductors.

If Equivalent Spacing is more then 12”, calculate reactance X beyond 1 foot:

; (or use Figure 4.1)

(W/1000ft)

When the resistance RL and the reactance XL have been determined, the impedance ZL, per mile, of a

circuit can be obtained from the relation:

(W/1000ft)

Where
Xa = Reactance at 1 ft (ohms/1000ft)

Xd = Reactance beyond 1 ft (ohms/1000ft)

Load Calculations - kW, pf, V to Amps

1-phase

(Amperes)

Where

V = phase-to-phase voltage for single-phase loads connected phase-to-phase, or 

phase-to-neutral voltage for single-phase loads connected phase-to-neutral

3-phase

(Amperes)

Where

V = phase-to-phase voltage
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Transformer Rated Primary Current

1-phase

(Amperes)

3-phase

(Amperes)

If it is a “Wye” connection:

If it is a “Delta” connection:

References

1 General Electric Company. Distribution Data Book: A collection of fundamental data pertaining to

the elements of, and the loads on, distribution systems, Schenectady, New York: GE Power

Distribution Systems Engineering Operation, 1986, p.10

2 ibid.

3 ibid.

4 ibid.

5 ibid.
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Overhead Secondary and Service Cables
Standard residential secondary service cables are 120/240 volt, three wire construction. The popular
triplex construction has cross-linked polyethylene (XLPE) insulated aluminum phase conductors twisted
around a central neutral. Physical and electrical properties are given below.

Table 6.1  Physical Data and Ampacities for Overhead Triplex 600V Cables with ACSR Neutrala

*   Nominal total weights are for XLPE insulated cable only. Total weights for corresponding PE cable are slightly less.
** 40°C ambient, 90°C conductor temperature (XLPE) ; 40°C ambient, 90°C conductor temperature (PE); sun and wind

Table 6.2  Impedance Data for Overhead Triplex AL 600V Service Cablesa

NOTES: Neutral sizes are ACSR or AAC; Soil resistivity (RHO)  = 100.

Impedance Data for Overhead Triplex AL 600V Service Cables

Phase Neutral
AC Resistance(Ohms/1000 ft) Inductive reactance

(Ohms/1000 ft)25° C 50° C 75° C
#6 #6 0.6725 0.7392 0.8059 0.0298
#4 #6 0.4227 0.4645 0.5064 0.0272
#4 #4 0.4227 0.4645 0.5064 0.029
#2 #4 0.2655 0.2929 0.3182 0.0262
#2 #2 0.2655 0.2929 0.3182 0.0277
1/0 #2 0.1671 0.1837 0.2002 0.0223
1/0 1/0 0.1671 0.1837 0.2002 0.0256
2/0 2/0 0.1326 0.1456 0.1587 0.0252
3/0 3/0 0.1053 0.1157 0.1259 0.0251
4/0 4/0 0.0835 0.0917 0.1001 0.0249

336.4 4/0 0.0527 0.0578 0.0629 0.0241
336.4 336.4 0.0527 0.0578 0.0629 0.0255

Physical Data and Ampacities for OH Triplex 600V Cables with ACSR Neutral

Code
Word

Phase Conductor Bare Neutral
Nominal Weight
(lbs/1000 ft) *

Ampacity
(Amps) **

Size &
No. of
Strands

Insulation
Thickness
(Mils)

Nominal Diameter
(Mils) Size & No.

of Strands

Rated
Strength
(lbs)

AL 
Total
(XLPE)

XLPE PE
Bare O.D.

Voluta 6-7 45 178 268 6-6/1 1190 74 117 85 70
Strombus 4-7 45 225 315 6-6/1 1190 103 154 115 90
Whelk 4-solid 45 204 294 4-6/1 1860 116 165 115 90
Periwinkle 4-7 45 225 315 4-6/1 1860 118 175 115 90
Cockle 2-7 45 283 373 4-6/1 1860 164 231 150 115
Conch 2-7 45 283 373 2-6/1 2850 188 266 150 115
Janthina 1/0-7 60 357 477 2-6/1 2850 262 372 200 155
Ranella 1/0-19 60 362 482 2-6/1 2850 262 367 200 155
Neritina 1/0-7 60 357 477 1/0-6/1 4380 298 426 200 155
Cenia 1/0-19 60 362 362 1/0-6/1 4380 298 421 200 155
Runcina 2/0-7 60 401 521 2/0-6/1 5300 376 527 230 180
Triton 2/0-19 60 406 526 2/0-6/1 5300 376 519 230 180
Mursia 3/0-19 60 456 576 3/0-6/1 6620 474 642 265 205
Cerapus 4/0-19 60 512 632 2/0-6/1 5300 524 689 310 235
Zuzara 4/0-19 60 512 632 4/0-6/1 8350 598 797 310 235
Cowry 336.4-19 80 646 806 4/0-6/1 8350 834 1105 380 290
Limpet 336.4-19 80 646 806 336.4-18/1 8680 952 1180 380 290
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a Reprinted with permission of Alcan Cable, http://www.cable.alcan.com/alcancable/en-US/Products/United+States/

http://www.cable.alcan.com/alcancable/en-US/Products/United+States/
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Underground Secondary and Service Cables
The tables below show the physical and electrical characteristics of typical underground 600 volt

secondary and service cables. In table 6.4,  the aggregate ampacity of multiple cables in a duct is less than

the sum of the individual cable ampacities because of mutual heating between the conductors, and

because the duct itself limits heat transfer between the cables and the earth.

Table 6.3  Physical Data and Ampacity for UG Triplex AL 600V Service Cable, XLPE Insulateda

* Based on 90°C conductor temperature, 20° C earth ambient, earth thermal resistivity (rho) = 90, for cables buried 36’’ deep, no
current in neutral, 100% load factor; Not for NEC applications.

** Based on 90°C conductor temperature, 40° C air ambient, coefficient of emissitivty = 0.5, no wind, for cables in non-metallic
duct above ground assuming, no neutral current; Not for NEC applications.

Physical Data and Ampacity for UG Triplex AL 600V Cables with XLPE Insulation

Code Word

Phase (AL) Neutral  (AL)
Approx
O.D.

(inches)

Nominal Weight
(lbs/1000 ft)

Ampacity (Amps)

Size &
No. of
Strands

Insulation
Thickness

Size &
No. of
Strands

Insulation
Thickness

AL Total
Direct
Buried*

Duct in
Air**

Erskine 6-7 60 6-7 60 0.65 74 133 110 65
Vassar 4-7 60 4-7 60 0.75 118 191 145 85

Stephens 2-7 60 4-7 60 0.84 164 248 185 110
Ramapo 2-7 60 2-7 60 0.88 187 277 185 140
Brenau 1/0-19 80 2-7 60 1.06 261 385 240 150
Bergen 1/0-19 80 1/0-19 80 1.14 298 439 240 150

Converse 2/0-19 80 1-19 80 1.18 330 476 270 170
Hunter 2/0-19 80 2/0-19 80 1.23 376 533 270 170
Hollins 3/0-19 80 1/0-19 80 1.26 415 578 310 195

Rockland 3/0-19 80 3/0-19 80 1.34 474 647 310 195
Sweetbriar 4/0-19 80 2/0-19 80 1.38 524 705 350 225
Monmouth 4/0-19 80 4/0-19 80 1.46 598 792 350 225

Pratt 250-37 95 3/0-19 80 1.53 629 847 380 250
Wesleyan 350-37 95 4/0-19 80 1.72 859 1109 460 310

Rider 500-37 95 350-37 95 2.03 1271 1583 560 380

a Compiled from a variety of sources listed in the references, including Alcan Cable, General Cable, and Southwire Cable
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a Reprinted with permission from IEEE  Std  835-1994, IEEE  Standard  Power  Cable  Ampacity  Tables

Table 6.4  Current Carrying Capacity of 600V Triplex AL cables in Underground Duct Banka

* 25°C earth ambient, rho = 90, 75% load factor, duct spacing = 7.5 in., insulation thickness is 110 mils for 600 -1000 kcmil, 
95 mils for 250-500 kcmil, 80 mils for #1-4/0 AWG, 60 mils for #2; conductor temperature as indicated (75° C or 90° C)

Ampacity of Multiple Triplex 600V AL Cables in Underground Duct Bank*

Conductor
Size

Single Circuit Three Circuits Six Circuits Nine Circuits
75°C 90°C 75°C 90°C 75°C 90°C 75°C 90°C

#2 98 111 88 100 77 87 71 79
#1 115 130 103 116 89 100 81 91
1/0 132 150 118 133 102 114 92 104
2/0 153 173 135 152 116 130 105 118
3/0 176 199 155 175 132 148 119 134
4/0 203 230 177 200 150 169 135 152
250 227 257 197 222 166 186 148 167
300 254 287 218 246 183 206 164 184
350 279 316 239 270 200 225 178 200
400 303 343 258 291 215 242 191 215
500 347 393 293 331 243 273 216 242
600 389 440 327 368 269 302 238 267
750 444 503 370 418 303 340 268 300
1000 525 594 433 488 351 395 309 347
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Table 6.5  Current Carrying Capacity of Single-Conductor 600V Copper Cables in Duct Bank*

* Based on not exceeding a copper temperature of about 77°C with earth temperature of 20°C when isolated in a duct containing
one additional loaded three-phase circuit. Load factor to be 75%.

Ampacity of Multiple Single-Conductor 600V Copper Cables in Duct Bank *

No. and size
per phase

Ampacity
(Amps)

No. and size
per phase

Ampacity
(Amps)

No. and size
per phase

Ampacity
(Amps)

No. and size
per phase

Ampacity
(Amps)

1 – 1/0 213 1 – 250 MCM 346 1 – 500 MCM 514 1 – 1250 MCM 845
2 – 1/0 394 2 – 250 MCM 652 2 – 500 MCM 960 2 – 1250 MCM 1562
3 – 1/0 576 3 – 250 MCM 921 3 – 500 MCM 1350 3 – 1250 MCM 2175
4 – 1/0 718 4 – 250 MCM 1179 4 – 500 MCM 1700 4 – 1250 MCM 2765
5 – 1/0 845 5 – 250 MCM 1390 5 – 500 MCM 1985 5 – 1250 MCM 3220
6 – 1/0 960 6 – 250 MCM 1580 6 – 500 MCM 2230 6 – 1250 MCM 3660
1 – 2/0 243 1 – 300 MCM 382 1 – 600 MCM 568 1 – 1500 MCM 926
2 – 2/0 450 2 – 300 MCM 720 2 – 600 MCM 1058 2 – 1500 MCM 1710
3 – 2/0 651 3 – 300 MCM 1020 3 – 600 MCM 1488 3 – 1500 MCM 2373
4 – 2/0 815 4 – 300 MCM 1264 4 – 600 MCM 1874 4 – 1500 MCM 2890
5 – 2/0 960 5 – 300 MCM 1480 5 – 600 MCM 2190 5 – 1500 MCM 3330
6 – 2/0 1090 6 – 300 MCM 1660 6 – 600 MCM 2480 6 – 1500 MCM 3630
1 – 3/0 276 1 – 350 MCM 418 1 – 750 MCM 641 1 – 1750 MCM 991
2 – 3/0 518 2 – 350 MCM 786 2 – 750 MCM 1192 2 – 1750 MCM 1822
3 – 3/0 741 3 – 350 MCM 1107 3 – 750 MCM 1674 3 – 1750 MCM 2529
4 – 3/0 935 4 – 350 MCM 1417 4 – 750 MCM 2080 4 – 1750 MCM 3120
5 – 3/0 1090 5 – 350 MCM 1655 5 – 750 MCM 2420 5 – 1750 MCM 3690
6 – 3/0 1254 6 – 350 MCM 1860 6 – 750 MCM 2680 6 – 1750 MCM 3910
1 – 4/0 315 1 – 400 MCM 451 1 – 1000 MCM 747 1 – 2000 MCM 1053
2 – 4/0 594 2 – 400 MCM 846 2 – 1000 MCM 1384 2 – 2000 MCM 1934
3 – 4/0 843 3 – 400 MCM 1194 3 – 1000 MCM 1938 3 – 2000 MCM 2679
4 – 4/0 1074 4 – 400 MCM 1492 4 – 1000 MCM 2450 4 – 2000 MCM 3320
5 – 4/0 1265 5 – 400 MCM 1745 5 – 1000 MCM 2860 5 – 2000 MCM 3840
6 – 4/0 1440 6 – 400 MCM 1960 6 – 1000 MCM 3150 6 – 2000 MCM 4180

a Westinghouse Electric Corporation, Electric Utility Engineering Reference Book: Distribution Systems, East Pittsburgh, PA, 1965, Table 13, p. 174. Reprinted with
permission of ABB Inc.
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Table 6.6  Impedance Data for Underground Triplex AL 600V Service Cables

NOTES: Soil resistivity (Rho) = 90, phase spacing is phase conductor outside diameter

References

Westinghouse Electric Corporation, Electric Utility Engineering Reference Book: Distribution Systems,

East Pittsburgh, PA, 1965

General Electric Company. Distribution Data Book: A Collection of Fundamental Data Pertaining to the

Elements of, and the Loads on, Distribution Systems, Schenectady, New York, GE Power Distribution

Systems Engineering Operation, 1986

Alcan Cable Cable Product Catalog, 

http://www.cable.alcan.com/alcancable/en-US/Products/United+States/

Southwire Cable Product Catalog, 

http://www.southwire.com/processChannel.do?channelId=2dd91dc51235df00VgnVCM1000004c02656

4RCRD 

General Cable Cable Product Catalog, 

http://www.generalcable.com/GeneralCable/en-US/Products/ElectricUtilityCables/Catalog/

Impedance Data for Underground Triplex AL 600V Service Cables

Code Word Phase Neutral
AC Resistance(Ohms/1000 ft) Inductive reactance

(Ohms/1000 ft)25° C 50° C 75° C
Erskine 6 6 0.6725 0.7392 0.8059 0.0337

Vassar 4 4 0.4227 0.4645 0.5064 0.0335

Stephens 2 4 0.2655 0.2929 0.3182 0.0319

Ramapo 2 2 0.2655 0.2929 0.3182 0.0315

Brenau 1/0 2 0.1671 0.1837 0.2002 0.0301

Bergen 1/0 1/0 0.1671 0.1837 0.2002 0.0301

Converse 2/0 1/0 0.1326 0.1456 0.1587 0.0293

Hunter 2/0 2/0 0.1326 0.1456 0.1587 0.0293

Hollins 3/0 1/0 0.1053 0.1157 0.1259 0.0286

Rockland 3/0 3/0 0.1053 0.1157 0.1259 0.0286

Sweetbriar 4/0 2/0 0.0835 0.0917 0.1000 0.0279

Monmouth 4/0 4/0 0.0835 0.0917 0.1000 0.0279

Pratt 250 3/0 0.0706 0.0777 0.0847 0.0284

Wesleyan 350 4/0 0.0506 0.0557 0.0606 0.0275

Rider 500 350 0.0356 0.039 0.0426 0.0266

http://www.generalcable.com/GeneralCable/en-US/Products/ElectricUtilityCables/Catalog/
http://www.southwire.com/processChannel.do?channelId=2dd91dc51235df00VgnVCM1000004c026564RCRD
http://www.southwire.com/processChannel.do?channelId=2dd91dc51235df00VgnVCM1000004c026564RCRD
http://www.cable.alcan.com/alcancable/en-US/Products/United+States/
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Load Calculations - kW, pf, V to Amps

1-phase

(Amperes)

Where 
V = phase-to-phase voltage for single-phase loads connected phase-to-phase, or 

phase-to-neutral voltage for single-phase loads connected phase-to-neutral

3-phase

(Amperes)

Where 
V = phase-to-phase voltage

Motor Load Calculation - HP to kVA

Where

efficiency is the motor’s NEMA nominal efficiency that can be obtain from motor’s nameplate.

Secondary Voltage Drop Calculation

Where
L = one-way circuit length (unit length)

r, x = resistance and reactance per unit length (ohms/unit length)

pf = load power factor

For Single-Phase For Three-Phase

, c = 2 ,

kV = phase to phase voltage for loads connected phase to phase

c

Secondary Load and Voltage Drop Computation
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Secondary Short-Circuit Computation
This simple short-circuit calculator computes the magnitude of 1-phase or 3-phase short-circuit current for a

bolted fault on the secondary side of a distribution transformer, at a distance L along the secondary conductor.

Secondary Short-Circuit Calculation

For Three-Phase For  Single-Phase

Where
ISCC = calculated secondary short circuit current (Amps)

Vsec = secondary service voltage (Volts) (line-to-line for 3-phase, wire to wire for 1-phasea) 

Vsec = 240 for conventional 120 volt service)

Zsrc = source impedance (if known) (Ohms)

Ztrans = transformer impedance (Ohms)

Zcond = secondary line/cable impedance (Ohms)

Source

If source impedance is unknown, assume infinite source:

Zsrc = 0

If source impedance is known:

Where
VLL = primary line-to-line voltage (kV)

ISC = source short-circuit current (Amps)

X/Rsrc = source X/R ratio

Transformer

Where
%Zt = transformer percent impedance

kVAt = transformer nameplate kVA

X/Rt = transformer X/R ratio

Line/Cable

Where
Rcond = Line/cable resistance (Ohms/1000 ft)

Xcond = Line/cable reactance(Ohms/1000 ft)

L = Circuit length (one-way) (ft)

a Vsec = 240 for conventional 120 volt service
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Motor Starting
Commercial general purpose motors require a momentary starting current several times the magnitude of

the full load running current in order to produce sufficient starting torque. The current inrush during

motor starting can be a significant cause of voltage flicker and voltage sag problems on power systems.

There are three general classes of motor installations that can potentially cause voltage sag problems:a

1. Single-phase fractional-horsepower (hp) motors commonly used for household refrigerators

and freezers, fans, washers and dryers, well pumps, dishwashers, etc.

2. Integral-horsepower single-phase and poly-phase motors operated from secondary circuits

such as in small commercial establishments, large buildings and home central AC

3. Large integral-horsepower three-phase motors supplied from primary lines usually by

industrial consumers

Most distribution systems designed to meet ANSI voltage standards can supply the inrush starting current

for single-phase fractional hp motors without problems, under normal conditions. Integral hp motors on

secondary circuits are the largest potential source of flicker because of the location (proximity to

residential areas) and the design characteristics of U.S. secondary systems. Large integral hp motors fed

from primary distribution and subtransmission feeders are a source of voltage sag problems and can

cause flicker problems for nearby residential or commercial customers. 

Most integral horsepower motors in common use are induction-type motors, which are the simplest and

most rugged of all electric motors. The design of these motors are key to understanding the starting and

operating characteristics, and the impact on power quality.

Induction Motor Design

Induction motors consist of two basic electrical assemblies: the stator and the rotor assembly.   The stator

is the outer body of the motor and has windings in slots and grooves on an iron core. There are typically

three windings for three phase motors and two windings for single-phase motors. The arrangement of the

windings on the stator determines the number of poles (P), which determines the synchronous speed of

the motor (Ns).

where,

Ns = synchronous speed of the motor

f = supply frequency

P = number of poles

a Westinghouse Electric Corporation, Electric Utility Engineering Reference Book - Distribution Systems, Pittsburgh, PA, 1965 
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The rotor consists of laminated, cylindrical iron cores with slots for receiving the conductors. There are

two kinds or rotor design: squirrel cage and wound rotor. Squirrel cage rotors are made with conductive

bars of soft metal, such as copper, brass, or aluminum, arranged in a cylindrical pattern around the shaft

with the ends welded to copper rings known as end rings. Viewed from the end, the rotor assembly

resembles a squirrel cage, hence the name squirrel-cage motor. 

Figure 7.1  Squirrel Cage Rotor

Squirrel cage induction motors are often referred to as the "workhorse of the industry." They are

inexpensive and reliable, suited to most applications and are readily available from a wide range of

suppliers.

The wound rotor operates on the same principle as the squirrel cage, but is designed differently. The

wound rotor is constructed of windings, rather than shorted bars, which terminate at slip rings on the

shaft. Application of wound-rotor motors is very different from squirrel-cage motors because of the

accessibility of the rotor circuit. Various performance characteristics can be obtained by inserting

different values of resistance in the rotor circuit. They are typically used for large motors and applications

where substantial starting torque is required with limited locked rotor current.

NEMA Standard Motor Designs

Induction motors can by single-phase of poly-phase. Single-phase motors are commonly fractional-

horsepower machines, although integral sizes are generally available to 10 hp. The most common single

phase motor types are shaded pole, split phase, capacitor-start, and permanent split capacitor. The

National Electrical Manufacturers Association (NEMA) classifies single-phase motors in Standard MG-

1 (Motors and Generators) as design O, N, L, and M and specifies the maximum starting current for full-

voltage starting.

Polyphase induction motors are generally integral horsepower machines up to 500 hp, though they may

be as small as ½ hp. NEMA classifies polyphase squirrel cage induction motor designs according to

starting current, locked rotor torque, breakdown torque (pull-out), and percent slip. There are five designs

specified in NEMA MG-1 (Motors and Generators): four commonly used designs denoted by the letters

A, B, C, and D, and the newest  category, E, for ultra-high efficiency motors. The curves in Figure 7.2

illustrate the typical speed-torque characteristics of an induction motor, and the characteristics of the four

commonly used NEMA designs. Table 7.1 summarizes and compares the design characteristics of the

common categories A, B, C, and D.



NEMA MG-1 Standard Motor Designs

Design
Starting
Current

Locked Rotor
Torque

Breakdown
Torque

Slip Application Torque

A
High to
Medium

Normal
(150 - 170% FLT)

High
Low

(max 5%)
Used where high breakdown torque is required
such as injection molding machines, fans

B Normal
Low

(70 -150% FLT)
Normal

Normal
(max 5%)

Used for a wide range of general-
purpose applications including HVAC, fans,
blowers and pumps

C Low
High

(200 -250% FLT)
Normal

Normal
(max 5%)

Used where high starting torque is required such
as inclined conveyors 
and positive displacement pumps

D Low
Very High
(~275% FLT)

---
High

(5 -13%)
Used where heavy loads are suddenly applied
such as hoists, cranes and heavy metal presses
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Figure 7.2  Typical speed-torque characteristics for Design A, B, C, and D motors.

Table 7.1  NEMA MG-1 Standard Motor Designs

Motor Nameplate Information

According to the National Electrical Code (NEC), a poly-phase induction motor nameplate must show

the information below. In addition other optional data may be displayed such as frame size and NEMA

design code (described above).

• Rated voltage - operating voltage for optimal performance; motors are designed to have a

±10% tolerance around rated voltage

• Rated full-load current - current drawn by motor at fill-load torque and horsepower;

determined by laboratory test n accordance with IEEE Standard 112.

• Frequency - operating or rated frequency in cycles per second; usually 60Hz in the U.S.,

could be 50 Hz elsewhere
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• Phase - single-phase or three-phase

• Rated full-load speed - approximate speed (RPM) under full-load at rated voltage and

frequency; typically 96% to 99% of no-load speed for standard induction motors.

• Insulation class - temperature limit of the insulation system or the maximum allowable

total operating temperature of the motor; standard insulation classes are A, B, F and H. 

• Ambient temperature - maximum allowable ambient temperature of the space around the

motor; typically 40°C, 104°F)

• Rated horsepower - measure of how much work the motor can do, based on motor full-

load torque and full-load speed; standard NEMA horsepower ratings run from 1 to 450 hp.

• Duty or time rating - specification of motor duty requirements; standard motors are rated

for continuous 24/7 duty, specialized motors may have short-time (intermittent duty)

requirements.

• Locked-rotor code - NEMA Code letter designation (A through V) to classify motors by

the ratio of locked rotor KVA per horsepower. This is not to be confused with the NEMA

Design Codes (A through E) which were discussed earlier.

Table 7.2  NEMA Motor Locked-Rotor Codesa

a National Electrical Manufacturers Association. Standard MG1-2002 Condensed Motor Codes. Table 12. p.28. VA: NEMA, 2002. Used with permission of NEMA.

Code kVA-per HP (CMotor Code)

A 3.2

B 3.6

C 4.0

D 4.5

E 5.0

F 5.6

G 6.3

H 7.1

J 8.0

K 9.0

L 10.0

M 11.2

N 12.5

P 14.0

R 16.0

S 18.0

T 20.0

U 22.4

V 24.0

Starting Current Factors and NEMA Motor Codes
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Motor Starting Characteristics
When an induction motor is started from rest and accelerated up to full speed, it draws a very high current

known as the "Locked Rotor Current" (LRC) or starting (inrush) current from the supply source and

produces a torque known as the "Locked Rotor Torque" (LRT). Both the LRC and the LRT are functions

of the motor terminal voltage, and the motor design. As the motor accelerates, the torque and the current

will change with rotor speed if the supply voltage remains constant. Table 7.5 below shows the typical

variation in starting torque and starting current as the motor accelerates from rest to full-load speed.

Figure 7.3. Typical induction motor starting current and torque characteristics.

The LRC of a motor can range from 500% Full Load Current (FLC) to as high as 1400% FLC depending

on the motor design and application and the LRT of can vary from as low as 60% Full Load Torque (FLT)

to as high as 350% FLT.

The locked rotor codes (Table 7.4) can be used to calculate the starting (inrush) current (I) at rated voltage

(V) for a given motor horsepower (HP) as shown below.
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Motor Starting Current Calculation

(Amperes)

Where;
CMotor Code = NEMA Locked Rotor kVA-per-HP (from Table 7.2)

HP = Motor Horse Power 

V = Secondary Voltage Rating (Volts phase-to-phase)
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Standard locked rotor current data for the Standard NEMA designs are given in Table 7.3 and Table 

7.4 below.

Reduced Voltage Starters for Squirrel-Cage Motors

A summary of the most widely used means of reduced voltage starting used to limit inrush current for

squirrel-cage motors are described below. Each of these starting methods incorporate contacts that close

to apply full-voltage to the motor as it approaches full speed. These contacts are usually activated by a

timing relay, but could be closed by a speed switch on the motor or by a manual switch.1

Autotransformer Start
This is also called autostarter or compensator. This device comes with taps to provide 50, 65, or 80

percent of line voltage to the motor terminals. Both line current and starting torque are reduced as the

square of the motor terminal voltage. Ideally, for the voltage taps listed above, the starting line currents

in percent of locked rotor current would be 25, 42 or 64 percent. Including the autotransformer's losses,

the values are more realistically 30, 47 or 69 percent, respectively. The autotransformer can have an open

or closed transition and can be manual or automatic.

Primary Resistor Start (Step Resistor Start)
Resistance is put in series with the motor to reduce the motor terminal voltage at start and when the motor

approaches running speed the resistance is shorted out, effectively eliminating large additional current

inrush. The line current is reduced in proportion to the motor terminal voltage. Primary resistance starters

are available for various reduced voltage levels, with 65 percent, being a commonly used size. Also

available is a three step primary resistor start which is the same as the two step except that it has more

total resistance used and is shorted out in two steps. This type of start is always a closed transition.

Part Winding Start
To use this method the motor must be designed specifically for part winding start. The motor is wound

with two or three parallel windings (for a two or three step starter). This type of starting is technically not

a reduced voltage starter since the motor sees full line voltage. For a two step part winding start, one of

the parallel windings is first connected to the line giving the motor an effective impedance greater than

the normal starting impedance and thus reducing starting current. When the motor approaches full load

speed, the other parallel winding is switched into the circuit making the motor impedance normal. This

is always a closed transition. The two step part winding start usually results in a reduced line current of

60% of normal locked rotor current. but, this value can vary.

Wye-Delta Start
This method requires a motor designed specifically for wye-delta starting. The motor must have six leads

to enable its winding to be connected wye or delta. This method is also not technically a reduced voltage

start since the motor sees full line voltage. The starting current is reduced to 33.3 percent by allowing the

motor to start with its windings connected wye. As the motor approaches running speed a transition is

made to put the windings in their normal connection of delta. The transition can be either open or closed.

1 Reduced voltage starter information provided courtesy of Alabama Power, A Southern Company
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Compression Resistance Start
Often referred to as a stepless start, this method reduces line current by applying resistance in the circuit,

as with the primary resistor start. This method differs, however, in that the resistance is reduced smoothly,

without abrupt steps. This is accomplished by the use of stacks of graphite discs for resistors. These

stacks are compressed during starting which gradually reduces their resistance to the point where

ultimately, slightly less than full voltage is seen by the motor. The graphite disks also have a negative

temperature coefficient which reduces their resistance as they are heated by current flow. This is the most

expensive type start and is consequently rarely used.

NEMA Locked Rotor Current Data for Medium Squirrel-Cage Induction Motors

Table 7.3  Locked-Rotor Current of 60-Hz Design B, C, D Motors at 230 Volts1

Note - The locked-rotor current of motors designed for voltages other than 230 volts shall be Inversely proportional to the voltages

1 National Electrical Manufacturers Association, Standard MG1-1993 Motors and Generators, Table 12.35.1, Part 12, Page 6, NEMA, 1993, Used with 
permission of NEMA.

60-Hz Design B, C, D Motors at 230 Volts

Hp Locked-Rotor Current Amperes Design Letters
½ 20 B, D

¾ 25 B, D

1 30 B, D

1-½ 40 B, D

2 50 B, D

3 64 B, C ,D

5 92 B, C ,D

7-½ 127 B, C ,D

10 162 B, C ,D

15 232 B, C ,D

20 290 B, C ,D

25 365 B, C ,D

30 435 B, C ,D

40 580 B, C ,D

50 725 B, C ,D

60 870 B, C ,D

75 1085 B, C ,D

100 1450 B, C ,D

125 1815 B, C ,D

150 2170 B, C ,D

200 2900 B, C

250 3650 B

300 4400 B

350 5100 B

400 5800 B

450 6500 B

500 7150 B



Note - The locked-rotor current of motors designed for voltages other than 230 volts shall be inversely 
proportional to the voltages

Single-Phase Written-Pole® Motors

While integral horsepower, three-phase induction motors are commonly used in many industrial

applications, their use in rural installations is limited by the fact that much rural electric distribution is

single-phase. In the U.S., 80% of rural electric co-op distribution is single-phase. Large horsepower,

single-phase induction motors are not feasible for use on single-phase distribution systems due to their

high starting demands and low operating efficiencies, which cause voltage disturbances. For this reason,

traditional single-phase induction motors are typically limited to less than 15 hp. In many cases this

limited rating is too small for many applications such as irrigation, feed processing, grain drying and

material handling. One solution that is gaining popularity for larger motors in rural installations is the

Written-Pole® Single-Phase Motor.2

Ranging in size from 15 to 100 hp, Written-Pole® single-phase motors are designed specifically for use

on single-phase distributions systems common to most rural electric cooperatives. The proprietary

technology used in these motors reduces starting demand by 65 to 75 percent when compared to conven-

tional single or three-phase induction motors, minimizing voltage sags on single-phase lines. The

manufacturers also claim that operating efficiency comparable to energy-efficient three-phase motors

reduces energy consumption and line loading.

Precise Power Corporation's recently announced 100 hp single-phase motor has a locked-rotor current

equal to 1.3 times the motor's full-load current while still producing 65 percent of the motor's full-load

torque. The motor's peak starting torque of 125 percent of rated torque is produced at 75 percent speed 

1 National Electrical Manufacturers Association, Standard MG1-1993 Motors and Generators, Table 12.35.2, Part 12, Page 6, NEMA, 1993, Used with 
permission of NEMA.

2 The Written-pole motor is manufactured by Precise Power Corporation. More information on the construction and technology can be obtained from 
www.written-pole.com.
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Table 7.4  Locked-Rotor Current of 60-Hz Design E Motors at 230 Volts1

60-Hz Design E Motors at 230 Volts

Hp
Locked-Rotor

CurrentAmperes
Hp

Locked-Rotor
CurrentAmperes

½ 20 50 1030

¾ 25 60 1236

1 30 75 1545

1-½ 40 100 1873

2 50 125 2341

3 73 150 2809

5 122 200 3745

7-½ 183 250 4688

10 225 300 5618

15 337 350 6554

20 449 400 7490

25 562 450 8427

30 674 500 9363

http://www.written-pole.com
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while drawing 1.7 times the motor's full load current reducing demand on the customer's service by about

75 percent over conventional induction motors.

The starting and operating performance data for single-phase Written-pole® motors and are given in Table

7.5 below.

Table 7.5  Single-Phase Written-pole® Motor Specificationsa

The photo below shows two 75 HP Written-Pole motors pulling water from the river. These motors drive

pumps that provide water to two 50 HP Written-Pole motor powered pumps about 200 feet up the river

bank. By being able to use single-phase instead of three-phase power, this farmer saved over $140,000

on this irrigation re-power project. In addition, operating energy costs are about 35% of the previously

used diesel power.

a Reprinted with permission or Precise Power Corporation, Palmetto, FL, www.written-pole.com

Single-Phase Written-pole Motor Specifications

Rating (hp) 15 20 30 40 50 60 75 100

Speed (rpm) 1800 1800/3600 1800 1800 1800 1800 1800 1800

Voltage (nominal) 230 230 230/460 230/460 460 460 460 460

Frequency (Hz) 60 60 60 60 60 60 60 60

Full Load Amps (FLA) 54 71 105/52 139/69 86 103 128 170

Locked Rotor Amps (LRA) 125 166 200/100 282/128 155 196 225 280

Full Load Torque (ft. lb.) 44 58/29 88/119 117/158 146 175 219 302

NEMA Frame Size: Iron 256T 286T 365T 405T 405T 445T 445T 449T

Weight (lbs.) Iron 400 500 950 1800 1900 2000 2200 2700

Efficiency % 90.0 91.0 93.0 93.5 94.0 94.5 95.0 95.5

Ambient Starting Temp. Range
Ambient Starting Temperature is 4ºC to 40ºC.

If your application is outside this range,please contact Precise Power Corp.

http://www.written-pole.com
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Meter Connections
Watthour meter forms are defined in ANSI standard C12.10. A meter form specifies the internal meter

wiring and terminals, implies how the meter is wired into the circuit (directly or through instrument

transformers), and defines how the meter is installed (socket-type or bottom-connected). The ANSI

Standard S Base (socketed) and A Base (bottom connected) Meter Forms are shown in Table 8.1.

Table 8.1  ANSI Standard Meter Forms1

a Form 36S replaces Form 6S
b Form 45S replaces Form 5S and may also be used in 4-wire circuits.
c These forms are the traditional 2½- and 2-element solution for metering 4-wire circuits in the United States. However, 2½- and 2-element meters in 4-
wire circuits do not produce a Blondel solution. Without a Blondel solution, systematic errors may occur when a voltage imbalance exists.

d Terminal for terminal identical to 46A
e Form 56S replaces Form 26S

Not all meter forms and connection configurations are used by all utility companies. The internal wiring

diagrams for the most common meter forms used by distribution utilities are shown in Table 8.2. Table

8.3 to Table 8.6 show the meter forms and the connection diagrams for various types of distribution

service. For simplicity, only the connection diagrams for socket-type (S) installation are shown. The

connection logic for bottom-type (A) installation is the same except that the physical connections are at

the bottom of the meter.

1 From GE GEH-7277, kV2 Multifunction Meter Manual

ANSI Standard Meter Forms

Form Wires Circuit Elements SC/TR Class
1S 2 1Ø 1 SC 200, or 320

2S 3 1Ø 1 SC 200, or 320

3S 2 1Ø 1 TR 20

4S 3 1Ø 1 TR 20

9S, 10A, 48A 4 3Ø Y or D 3 TR 20

12S 3 Network or 3ØD 2 SC 200, or 320

13A 3 Network or 3ØD 2 SC 150

16S 4 3Ø Y or D 3 SC 200, or 320

16A 4 3Ø Y or D 3 SC 150

36Sa,c

36Aa,c,d 4 3Ø Y 2½ TR 20

45Sb,c

56Se

45Ab,c

3,4,5
1Ø, 2Ø, Network, 3Ø Y

or D 2 TR 20
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Table 8.2  Internal Wiring Diagrams for S-Type Commonly Used Meter Forms1

Table 8.3  Commonly Used S-Type Meter Connection Diagrams for Single-Phase 2-Wire Service

1 All diagrams represent front views of the meter or socket
2 Blondel’s Theorem states that “In a system of N conductors, N-1 meter elements, properly connected, will measure the power or energy taken. The connection
must be such that all potential coils have a common tie to the conductor in which there is no current coil.” Meter manufacturers have found ways to design
special meters that allow adequate accuracy without complying with Blondel’s Theorem. However, any time a metering circuit does not strictly adhere to Blondel’s
Theorem, it is subject to inaccuracies when the voltages present in the circuits are not balanced.

Commonly Used Meter Forms

Phase Self Contained Instrument Rated

1f

Form1S Form 2S

1 4

5 8

1 4

5 8

Form 3S Form 4S

1 4

5 8

16

1 4

5 8

16

17

3f

Form 12S Form 14S

Form 15S Form 16S

1 4

5 8

2

6 7

1 4

5 8

2

6 7

1 4

5 8

2

6 7

1 4

5

16

816

Form 5S Form 6S

Form 8S Form 9S

1 4

5 8

2

6

9 10 11 13 14 1512

1 4

5 8

2

6

9 10 11 13 14 1512
1 4

5 8

2

6

9 10 11 13 14 1512

1 4

5

16

8

2 3

6 7

Common Meter Connections for Single-Phase 2-wire Service

Service Self-Contained Instrument-Rated Comments

1-Phase
2-Wire

Form 1
Meter

A

B

1 4

5 8

A

N

Lo
ad

Li
ne

Form 3
Meter

A

N

1 4

5 8

A

N

Lo
adLi
ne

16

The Form 1 meter is built specifically for
measuring 2-wire single-phase loads.

The Form 3 meter is the instrument rated
version of the Form1 meter. It is built
specifically for measuring 2-wire 
single-phase loads.

The Form 3 can be used to measure a 
3-wire single-phase service but is not
Blondel compliant.2



Table 8.4  Commonly Used S-Type Meter Connection Diagrams for Single-Phase 3-Wire Service

Common Meter Connections for Single-Phase 3-wire Service

Service Self-Contained Instrument-Rated Comments

1-Phase
3-Wire

Form 2
Meter

A

B

1 4

5 8

A

B

Lo
adN

N

Form 4
Meter

1 4

5 8

A

B

Li
ne

16 17

A

B

Lo
adNN

The Form 2 meter is built specifically for
measuring 3 wire single-phase loads. The
Form 4 meter is the instrument rated 
version of the Form 2 meter.

Form 12
Meter

A

B

1 4

5

A

B

Lo
adN

N

8

16

16

Li
ne

Form 5 Meter

1 4

5 8

A

B

Li
ne

A

B

Lo
adNN

2 3

6 7

The Form 12 is a poly-phase meter that 
is used effectively for measuring 3-wire 
single-phase and network services.

The Form 5 is considered a poly-phase
meter, but is Blondel compliant when
used with a 3-wire service.  Used for 
large single-phase 3-wire loads such as
large residences over 400 amps.
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Table 8.5  Commonly Used S-Type Meter Connection Diagrams for Three-Phase 3-Wire Service

Common Meter Connections for Three-Phase 3-wire Service

Service Self-Contained Instrument-Rated Comments

3-Phase 
3-Wire
Delta

Form 12
Meter

A

C

Lo
adB

Li
ne

A
B

C

1 4

5 816

16

Form 5 Meter

1 4

5 8

A

Li
ne

A

C

Lo
adBB

2 3

6 7

C

The Form 12 meter is a self
contained Blondel metering
solution for a 3-wire delta
service.

The Form 5 meter is the
Blondel metering solution
for an instrument rated 
3-wire delta service.
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Common Meter Connections for Three-Phase 4-wire Service

Service Self-Contained Instrument-Rated Comments

3-Phase 
4-Wire
Delta

Form 15 / 16

A

C

Lo
adB

Li
ne

A
B

C N

N

1 4

5 86

2

7

Form 8 / 9

A

C

Lo
adB

Li
ne

A
B

C

1 4

5 86

2

9 10 11 12 13 14 15

N

N

The Form 16 meter is the Blondel metering
solution for the 4-wire delta service. The
Form 15 is a 2½ element meter non-
Blondel compliant solution. It will yield
good results as long as the voltages are
balanced on the single phase portion.

The Form 9 is the instrument rated version
of the Form 16. This meter solution is
Blondel compliant. The Form 8 is the 
instrument rated version of the Form 15.

3-Phase 
4-Wire Wye

Li
ne

A

C

Form 14 / 16

A

C

Lo
adB

B
N

N

1 4

5 86

2

7

Form 6 / 9

A

C

Lo
adB

1 4

5 86

2

9 10 11 12 13 14 15

N

NLi
ne

A

C

B

The Form 16 offers the Blondel metering
solution to a 4-wire wye 3-phase service.
The Form 14 is a non-Blondel solution with
a 2½ element meter.

The Form 9 offers three full elements to
give the Blondel solution of a 4-wire wye,
3-phase service. The Form 6 is the
instrument rated version of the 2½ element
meter solution. The form 36 replaces the
form 6 in ANSI C12.10.

Table 8.6  Commonly Used S-Type Meter Connection Diagrams for Three-Phase 4-Wire Service
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Engineering Economic Analysis
The revenue requirements of a vertically integrated, regulated utility typically include the annual costs of

capital investments, fuel cost, operating and maintenance costs, and a minimum guaranteed return on

assets. For utilities that do not own generation assets, the revenue requirement remains the same but

without fuel costs.  Annual costs include the carrying cost of the asset as shown below. The initial cost

of the asset is depreciated over its lifetime and appears as an annual cost, during its booklife, in the

accounting records.

Figure 9.1  Revenue Requirements of a Regulated Utility

The value of a project, asset or investment to the utility must be assessed on the basis of its financial

impact to the utility over a period of time. Economic analysis methods such as payback period, present

worth analysis, annualized cost, total owning cost, and benefit-to-cost ratios are extremely useful tools in

the decision-making process.

Payback Period

In projects that have both initial or one-time costs and recurring costs, a quick way to evaluate the

economics is to compute the time to recover the capital outlay, or the payback period.

If a project has initial fixed costs, Ci, annual recurring costs, Ca, and annual revenues, Ra, then the

payback period is computed as:

In project analysis, a company might decide not to implement a project if the payback period is longer

than a certain number of years. When comparing different projects, payback period could be misleading

because it does not take into account cash flow and the time-value of money. For these kinds of

comparisons, present worth analysis and annualized costs are more suitable.



9 | 3Distribution Data e-Handbook | rev date 12/12

9 | System Planning and Reliabiity

Present Worth Analysis

The time value of money dictates that money spent in the future is worth less than the same amount of

money spent in the present, i.e. the present worth of money is greater than the future worth. Present worth

analysis can be used to measure and compare costs (or savings) in different time periods so that decisions

can be made about the real value of spending money or delaying investment. 

The value of a future cost expenditure, FC, at any time t in the future can be converted to its equivalent

present worth (PW) using a discount rate (d).

where  

PW = present worth of cost

t = future year

FC = future cost in year t

d = discount rate

The quantity is referred to as the Present Worth Factor (PWF)

Discount Rate

The discount rate (d) represents the rate of reduction in the value of money in future years. In present

worth analysis it is not simply the interest rate, but instead embodies all the reasons why a company

might prefer to delay investment, i.e. spend money tomorrow rather than today, or vice versa. Every

utility has its own methods and justification for picking a discount rate, and they vary with priority and

time. Some of the factors that affect the discount rate include:

• Prevailing Interest Rate

• Earnings Targets

• Weighted Average Cost of Capital

• Risk of Unplanned Events

• Planning Error/Uncertainty 

Inflation is not a factor that is normally included in the discount rate because it affects nearly every cost

equally so would have no impact on relative cost. 
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Net Present Value and Internal Rate of Return
The net present value (NPV) of an entire project is the present worth of all individual costs and revenues

derived from the project.

where   

NPV = net present value of investment

t = future year

R(t) = revenue from investment in year t

C(t) = cost of investment in year t

d = discount rate

The internal rate of return (IRR) is the discount rate that results in a zero NPV for an investment or

transaction. Put another way, the IRR is the discount rate for which the present worth of revenues equals

the present worth of costs. In project decision-making, if the IRR exceeds a company’s Weighted Average

Cost of Capital(WACC), then the project is economically viable. The IRR is solved numerically by setting

the NPV to zero in the expression above, and iteratively determining the discount rate that would give

zero NPV.

Annualized Cost

Oftentimes it is difficult to compare projects with different lifetimes or projects with different recurring

costs. Recurring costs for investments such as electrical equipment and installations typically include

fuel, inspection, maintenance, losses, taxes insurance, etc.. In these cases it is useful to compare the

annualized or levelized costs of the projects rather than the present worth. The annualized cost of a

project is the net present value of the project expressed as an annuity over the life of the project. 

where 

AC = annualized or levelized cost

PW = present worth or value

d = discount rate

t = future year

The quantity is referred to as the Capital Recovery Factor, CRF.
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Fixed Charge Rate

Traditional utility cost accounting methods allow recovery of investment costs, such as capital equipment

purchases, over long periods of time; 30 years is a typical period.  Utility accountants often use the Fixed

Charge Rate (FCR) to account for all of these factors when evaluating a capital investment such as buying

a transformer. 

The FCR is the annual owning cost of an investment expressed as a percentage of the initial investment.

In other words, it converts the investment to a carrying charge which is treated as an expense over the

life of the equipment.  As shown in  above, carrying charges do not include operating expenses, but

typically accounts for such things as: 

• Interest on bonds used to finance projects 

• Equity return requirements of stockholders 

• Income and property taxes

• Insurance 

• Depreciation

The exact makeup of the FCR depends on each utility’s specific accounting methods.  Calculating FCR

is often a complicated procedure that requires detailed understanding of taxes, financing, and

depreciation. Additionally, since the FCR varies from year to year, it can be somewhat difficult to apply

to project valuation. To simplify its application, the FCR is often levelized with the CRF and the levelized

FCR is used to compute the carrying charges of an investment. Fixed charge rates generally range

between 15% and 20%.

Total Owning Cost

The Total Owning Cost (TOC) of an investment is the present value of all carrying charges and operating

expenses over the lifetime or booklife of the investment. The total Annual Owning Cost (AOC) is the

TOC expressed as an annuity.

The following steps can generally used to calculate the TOC and AOC:

1. Determine the levelized Annual Carrying Charge (ACC) for the investment as an asset. The

ACC includes the carrying cost of the initial investment (INV), the cost to install the asset

(INS), and the cost to dispose of the asset, or salvage value, at the end of life (SAL).

2. Determine the Operating Expenses for each year of operation, OE(t), including cost of 

losses, inspection, maintenance and fuel if applicable.
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3. Sum the levelized carrying charges and the operating expenses for each year to obtain the

total owning cost in each year t. These costs can vary from year to year with operating

expenses.

4. Find the present worth of the total owning cost for each year.

5. Determine the levelized annual owning cost by expressing the TOC as an annuity

Benefit-to-Cost Ratio

The benefit-to-cost ratio (B/C) is an evaluation of the total benefit or value of a project over its lifetime

versus the total cost of the project over its lifetime.

Benefit-to-cost ratios are a good way to rank or prioritize projects that have varying costs and benefits,

especially when there are budget constraints. Projects that produce great value but also cost a lot would

not rank near the top using this metric. One of the difficulties of using B/C ratios is that some benefits

(and sometimes costs) of a project cannot be easily or readily expressed in economic terms. Examples

include environmental friendliness, customer satisfaction, reliability improvement, noise reduction and

other so-called “soft” benefits.
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Economic Conductor Sizing

Coincidence Factor

The coincidence factor is defined as the ratio of the maximum demand of the load as a whole, measured

at its supply point, to the sum of the maximum demands of the component parts of a load. The diversity

factor is the reciprocal of the coincidence factor. Coincidence factors can be applied to known consumer

demands for estimating the loading of distribution transformers, lines and other facilities. The coincident

peak demand is determined by adding up the individual demands and multiplying by a coincidence factor. 

Coincidence factors for consumers can vary over a wide range for different types of consumers. Figure

9.2 shows an example of the coincidence factors for various classes of customers. The information is

quite dated but still serves to illustrate how load diversity (and coincident demand) varies with the

customer number and type.

Figure 9.2  Example of coincidence factors for various customer classes.

Figure 9.2 shows the coincidence factors for seven customer classes. The lowest curve (black) represents

the calculated average residential customer at the time this data was gathered. The next highest curve

(fuchsia) represents customers with electric ranges and water heaters. This is almost superimposed on the

lowest curve, perhaps indicating that most the of customers in this sample had electric ranges and water

heaters. The next two curves (light blue and purple) represent customers with different degrees of air

conditioning. The three highest curves (green, red and blue) correspond to progressively larger homes

with electric heating. The figure demonstrates that higher consumption results in less load diversity. In

general, differences in living habits, geographical locations, temperatures, and summer and winter

peaking loads, result in coincidence values that vary from utility to utility.

Company-specific coincidence factor information may be accessed by clicking on the button here:

(Customized LINK)
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Economic Cable Size Selection Curves

Proper design and selection of overhead distribution lines requires a method for determining the most

economical wire size to install. Figure 9.3 is an example of a curve that shows the most economical range

of operation for various conductor sizes on three phase 4-kV, 12-kV, 13.2-kV, 23-kV or 34.5-kV lines

with uniformly distributed loads. In the example shown, for 4% load growth and an initial current of

100A amps, the most economical conductor choice is the #2/0 ACSR. Similar results using your

company's economics may be obtained from the DSTAR Economic Overhead Conductor Software

(EOCS) developed under Program 9.

For concentrated loads, multiply the current peak load by a concentration factor and select the

proper wire size based on actual or anticipated load growth. 

Figure 9.3  Typical Economic Wire Size Loading Chart (Southern Company)

Typical Problem:

Re-conductor a 12-kV distribution feeder, which has a peak load of 4000 kVA and an annual actual load

growth of 4.7%.

Solution:

For uniformly distributed loads:

g Use 397.5 ACSR

For a concentrated 4000 kVA load: 

g Use 795 ACC

http://www.dstar.org/P_R_Software_EOCS.htm
http://www.dstar.org/P_R_Software_EOCS.htm
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System Reliability

Basic Reliability Concepts

A system is a combination of components connected in series and/or in parallel. The reliability of the

system depends on the reliability of the individual components and how they are connected. 

Individual component reliability is commonly defined by the following parameters:

• λ = failure rate, frequency of  failure, or mean number of failures per year (failures/yr)

• r = repair rate or expected repair/replacement time per failure (hrs/failure)

Component connectivity is defined by how the components are assembled into a connected system. There

are only two basic types of connections, series and parallel.

Series Connectivity
A system of two series components, with failure rates λ1, λ2 and repair times r1 and r2 can be combined

into an equivalent system with failure rate λs and repair time rs (as shown below).

System forced outage rate (failures/yr),

System mean outage duration (hrs/failure),

System mean total downtime (hrs/yr),

This concept can be extended to a system of n series components. The failure rates and downtimes add

linearly so that the system reliability is worse than that of the individual components (see below). 

Figure 9.4  Reliability of a system with n identical components in series.

Series Components Equivalent System
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Parallel Connectivity
A system of two parallel components, with failure rates λ1, λ2 and repair times r1 and r2 can be combined

into an equivalent system with failure rate λp and repair time rp (as shown below).

System forced outage rate (failures/yr),

System mean outage duration (hrs/failure),

System mean total downtime (hrs/yr),

This concept can be also extended to a system of n parallel components. However, because one

component failure does not disrupt the throughput, the system reliability is better than that of the

individual components (see below).

Figure 9.5  Reliability of a system with n identical components in parallel.

For simple series and parallel systems, reliability can be computed using deterministic formulas as

illustrated above. However, for more complex systems with thousands of components, such as a distri-

bution layout, solution with deterministic formulas would be practically impossible. In these cases,

numerically-based probabilistic  methods like Monte Carlo simulation are preferred. 

Parallel Components

Equivalent System
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Distribution Reliability

In electric distribution systems, reliability is characterized by the ability of the system to deliver power

to the end-customer. The components that affect distribution reliability are

• Line/cable sections and busbars 

• Transformers and generators 

• Protection and switching devices

• Regulators, capacitors, and reactors

• Arresters, insulators and bushings

• Anything that directly or indirectly disrupts the flow of power

A failure or outage occurs when equipment is not in service. An interruption occurs when insufficient

equipment exists to serve the customer. Outages cause interruptions, but all outages do not cause

interruptions (a component may not be critical or may be redundant). Two key aspects of interruptions

that define end-customer reliability are the frequency and duration.

• Frequency – how often an interruption occurs; function of engineering factors such as

equipment selection, condition, layout, protection design, etc.

• Duration – how long an interruption lasts; function of operating factors such as switching

schemes, repair crews activity, speed in trouble-shooting, etc.

Different customers react differently to frequency and duration of interruptions. In some cases, a short

(15 second) interruption can be nearly as serious as a longer interruption, and in other cases, short

interruptions create few or no problems for customers (see Cost of Interruption).

Terms and Definitions
Some of  the commonly used terms in distribution reliability are listed below.

Open Circuit – a discontinuity that interrupts load current without causing fault current to flow

Fault – a short circuit; can be temporary or permanent in nature (see Chapter 11, Fault Types)

Temporary Fault – a fault that will clear if allowed to de-ionize, e.g. insulator flashover due to lightning

strike

Permanent Fault – a fault that must be repaired by a crew, or one that will eventually burn clear after

some time (self-clearing)

Momentary Interruption – de-energizing a customer for a short time, usually 5 minutes or less 

Momentary Interruption Event – one or more momentary interruptions within a several minute time

interval, e.g. multiple reclosing on a fault

Sustained Interruption – de-energizing a customer  for a longer period, usually more than 5 minutes;

most sustained interruptions result from open circuits and faults.
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Availability – the probability that a piece of equipment or a customer is energized. Availability is

sometimes expressed in terms on “nines”. The relationship between “nines of availability” and annual

downtime is shown in Table 9 1.

Table 9-1  Nines of Availability

Measuring Reliability

Reliability indices measure reliability as a function of interruption frequency and duration. There are

many distribution reliability indices in use worldwide but the ones commonly used by US distribution

utilities are documented in IEEE Standard 1366, IEEE Guide for Electric Power Distribution Reliability

Indices. They are classified into the three categories:

• Sustained Interruption Indices: SAIFI, SAIDI, CAIDI, CTAIDI, CAIFI, ASAI, CEMIn

• Load-Based Indices: ASIFI, ASIDI

• Momentary Interruption Indices: MAIFI, MAIFIE, CEMSMIn

According to the results of 1999 IEEE surveya (see Figure 9.6), four of these indices, SAIDI, SAIFI,

CAIDI and ASAI are used by the majority of utilities. A fifth index, MAIFI, is gaining more popularity,

especially for utilities serving industrial customers. Among co-ops, survey results from 2004, 2005 and

2006 show that SAIDI, SAIFI and CAIDI are also the most-used indices (see Figure 9.7).b

Figure 9.6  Percent of utilities using reliability indices, from IEEE survey

a IEEE Working Group on System Design, “A Survey of Distribution Reliability Measurement Practices in the US,” IEEE Tr   ansactions On Power Delivery, Vol. 14, No. 1,
Jan. 1999

b NRECA Reliability Online Study, Survey Results, June, 2006
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Figure 9.7  Percent of co-ops using reliability indices from, NRECA surveys

Definitions of Indices
Definitions of the most popular reliability indices are given below from Standard IEEE 1366.

• System Average Interruption Frequency Index

• System Average Interruption Duration

• Customer Average Interruption Duration Index

• Average Service Availability Index

• Average System Interruption Frequency Index

• Average System Interruption Duration Index

• Momentary Average Interruption Frequency Index
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Sustained versus Momentary Interruptions
The difference between what is considered a “sustained” interruption and a “momentary” interruption

varies from system to system. Figure 9.8 and Figure 9.9 show results from a 1999 IEEE survey and recent

NRECA surveys of momentary interruption thresholds. The results indicate that most utilities (especially

co-ops) use a one-minute threshold, meaning that if an interruption lasts one minute or less, it does not

contribute to SAIFI, but is counted in MAIFI (the duration of the outage, though negligible, also does not

contribute to SAIDI). 

Figure 9.8  Results form IEEE Survey of momentary interruption threshold

Figure 9.9  Results form NRECA Survey of momentary interruption threshold

The specific choice of a threshold can have a large impact on the MAIFI-SAIFI tradeoff, and also on

SAIDI to some extent. This in turn may drive the perception of a utility’s reliability performance. This is

especially true if MAIFI is not reported (Figure 9.6 shows that a majority of utilities do not even track

MAIFI). To create an equal basis for reliability comparison between utilities, IEEE 1366 recommends the

use of 5 minutes for the momentary interruption threshold.
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Use/Misuse of Indices
Indices are commonly used for monitoring status (as a baseline or point of reference), measuring

improvement over time, benchmarking (compare and contrast), documentation, planning and decision-

making, and input to higher-level processes such as asset management and budget allocation. 

With so many utilities using the same indices, it is natural that comparisons will be made. However, great

care must be taken during benchmarking exercises to account for the differences between systems that

drive reliability performance. Some of the problems with reliability benchmarking among utilities include:  

• Inconsistent data definitions and reporting requirements e.g. momentary interruption 

threshold and major events and storms

• Differences in data collection and recording practices e.g. use of outage management system

vs. manual recording

• Radically different system design and layout, voltage level, overhead vs. underground, 

network vs. radial

• Environmental (climatic), geographic and customer density differences, rural vs. urban

• Stochastic nature of reliability from year to year – “stuff happens”

Table 9.2 shows benchmarking data from a 1987 German Survey.a Systems with long feeders (high

exposure) and therefore lower customer density such as Finland and Norway tend to have poorer

reliability than the more compact systems such as in Denmark and the Netherlands. 

Table 9.2  Benchmarking Data from a 1987 German Survey

Benchmarking Data from a 1987 German Survey

SAIFI
(/yr)

SAIDI
(min/yr)

CAIDI
(min)

ASAI
(pu)

Density
(people/mi2)

Urban Systems
Finland 0.8 33 41 0.99994

Sweden 0.5 30 60 0.99994

Denmark 0.3 7 20 0.99999

Italy 2.5 120 48 0.99977

Netherlands 0.3 15 58 0.99997

Rural Systems

Finland 5.0 390 78 0.99926 38.3

Sweden 1.5 180 120 0.99966 51.2

Denmark 1.2 54 45 0.99990 313.7

Italy 5.0 300 60 0.99943 496.9

Netherlands 0.4 34 79 0.99994 975.3

Overall

Norway 2.0 300 150 0.99943 34.6

United States 1.3 120 90 0.99940 73.2

United Kingdom 0.7 67 92 0.99987 653.4

Netherlands 0.4 27 73 0.99995 975.3

a H. V. Freund und ihre Kosten, Elektrizitäswirtschaft jg (90) 1991 (reprinted in R. E. Brown, “Electric Power Distribution Reliability  ”)
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Even among utilities in the same country, there can be a wide variation in reliability experience based on

the characteristics of the utilities. Table 9.3 compares the reliability of customers of six US utilities who

experience very different geographies and environments..

Table 9.3  SAIFI and SAIDI Comparison for Six Utilities (Average Annual Values 1988-1992)a

As expected, the urban and suburban systems generally have better repair times than rural systems, but

systems in mild climates generally have less interruptions. The dense urban system in this example is

markedly different from the others due to the fact that it has a widespread underground secondary

network.

Recently, the IEEE Working Group on System Design performed a benchmarking survey of reliability

indices. Table 9.4 summarizes responses for SAIDI from 70 North American utilities ranging from rural

electric co-ops to IOUs.b

Table 9.4 Summary of Results from IEEE 2003 Reliability Benchmarking Survey

In the benchmark data, there is a very large spread about the average SAIDI, with the largest being over

6 hours and the smallest on the order of 15 minutes (not shown above). Clearly, these values are outliers.

But even disregarding extreme values, the range is still quite large. The survey found that the two main

reasons for variation in reliability indices across utilities were data collection process/system differences

and  exclusion criteria differences (basis). IEEE 1366-2003 addresses data basis issues by clearly

defining rules for major event exclusion.

SAIFI and SAIDI Comparison for Six Utilities (Average Annual Values 1988-1992)

Service Area Climate SAIFI (/yr) SAIDI (min/yr)
Dense urban area Hot summers, bitter winters 0.12 16

Urban/suburban Hot nearly year round 2.70 34

Suburban & rural High isokeuranic (lightning) 2.00 97

Urban & rural Mild year round 2.10 122

Rural, mountainous Mild seasons 1.10 168

Rural, mountainous Bitter winters 2.30 220

Summary of Results from IEEE 2003 Reliability Benchmarking Survey

Quartile SAIDI (min/yr) SAIFI (/yr) CAIDI (min)
1 83.59 0.94 71.04

2 (median) 110.99 1.23 93.69

3 156.10 1.50 121.77

Max 401.55 3.15 424.74

a R. E. Brown, “Electric Power Distribution Reliability,” 2002 Marcel Dekker
b IEEE Working Group on System Design, “Measuring Performance Of Electric Power Distribution Systems – IEEE Std. 1366-2003,” Presented at the NARUC Staff

Subcommittee on Electric Reliability, Washington, DC, February 13, 2005
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IEEE 1366 Major Event Day Definition

Currently utilities are not required to include storms and major events in reliability index calculations.

This has led to many different ways to exclude storms in various states. Examples of exclusion criteria

from three states are given below.

1. Major Storms excluded if 15% of customers served are interrupted over the duration of

the event.

2. A Major Storm is a period of adverse weather during which service interruptions affect at

least 10 percent of the customers in an operating area and/or result in customers being

without electric service for durations of at least 24 hours.

3. It was the result of a major weather event which caused more than 10% or a district or total

company customers to be without service at a given time.

Inconsistent definitions can make benchmarking data meaningless, so IEEE Standard 1366 was revised in

2003 to (among other things) establish the Major Event Day (MED) concept for use in storm exclusion.

IEEE 1366-2003 has introduced a so-called 2.5 Beta Methodology which enables the segmentation of

reliability data into two distinct sets:

• Major events which require a crisis mode of operation to adequately respond, and

• Day-to-day operation which represent events that the system is built to withstand, and

staffed to respond to in a normal mode of operation.

This allows the definition of what is “major” to be based on the specific historical performance of the

utility. A threshold on daily SAIDI is computed once a year and used to identify MEDs for that year. The

procedure as outlined in IEEE 1366-2003 is:

1. Assemble the five most recent years of historical values of SAIDI/day. If less than five

years of data is available, use as much as is available.

2. Discard any day in the data set that has a SAIDI/day of zero.

3. Find the natural logarithm of each value in the data set.

4. Compute the average (α, or alpha) and standard deviation (β or beta) of the natural

logarithms computed in step 3.

5. Compute the threshold, TMED = e (α+ 2.5·β)

6. Any day in the next year with SAIDI > TMED is a major event day.

The “2.5” value in the TMED expression was chosen, by consensus, to theoretically give 2.3 major events

per year for a lognormal distribution of daily SAIDI’s. 

The IEEE Working Group on System Design claims the 2.5β Method will “improve the ability to view

system reliability performance, thereby making goal setting and trending more meaningful, and allow for

review of day-to-day performance without considering the outliers that often mask it. This will allow

utilities to meaningfully focuses on major event performance in its own right to give a clear view of this

very different operating condition.”
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Reliability Targets

Reliability targets define performance standards that utilities are expected to meet. They can be set

internally by the utility or externally by a municipal or state agency. Figure 9.10 shows the status of

reliability regulation in the United States. Currently 38 state utility commissions require utilities to record

and report reliability statistics and 27 have set reliability targets. Of these, 14 assign penalties and/or

rewards and seven have actually enforced them.

Figure 9.10  Status of Reliability Regulation in the USa

Reliability targets define the utility goals for engineering and operations, which ultimately drive capital

and O&M spending. Targets can be set in a number of ways, but the most effective targets balance the

historical performance of the utility with customer demands and economics.

Targets typically include a minimum standard and an objective standard for a combination SAIFI, SAIDI,

and CAIDI. MAIFI targets are not widely used but there is evidence that they are increasing. Targets may

also include broad mandates to improve reliability of deficient areas.

For all practical purposes, the distribution utility is still a natural monopoly. Therefore rewards and

penalties are used to simulate market forces, drive utilities toward a reliability target, or provide an

incentive to maintain or improve performance. Penalties can be fees assessed by the regulator, or

customer rebates for poor performance. Often the rate case is used as an incentive, i.e. rates may be

frozen or allowed to increase if targets are not met or met. This structure is commonly referred to as

performance-based rate-making (PBR) -- regulatory statutes that reward utilities for good reliability and

penalize them for poor performance. In Figure 9.10, only two states, MS and ND, have true performance-

based rates tied to their return on equity. 

a Based on data from “State of Distribution Reliability Regulation in the United States,” November 2005, prepared for EEI by Davies Consulting, reprinted in,
“Distribution Reliability,”  www.exacterinc.com/UserFiles/File/Dist_%20Reliability%20White%20Paper.pdf

http://www.exacterinc.com/UserFiles/File/Dist_%20Reliability%20White%20Paper.pdf
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Cost of Interruption

According to Department of Energy (DOE) data, the total annual cost of power interruptions in the US

is estimated to be $79 billion. The majority of this cost is attributed to commercial and industrial

customers, and is mostly caused by momentary interruptions.

Figure 9.11  Cost of power interruptions in the U.S. by (a) customer type, (b) interruption typea

A cost of interruption is assessed whenever a consumer is de-energized and cannot conduct business,

loses opportunity, or incurs damages as a result. This so-called cost of poor reliability has two

components:

• Initial Cost of Interruption ($/kW) – computers crash, electronics malfunction, motors drop

out, processes ruined, tools broken, scrap

• Time Varying Cost ($/kWh) – lost production, missed sales, unused labor, overtime, etc.

The degree to which cost is incurred is entirely dependent on a number of factors, including

customer/process type, customer size, length of interruption, time of day, day of week, month/season of

year, and whether or not  advance warning was given. Figure 9.12 shows an example of how the total

cost of interruption varies for three distinct customer types. The initial cost of interruption is typically

highest for industrial customers, but commercial customers are more affected by prolonged outages. 

Figure 9.12  Typical cost of interruption curves for three customer types

a Kristina Hamachi LaCommare and Joseph H. Eto, "Understanding the Cost of Power Interruptions to U.S. Electricity Consumers,"  Ernest Orlando Lawrence
Berkeley National Laboratory, September 2004, http://certs.lbl.gov/pdf/55718.pdf

http://certs.lbl.gov/pdf/55718.pdf
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Customer interruption cost data are typically estimated based on surveys which attempt to capture

tangible, intangible and opportunity costs. Table 9 5 shows selected results from  a University of

Saskatchewan Survey on Customer Interruption Costs.

Table 9 5  One-hour Interruption Costs for Some Industrial and Commercial Customersa

As explained in a reference text by R. E. Brownb, surveys of customer cost of interruption are useful, but

can be problematic since some customers may overstate their true costs in order to generate utility

response. For others, especially residential customers, the true cost of interruption may be difficult to

gauge since they may not have tangible economic losses.

In several documented cases described by Brown, a disconnect has been observed between the stated cost

of interruption and customer willingness to pay for reliability upgrades, even though the payback period

may be small. This suggests that either the real cost was overstated, reliability improvements are seen as

a utility obligation, or customers are hoping a neighbor would pay for the upgrades so they would have

a “free ride”.

Causes of Interruptions

Equipment outages cause customer interruptions. The most effective way to improve reliability is to

reduce the number of outages. In order to do this, the cause and nature of interruptions must be

understood. Utilities typically collect and maintain data on the root cause of interruptions (see Figure

Interruption Costs - Commercial

Commercial $/kWpeak
Food and Drug 18.52

Clothing Stores 18.92

Household Furniture 39.88

Automotive 42.39

General Merchandise 30.10

Vending and Direct 0.00

Accommodations 1.32

Food Service 19.90

Entertainment 23.81

Personal Services 0.39

Other Services 3.51

Other Retail 5.95

Interruption Costs - Industrial

Industrial $/kWpeak
Logging 2.11

Forestry 0.00

Mining 3.00

Crude Petroleum 276.01

Refined Petroleum 0.00

Food Industries 20.46

Plastic Products 2.91

Primary Textiles 17.29

Furniture 23.20

Paper Products 7.52

Transportation 42.96

Other Manufacturing 15.31

a Based on a University of Saskatchewan Survey, presented in 2001 dollars in  R. E. Brown, “Electric Power Distribution Reliability,” 2002 Marcel Dekker
b R. E. Brown, “Electric Power Distribution Reliability,” 2002 Marcel Dekker
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9.13). The cause of an outage is not always clear and is not always attributable to just one factor, but these

data can be valuable assets during reliability improvement projects.

Figure 9.13  Major causes of interruptions for three US utilitiesa

Causes of interruptions vary widely with system design, equipment, environment and geography. In

general, they can be placed into the broad categories listed below:

Equipment Failures – failure of a piece of equipment that interrupts the flow of power either directly or

by the initiation of protection to isolate the failure. This includes

• Transformers – catastrophic failures and overloads

• Underground cable – electromechanical stress, defects, water treeing, dig-ins

• Overhead lines – exposure to vegetation, animals, severe weather, accidental contact

• Circuit breakers – internal faults, misoperations (not opening or closing)

• Surge arresters, insulators and bushings – puncture, thermal runaway, dielectric breakdown

Animals – one of the main sources of interruptions for almost all utilities, especially suburban and rural

systems. The type of wildlife involved varies widely with location but in general, the main offenders are

listed below for overhead and underground systems, and substations.

• Overhead Distribution – squirrels, birds/raptors, raccoons and cattle

• Underground systems – snakes, gophers, mice, squirrels, and rats

• Substations – birds, snakes, squirrels, raccoons, raptors

a R. E. Brown, “Electric Power Distribution Reliability,” 2002 Marcel Dekker
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Severe Weather/Events – storm-related outages and major events are the most frequent cause of outages

and prolonged interruptions for most utilities. During severe weather, the failure of multiple pieces of

equipment at the same time, non-ideal working conditions, and resource constraints lead to long

restoration times, customer dissatisfaction, safety concerns and socio-economic consequences for the

service area. The types of severe weather, storms and major events experienced by utilities in various

parts of the country include:

• Hurricanes and windstorms

• Ice storms and snowstorms

• Thunderstorms and lightning 

• Heat waves

• Tornados 

• Earthquakes and fire

Trees/Vegetation – one of the most common causes of interruptions on overhead distribution systems.

The associated modes of failure includea: 

• Mechanical damage due to falling trunks, limbs and branches

• Faults caused when falling branches short conductors together

• Faults caused when wind pushes branches into contact with conductors

• Faults caused when growing branches push conductors together 

Humans – directly responsible for many outages, accidentally or on purpose. These include:

• Scheduled maintenance/installation

• Installation/repair errors

• Vehicular accidents, accidental dig-ins

• Vandalism, theft and mischief

a R. E. Brown, “Electric Power Distribution Reliability,” 2002 Marcel Dekker
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Assessing Reliability
Reliability assessment is the process of quantifying the reliability of a distribution system using experi-

ential data. There are two main types or reliability assessments, historical and predictive.

Historical analysis – compute reliability indices using archived data on outages and interruptions. This

method can be used to determine the current system performance but care must be taken when projecting

future performance. Historical analysis cannot be used for multiple-scenario analysis, i.e. assessing

system impact of alternative projects

Predictive analysis – compute reliability indices for a system connectivity model using stochastic

component reliability data. Historical outage data are used to describe the distribution of component

reliability, and outages are simulated from the distribution. Historical reliability indices may be used to

calibrate the base model. Predictive analysis is an excellent tool for assessing “what-if” scenarios and

project development.

Most outage management systems (OMS), computerized maintenance management systems (CMMS)

and the like, have the ability to perform historical reliability analysis. Commercially available reliability

assessment applications use predictive analysis. 

In predictive reliability the connectivity model describes the manner in which distribution components

interact to form the system. The model could be a schematic (one-line diagram) model, a block diagram

model or a geographically representative model of the system. Examples are shown in Figure 9.14. The

choice of model depends on application, data, size and purpose. Sources of data include system maps,

one-line diagrams, GIS databases and CAD files. 

Figure 9.14  Examples of a (a) schematic (b) block diagram, and (c) geographical connectivity model

Component data describes the failure, repair and remedial characteristics of the individual system

components. For most commercial programs, the common pieces of data area: 

• Permanent failure rate – the number of times that a component will experience a permanent

fault in a given year

• Temporary failure rate – the number of times that a component will experience a temporary

fault (one that can be cleared by de-energizing the line) in a given year

a D. P. Ross, L. A. Freeman and R. E. Brown, Overcoming Data Problems in Predictive Reliability Distribution Modeling, IEEE T&D Expo, October 2001
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• Passive failure rate - the frequency of component outages that interrupt current flow without

causing fault current t flow, e.g. open circuit for lines and cables.

• Mean time to repair – the average time to repair a component once it has failed

• Mean time to switch – the average time to perform switching actions to restore customers

after a fault (or isolate the fault) following the action of protective devices

• Operational failures – the probability or number of times a component will misoperate (fail

to open or close) when called upon

Sources of component reliability data include utility databases and industry sources such as IEEE and

CIGRE data, papers, and publications. Table 9.6 shows some typical component reliability data drawn

from a variety of sources.

Table 9.6  Typical Component Reliability Dataa

The data above is only intended to illustrate the typical failure rate for equipment during its useful life.

Over the life of equipment, the failure rate varies according to the well-known standard bathtub function

(Figure 9.15). Shortly after installation, during infant mortality period, failure rates tend to be higher due

to manufacturing defects, shipping damage, installation errors, etc. After the break-in period, failure rates

are relatively constant during the useful life and as the equipment ages, failures rate increase again. The

normal or useful life period is the target for most reliability assessments, and therefore input failure rates

are assumed to constant.

Typical Component Reliability Data

Component Typical Failure Rate λ (/yr)
Typical Mean Time to
Repair/Replace (Hrs)

Primary Overhead .05 - .15 per mile 2 - 6

Secondary Overhead .05 - .10 per mile 1 - 3

Primary Underground .03 - .07 per mile 5 - 15

Secondary Underground .02 - .10 per mile 5 - 15

Splices, Joints, Terminations .0008 - .004 4 - 8

Distribution Transformers .005 - .01 4 - 6

Fuse Cutouts .004 - .01 1 - 2

Disconnect Switches .003 - .01 3 - 5

Elbow Connectors .0006 - .007 4 - 6

Reclosers .005 - .03 3 - 6

Shunt Capacitors .01 - .03 1 - 2

Power Transformers .01 - .04 15 - 80

Power Circuit Breakers .001 - .02 10 - 40

Busbars .005 - .02 2 - 8

a From Survey of Reliability and Availability Information for Power Distribution, Power Generation, and HVAC Components for Commercial, Industrial, and
Utility Installations, U.S. ACE and RAC, IEEE Recommended Practice for the Design of Reliable Industrial and Commercial Power Systems, IEEE Std. 493-1990
(Gold Book), Electric Power Distribution Reliability by R. E. Brown
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a Failure rates are usually assumed to follow and exponential distribution because it is characterized by a constant hazard function

Figure 9.15  Standard bathtub curve function for equipment failure rate vs. age

There are many commercially available tools which can perform predictive reliability assessment. Some

of theses are listed in Table 9.7. A reliability assessment tool will simulate outages or contingencies on

the model, according to the failure rate distribution,a simulate repairs and switching actions according to

the data, and compute the impact of the contingencies on customers. The basic output is interruption

frequency and outage duration for each customer (typically aggregated at a distribution transformer),

which can be rolled up into any number of reliability indices (SAIDI, SAIFI, CAIDI, etc.).

Table 9.7  Sample of Commercially Available Predictive Reliability Assessment Tools 

Sample of Commercially Available Predictive Reliability Assessment Tools

Power System Reliability
Software

Power-System 
Specific

Looped / Meshed
Analysis

Website URL

Geographically-Based
Cymdist, Cyme-CGI Yes No http://www.cyme.com/software/cymdist/

ReliNet (CadPad), ABB  Yes No http://www.abb.us/

SynerGEE, Advantica-Stoner Yes No http://www.advantica.biz/

Windmil, Milsoft Yes No http://www.milsoft.com/

One-Line-Diagram-Based
Power System Reliability, EDSA Yes Yes http://www.edsa.com/

ETAP Powerstation, OTI Yes Yes http://www.etap.com/reliability.htm

Power Tools for Windows, SKM Yes Yes http://www.skm.com/

PSS/Adept, PTI Yes No http://www.pti-us.com/

Block-Diagram-Based
AvSim, Isograph Software No Yes http://www.isograph.com/avsim.htm

BlockSim, ReliaSoft No Yes http://www.reliasoft.com/BlockSim/

CARE, BQR No Yes http://www.bqr.com/

ENRiCO, Clockwork Solutions Yes Yes http://www.clockwork-solutions.com/

MEADEP, SoHaR No Yes http://www.sohar.com/software/

RAM Commander, Reliass No Yes http://www.reliability-safety-software.com/

RAPTOR, ARINC No Yes http://www.arinc.com/products/raptor/

Reliability Studio, Relex No Yes http://www.relex.com/products/index.asp

http://www.relex.com/products/index.asp
http://www.arinc.com/products/raptor/
http://www.reliability-safety-software.com/
http://www.sohar.com/software/
http://www.clockwork-solutions.com/
http://www.bqr.com/
http://www.reliasoft.com/BlockSim/
http://www.isograph.com/avsim.htm
http://www.skm.com/
http://www.skm.com/
http://www.etap.com/reliability.htm
http://www.edsa.com/
http://www.milsoft.com/
http://www.advantica.biz/
http://www.abb.us/
http://www.cyme.com/software/cymdist/
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Improving Reliability

The whole point of modeling and assessing system reliability is to able to track it, figure out root causes

and ultimately improve it cost-effectively. In general, there are two main ways to improve system

reliability

• Design Strategies – focus on system topology, connectivity and switching possibilities

• Operation Strategies – focus on aspects of equipment maintenance, inspection and repair

Effective reliability improvement strategies are best implemented as part of an overall distribution plan

that incorporates relevant system/company goals and criteria and considers cost and historical

performance. Often, however, utilities are mandated to improve reliability to meet a certain target, which

might supersede the distribution plan, especially when rewards and penalties are at play.

This section briefly lists some measure taken by utilities to improve reliability. A fuller discussion is

available in Brown 2002.a Note that, undertaking these measures without a thorough understanding of the

root causes of poor reliability, equipment criticality, and the cost/benefit tradeoffs (i.e. analytical rigor)

may lead to lower return - higher cost solutions.

Protection Devices and Strategies – a straightforward way to improve reliability. Protection devices

isolate faulted equipment and protect the rest of the system from downstream faults. 

• Fuses, sectionalizers or reclosers on all branches and laterals

• Mid-point line reclosers on main overhead trunks and large branches to clear temporary

faults (creates momentaries)

• Sectionalizers on laterals where fault current is too high or fuses cannot coordinate

• Reclosing on feeder breaker with fuse saving or fuse clearing scheme as appropriate

Sectionalizing switches – improve reliability by allowing faulted sections to be isolated and customer

service to be restored while fault is repaired.

Automation – monitoring and control equipment to allow for faster switching, fault location and

restoration. Automating a few key switches gives great benefit, but there is diminishing marginal returns.

Automation has a greater impact on SAIDI than on SAIFI, but could in turn create more momentary

interruptions.

Improving crew response – often the easiest and most obvious way to reduce outage times is to speed

up restoration and service times after a fault has occurred. The emphasis is on SAIDI. Some strategies

include

• Increase number of crews and dispatch centers, station crews closer to problem areas

• Train crews effectively in the field 

• Use technologies such as GIS, outage management systems, work management systems,

automated crew dispatch, and mobile computing

• Use faulted circuit indicators and automatic fault location devices

a R. E. Brown, “Electric Power Distribution Reliability,” 2002 Marcel Dekker
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Reducing equipment failures – the most effective way to reduce the number of outages is to reduce

equipment failures by taking preventive measures. The emphasis is on SAIFI. Some measures include

• Increased inspection and monitoring, infrared inspection programs

• Tree trimming/vegetation management programs

• Marking/labeling, “call before digging” programs

• Use of covered (tree) wire or spacer cable where appropriate

• Cable replacement programs

• Wildlife protection programs

• Lightning protection (arresters, shield wire, effective grounding)

• Transformer load management (TLM) programs

• Proactive maintenance strategies (condition-based and reliability-centered maintenance)

System configuration – making system design changes should generally not be the first approach to

improve SAIDI, but sometimes even small inexpensive changes can yield huge dividends. Some

measures include

• Reduce exposure on feeder layout by using more and shorter feeders

• Relocate normally open ties to evenly distribute load or create more ties for backfeed

• Reconductor sections to add more capacity, add new feeders or substations where needed

• Consider looped or networked vs. radial designs

• Consider pros and cons of underground vs. overhead

System voltage – In general higher voltages are more susceptible to lightning, tree, and animal events,

and feeders tend to be longer (more exposure). Lower voltages have shorter feeders and interrupt fewer

customers when they fail. Figure 9.16 shows the results of a survey of 28 utilities comparing the

reliability of their 25 kV and 35 kV systems with 15 kV systems.

Figure 9.16  Reliability of 25 kV and 35 kV systems compared to 15 kV systemsa

a J. J. Burke, Hard to Find Information About Distribution Systems VI, November 2006



9 | 28Distribution Data e-Handbook | rev date 12/12

9 | System Planning and Reliabiity

Useful Charts and Tables

Galvanic Series

Active Noble

Engineering Notation

Metal Potential (V)
Hydrogen 0

Antimony +0.19

Arsenic +0.32

Bismuth +0.33

Copper +0.342

Mercury +0.799

Silver +0.8

Platinum +1.118

Gold +1.498

Metal Potential(V)
Calcium - 2.2

Magnesium -1.87

Aluminum -1.30

Manganese -1.07

Zinc -0.758

Chromium -0.6

Iron -0.441

Cadmium -0.398

Nickel -0.22

Prefix Symbol 10n Short scale Decimal equivalent
exa E 1018 Quintillion 1 000 000 000 000 000 000

peta P 1015 Quadrillion 1 000 000 000 000 000

tera T 1012 Trillion 1 000 000 000 000

giga G 109 Billion 1 000 000 000

mega M 106 Million 1 000 000

kilo k 103 Thousand 1 000

hecto h 102 Hundred 100

deca da 101 Ten 10

deci d 10−1 Tenth 0.1

centi c 10−2 Hundredth 0.01

milli m 10−3 Thousandth 0.001

micro µ 10−6 Millionth 0.000 001

nano n 10−9 Billionth 0.000 000 001

pico p 10−12 Trillionth 0.000 000 000 001

femto f 10−15 Quadrillionth 0.000 000 000 000 001

atto a 10−18 Quintillionth 0.000 000 000 000 000 001
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Weights and Measures Conversion

To Convert From To Multiply by
Length Conversion
Nautical miles (nm) Feet (ft) 6080.2
Miles (mi) Kilometers (km) 1.60935
Miles (mi) Feet (ft) 5,280
Yards (yd) Meters (m) 0.9144
Feet (ft) Meters (m) 0.3048
Inches (in) Millimeters (mm) 25.4
Inches (in) Centimeters (cm) 2.54
Inches (in) Meters (m) 0.0254
Inches (in) Mils (mil) 1,000
Area Conversion
Hectares (ha) Acres (A) 2.471
Acres (A) Square meters (sq-m) (m2) 4,047
Acres (A) Square feet (sq-ft) (ft2) 43,560
Square miles (sq-mi) (mi2) Square kilometers (sq-km) (km2) 2.59
Square feet (sq-ft) (ft2) Square meters (sq-m) (m2) 0.092903
Square inches (sq-in) (in2) Square centimeters (sq-cm) (cm2) 6.416
Square inches (sq-in) (in2) Square millimeters (sq-mm) (mm2) 645.16
Square inches (sq-in) (in2) Circular mils (cmil) 1,273,240
Circular mils (cmil) Square millimeters (sq-mm) (mm2) 0.0005066

Volume Conversion
Cubic yards (cu-yd) (yd3) Cubic meters (cu-m) (m3) 0.76456
Cubic feet (cu-ft) (ft3) Cubic meters (cu-m) (m3) 0.028317
Cubic feet (cu-ft) (ft3) Liters (l) 28.32
Cubic inches (cu-in) (in3) Cubic meters (cu-m) (m3) 0.00001639
US Gallons (gal) Cubic meters (cu-m) (m3) 0.0037854
US Gallons (gal) Liters (l) 3.785
US Gallons (gal) Cubic feet (cu-ft) (ft3) 0.1337
Fluid ounces (fl-oz) milliliters (ml) 29.57353
Fluid ounces (fl-oz) Cubic meters (cu-m) (m3) 0.00002957

Mass, Force and Pressure Conversion
US Tons (tn) (2000 lb) Kilograms (kg) 907.1848
US Tons (tn) (2000 lb) Metric Tonnes (t) (1000 kg) 0.90718
Pounds (lb) Kilograms (kg) 0.45359
Pounds (lb) Newtons (N) 4.44822
Ounces (oz) Grams (g) 28.3495
Pounds per 1000 feet (lb/kft) Kilograms per kilometer (kg/km) 1.488
Pounds per square foot (psf) Pascals (Pa) (N/m2) 47.88
Pounds per square foot (psf) Kilograms per meter squared (kg/m2) 4.882
Pounds per square inch (psi) Pascals (Pa) (N/m2) 6,894.76
Pounds per square inch (psi) Millibars (mb) (mbar) 68.948
US Gallons (gal) Pounds of water (60°F) 8.34
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Power, Energy and Temperature Conversion

English to Metric Conductor Sizes

To Convert From To Multiply By
Power Conversion
Horsepower (hp) Watts (W) 745.7
Foot-pounds per second (ft-lb/sec) Watts (W) 0.0226
Foot-pounds per minute (ft-lb/min) Watts (W) 1.356
Kilogram-meters per second (kg-m/sec) Watts (W) 9.804
Horsepower (hp) Foot-pounds per second (ft-lb/sec) 550
Horsepower (hp) Foot-pounds per minute (ft-lb/min) 33,000
Heat and Energy Conversion
British thermal units (Btu) Calories (cal) 252.164
British thermal units (Btu) Watt-hours (W-hr) 0.29307
British thermal units (Btu) Foot-pounds (ft-lb) 778
British thermal units (Btu) Joules (J) 1055.06
Calories (cal) Joules (J) 4.1868
Kilowatt-hours (kwh) Joules (J) 3,600,000
Kilogram-meters (kg-m) Joules (J) 9.8117
Foot-pounds (ft-lb) Joules (J) 1.356
Foot-pounds (ft-lb) Kilogram-meters (kg-m) 0.1383
British thermal unit per pound (Btu/lb) Calories per gram (cal/g) 0.55556
Temperature Conversion
Degree Fahrenheit (°F) Degree Celsius (°C) °C= 5/9(°F-32)
Degree Fahrenheit (°F) Kelvin (K) K = 5/9(°F+ 459.7)
Kelvin (K) Degree Celsius (°C) °C = K - 273.15

Wire Size Conductor Area
AWG (kcmil) cmil mm2

300 300,000 152.0
250 250,000 126.7
4/0 211,600 107.2
3/0 167,800 85.0
2/0 133,100 67.4

1/0 105,600 53.5
1 83,700 42.4
2 66,360 33.6
3 52,620 26.7
4 41,740 21.1

5 33,090 16.8
6 26,240 13.3
7 20,820 10.5
8 16,510 8.4
10 10,380 5.3

Wire Size Conductor Area
AWG (kcmil) cmil mm2

2000 2,000,000 1013.2
1750 1,750,000 886.6
1500 1,500,000 759.9
1250 1,250,000 633.3
1000 1,000,000 506.6

750 750,000 380.0
600 600,000 304.0
500 500,000 253.3
400 400,000 202.6
350 350,000 177.3

300 300,000 152.0
250 250,000 126.7
4/0 211,600 107.2
3/0 167,800 85.0
2/0 133,100 67.4
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Celsius-Fahrenheit Temperature Equivalents

°C °F °C °F °C °F °C °F °C °F °C °F
-80 -112.0 -5 23.0 35 95.0 75 167.0 115 239.0 200 392.0

-70 -94.0 -4 24.8 36 96.8 76 168.8 116 240.8 210 410.0

-60 -76.0 -3 26.6 37 98.6 77 170.6 117 242.6 220 428.0

-50 -58.0 -2 28.4 38 100.4 78 172.4 118 244.4 230 446.0

-45 -49.0 -1 30.2 39 102.2 79 174.2 119 246.2 240 464.0

-40 -40.0 0 32.0 40 104.0 80 176.0 120 248.0 250 482.0

-39 -38.2 1 33.8 41 105.8 81 177.8 121 249.8 260 500.0

-38 -36.4 2 35.6 42 107.6 82 179.6 122 251.6 270 518.0

-37 -34.6 3 37.4 43 109.4 83 181.4 123 253.4 280 536.0

-36 -32.8 4 39.2 44 111.2 84 183.2 124 255.2 290 554.0

-35 -31.0 5 41.0 45 113.0 85 185.0 125 257.0 300 572.0

-34 -29.2 6 42.8 46 114.8 86 186.8 126 258.8 350 662.0

-33 -27.4 7 44.6 47 116.6 87 188.6 127 260.6 400 752.0

-32 -25.6 8 46.4 48 118.4 88 190.4 128 262.4 450 842.0

-31 -23.8 9 48.2 49 120.2 89 192.2 129 264.2 500 932.0

-30 -22.0 10 50.0 50 122.0 90 194.0 130 266.0 600 1112.0

-29 -20.2 11 51.8 51 123.8 91 195.8 131 267.8 700 1292.0

-28 -18.4 12 53.6 52 125.6 92 197.6 132 269.6 800 1472.0

-27 -16.6 13 55.4 53 127.4 93 199.4 133 271.4 900 1652.0

-26 -14.8 14 57.2 54 129.2 94 201.2 134 273.2 1000 1832.0

-25 -13.0 15 59.0 55 131.0 95 203.0 135 275.0 1100 2012.0

-24 -11.2 16 60.8 56 132.8 96 204.8 136 276.8 1200 2192.0

-23 -9.4 17 62.6 57 134.6 97 206.6 137 278.6 1300 2372.0

-22 -7.6 18 64.4 58 136.4 98 208.4 138 280.4 1400 2552.0

-21 -5.8 19 66.2 59 138.2 99 210.2 139 282.2 1500 2732.0

-20 -4.0 20 68.0 60 140.0 100 212.0 140 284.0 1600 2912.0

-19 -2.2 21 69.8 61 141.8 101 213.8 141 285.8 1700 3092.0

-18 -0.4 22 71.6 62 143.6 102 215.6 142 287.6 1800 3272.0

-17 1.4 23 73.4 63 145.4 103 217.4 143 289.4 1900 3452.0

-16 3.2 24 75.2 64 147.2 104 219.2 144 291.2 2000 3632.0

-15 5.0 25 77.0 65 149.0 105 221.0 145 293.0

-14 6.8 26 78.8 66 150.8 106 222.8 146 294.8

-13 8.6 27 80.6 67 152.6 107 224.6 147 296.6

-12 10.4 28 82.4 68 154.4 108 226.4 148 298.4

-11 12.2 29 84.2 69 156.2 109 228.2 149 300.2

-10 14.0 30 86.0 70 158.0 110 230.0 150 302.0

-9 15.8 31 87.8 71 159.8 111 231.8 160 320.0

-8 17.6 32 89.6 72 161.6 112 233.6 170 338.0

-7 19.4 33 91.4 73 163.4 113 235.4 180 356.0

-6 21.2 34 93.2 74 165.2 114 237.2 190 374.0
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Fractional, Decimal and Circular Equivalents of an Inch

64ths (in) Fraction (in)
Decimal Circumference

(in)
Area (sq in)

(in) (mm)

1 -- 0.01563 0.397 0.049087 0.00019

2 1/32 0.03125 0.794 0.098175 0.00077

3 -- 0.04688 1.191 0.147262 0.00173

4 1/16 0.06250 1.588 0.196350 0.00307

5 -- 0.07813 1.984 0.245437 0.00479

6 3/32 0.09375 2.381 0.294524 0.00690

7 -- 0.10938 2.778 0.343612 0.00940

8 1/8 0.12500 3.175 0.392699 0.01227

9 -- 0.14063 3.572 0.441786 0.01553

10 5/32 0.15625 3.969 0.490874 0.01917

11 -- 0.17188 4.366 0.539961 0.02320

12 3/16 0.18750 4.763 0.589049 0.02761

13 -- 0.20313 5.159 0.638136 0.03241

14 7/32 0.21875 5.556 0.687223 0.03758

15 -- 0.23438 5.953 0.736311 0.04314

16 1/4 0.25000 6.350 0.785398 0.04909

17 -- 0.26563 6.747 0.834486 0.05542

18 9/32 0.28125 7.144 0.883573 0.06213

19 -- 0.29688 7.541 0.932660 0.06922

20 5/16 0.31250 7.938 0.981748 0.07670

21 -- 0.32813 8.334 1.030835 0.08456

22 11/32 0.34375 8.731 1.079922 0.09281

23 -- 0.35938 9.128 1.129010 0.10143

24 3/8 0.37500 9.525 1.178097 0.11045

25 -- 0.39063 9.922 1.227185 0.11984

26 13/32 0.40625 10.319 1.276272 0.12962

27 -- 0.42188 10.716 1.325359 0.13978

28 7/16 0.43750 11.113 1.374447 0.15033

29 -- 0.45313 11.509 1.423534 0.16126

30 15/32 0.46875 11.906 1.472622 0.17257

31 -- 0.48438 12.303 1.521709 0.18427

32 1/2 0.50000 12.700 1.570796 0.19635
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Fractional, Decimal and Circular Equivalents of an Inch

64ths (in) Fraction (in)
Decimal Circumference

(in)
Area (sq in)

(in) (mm)

33 -- 0.51563 13.097 1.619884 0.20881

34 17/32 0.53125 13.494 1.668971 0.22166

35 -- 0.54688 13.891 1.718058 0.23489

36 9/16 0.56250 14.288 1.767146 0.24850

37 -- 0.57813 14.684 1.816233 0.26250

38 19/32 0.59375 15.081 1.865321 0.27688

39 -- 0.60938 15.478 1.914408 0.29165

40 5/8 0.62500 15.875 1.963495 0.30680

41 -- 0.64063 16.272 2.012583 0.32233

42 21/32 0.65625 16.669 2.061670 0.33824

43 -- 0.67188 17.066 2.110758 0.35454

44 11/16 0.68750 17.463 2.159845 0.37122

45 -- 0.70313 17.859 2.208932 0.38829

46 23/32 0.71875 18.256 2.258020 0.40574

47 -- 0.73438 18.653 2.307107 0.42357

48 134 0.75000 19.050 2.356194 0.44179

49 -- 0.76563 19.447 2.405282 0.46039

50 25/32 0.78125 19.844 2.454369 0.47937

51 -- 0.79688 20.241 2.503457 0.49874

52 13/16 0.81250 20.638 2.552544 0.51849

53 -- 0.82813 21.034 2.601631 0.53862

54 27/32 0.84375 21.431 2.650719 0.55914

55 -- 0.85938 21.828 2.699806 0.58004

56 7/8 0.87500 22.225 2.748894 0.60132

57 -- 0.89063 22.622 2.797981 0.62299

58 29/32 0.90625 23.019 2.847068 0.64504

59 -- 0.92188 23.416 2.896156 0.66747

60 15/16 0.93750 23.813 2.945243 0.69029

61 -- 0.95313 24.209 2.994330 0.71349

62 31/32 0.96875 24.606 3.043418 0.73708

63 -- 0.98438 25.003 3.092505 0.76105

64 1 1.00000 25.400 3.141593 0.78540
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Bolts and Screws Information

US Wood Screw Sizes

US Sheet Metal Screw Sizes

Size
Thread Diameter

Pilot Hole Drill Size
Decimal (in) Nearest Fractional

4 .11 7/64 3/32

6 .14 9/64 7/64

8 .17 11/64 1/8

10 .19 3/16 9/64

12 .22 7/32 5/32

14 .25 1/4 3/16

Size
Number

Shank Diameter (in) Root Diameter (in)

Decimal Size
Nearest Fractional

Equivalent
Decimal Size

Nearest Fractional
Equivalent

Threads 
Per Inch

0 .060 1/16 .040 3/64 32

1 .073 5/64 .046 3/64 28

2 .086 3/32 .054 1/16 26

3 .099 7/64 .065 1/16 24

4 .112 7/64 .075 5/64 22

5 .125 1/8 .085 5/64 20

6 .138 9/64 .094 3/32 18

7 .151 5/32 .102 7/64 16

8 .164 5/32 .112 7/64 15

9 .177 11/64 .122 1/8 14

10 .190 3/16 .122 1/8 13

11 .203 13/64 .130 1/8 12

12 .216 7/32 .139 9/64 11

14 .242 1/4 .148 9/64 10

16 .268 17/64 .165 5/32 9

18 .294 19/64 .184 3/16 8

20 .320 5/16 .204 13/64 8
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Machine Screw Sizes with Tapping and Clearance Drills

Machine Screw Size

Threads
Per Inch

Tap Drills
75% Thread

Clearance Hole Drills
Close Fit Free Fit

No. or Dia.

Nominal
Dia. Drill 

Size
Decimal
Equiv. (in)

Decimal
Equiv.
(mm)

Drill 
Size

Decimal
Equiv. (in)

Drill 
Size

Decimal
Equiv. (in)

0 0.0600 80 3/64 0.0469 1.1913 52 0.0635 50 0.07

1 0.0730
64 53 0.0595 1.5113

48 0.0760 46 0.081
72 53 0.0595 1.5113

2 0.0860
56 50 0.0700 1.7780

43 0.0890 41 0.096
64 50 0.0700 1.7780

3 0.0990
48 47 0.0785 1.9939

37 0.1040 35 0.11
56 45 0.0820 2.0828

4 0.1120
40 43 0.0890 2.2606

32 0.1160 30 0.1285
48 42 0.0935 2.3749

5 0.1250
40 38 0.1015 2.5781

30 0.1285 29 0.136
44 37 0.1040 2.6416

6 0.1380
32 36 0.1065 2.7051

27 0.1440 25 0.1495
40 33 0.1130 2.8702

8 0.1640
32 29 0.1360 3.4544

18 0.1695 16 0.177
36 29 0.1360 3.4544

10 0.1900
24 25 0.1495 3.7973

9 0.1960 7 0.201
32 21 0.1590 4.0386

12 0.2160

24 16 0.1770 4.4958

2 0.2210 1 0.22828 14 0.1820 4.6228

32 13 0.1850 4.6990

14 0.2420
20 10 0.1935 4.9149

D 0.2460 F 0.2570
24 7 0.2010 5.1054

1/4 0.250

20 7 0.2010 5.1054

F 0.2570 H 0.26628 3 0.2130 5.4102

32 7/32 0.2188 5.5575

5/16 0.3125

18 F 0.2570 6.5278

P 0.3230 Q 0.33224 I 0.2720 6.9088

32 9/32 0.2812 7.1425

3/8 0.3750

16 5/16 0.3125 7.9375

W 0.3860 X 0.39724 Q 0.3320 8.4328

32 11/32 0.3438 8.7325

3/4 0.7500

10 21/32 0.6562 16.6675

49/64 0.7656 25/32 0.781216 11/16 0.6875 17.4625

20 45/64 0.7031 17.8587

13/16 0.8125 20 49/64 0.7656 19.4462 53/64 0.8281 27/32 0.8438

7/8 0.8750

9 49/64 0.7656 19.4462

57/64 0.8906 29/32 0.906214 13/16 0.8125 20.6375

20 53/64 0.8281 21.0337

15/16 0.9375 20 57/64 0.8906 22.6212 61/64 0.9531 31/32 0.9688

1 1.0000

8 7/8 0.875 22.2250

1/1/64 1.0156 1-1/32 1.031312 15/16 0.9375 23.8125

20 61/64 0.9531 24.2087
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US Bolt Sizes

Metric Bolt Sizes

Size
Designation

Bolt
Diameter
(mm)

Pitch
Diameter
(mm)

Pitch (mm/thread) Head/Wrench Size(mm)

Course Fine ANSI/ISO DIN JIS
DIN/ISO
Heavy Hex

M4 4 3.5453 .700 - 7 7 7 --

M5 5 4.4804 .800 - 8 8 8 --

M6 6 5.3505 1.00 - 10 10 10 --

M8 8 7.1881 1.25 1.00 13 13 12 --

M10 10 9.0257 1.50 1.25 16 17 14 --

M12 12 10.863 1.75 1.25 18 19 17 22/2

M14 14 12.701 2.00 1.50 21 22 19 -

M16 16 14.701 2.00 1.50 24 24 22 27

M20 20 18.376 2.50 1.50 30 30 -- 34/3

ANSI - American National Standards Institute
ISO - International Organization for Standardization

DIN - Deutsches Institut fur Normung
JIS - Japanese Industrial Standard

Bolt Size

Nominal Diameter Threads Per Inch (TPI) Head and Wrench Size

in mm
Coarse

ThreadUNC
Fine

ThreadUNF

Hex BoltLag
BoltSquare
Bolt

Heavy 
Hex Bolt

#6 0.1380 3.505 32 40 1/4 --

#8 0.1640 4.166 32 36 1/4 --

#10 0.1900 4.826 24 32 5/16 --

#12 0.2160 5.486 24 28 5/16 --

1/4 0.2500 6.35 20 28 7/16 or 3/8 --

5/16 0.3125 7.938 18 24 1/2 --

3/8 0.3750 9.525 16 24 9/16 --

7/16 0.4375 11.112 14 20 5/8 --

1/2 0.5000 12.7 13 20 3/4 7/8

9/16 0.5625 14.288 12 18 13/16 --

5/8 0.6250 15.875 11 18 15/16 1-1/16

3/4 0.7500 19.05 10 16 1-1/8 1-1/4

7/8 0.8750 22.225 9 14 1-5/16 1-7/16

1 1.0000 25.4 8 12* 1-1/2 1-5/8

1-1/8 1.1200 28.575 7 12 1-11/16 1-3/4

1-1/4 1.2500 31.75 7 12 1-7/8 2
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US Nut Sizes

Metric Nut Sizes

Nut Size
Diameter*
(mm)

Hex Nut
Height (mm)
Jam Nut

Nylock Nut

2 4 1.6 1.2 -

2.5 5 2 1.6 -

3 5.5 2.4 1.8 4

4 7 3.2 2.2 5

5 8 4 2.7 5

6 10 5 3.2 6

7 11 5.5 3.5 -

8 13 6.5 4 8

10 17 8 5 10

12 19 10 6 12

14 22 11 7 14

16 24 13 8 16

18 27 15 9 18.5

20 30 16 10 20

* Measurement across the flats…also the size of wrench to use.

Size
Diameter* (in) Height (in)

Hex Nut
Machine
Screw Nut

Hex Nut Jam Nut Nylock Nut
Machine
Screw Nut

2 - 3/16 - - 9/64 1/16

3 - 3/16 - - 9/64 1/16

4 - 1/4 - - 9/64 3/32

6 - 5/16 - - 11/64 7/64

8 - 11/32 - - 15/64 1/8

10 - 3/8 - - 15/64 1/8

12 - 7/16 - - 5/16 5/32

1/4 7/16 7/16 7/32 5/32 5/16 3/16

5/16 1/2 9/16 17/64 3/16 11/32 7/32

3/8 9/16 5/8 21/64 7/32 29/64 1/4

7/16 11/16 - 3/8 1/4 29/64 -

1/2 3/4 - 7/16 5/16 19/32 -

9/16 7/8 - 31/64 5/16 41/64 -

5/8 15/16 - 35/64 3/8 3/4 -

3/4 1-1/8 - 41/64 27/64 7/8 -

7/8 1-5/16 - 3/4 31/64 63/64 -

1 1-1/2 - 55/64 35/64 1-3/64 -

* Measurement across the flats…also the size of wrench to use
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Common Engineering Codes and Standards

Standards and Specifications Organizations

Power System Equipment and Practices

AEIC - The Association of Edison Illuminating Companies, http://www.aeic.org/

ANSI - American National Standards Institute, http://www.ansi.org/

AWPA - American Wood Preservers Association, http://www.awpa.com/

DOE - Department of Energy, http://www.hss.energy.gov/nuclearsafety/techstds/

ICEA - The Insulated Cable Engineers Association, http://www.icea.net/

IEEE - Institute of Electrical & Electronics Engineers, http://www.ieee.org/

NEMA - National Electrical Manufacturers Association Collection, http://www.nema.org/

RUS/REA – Rural Utility Bulletins, http://www.usda.gov/rus/electric/bulletins.htm

General Health and Safety

NFPA  - National Fire Protection Association, http://www.nfpa.org/

OSHA - Occupational Safety & Health Administration, http://www.osha.gov/

UL - Underwriters Laboratories, http://www.ul.com/

Testing and Measurement

ASTM International - American Society for Testing and Materials, http://www.astm.org/

NIST – National Institute of Standards and Technology, http://www.nist.gov/

Communications

FCC – Federal Communications Commission, http://www.fcc.gov/

TIA - Telecommunications Industry Association, http://www.tiaonline.org/

ETSI -European Telecommunications Standards Institute, http://www.etsi.org

International

BSI - British Standards Institution, http://www.bsi-global.com/

CSA - Canadian Standards Association International, http://www.csa.ca/

IEC - International Electrotechnical Commission, http://www.iec.ch/

ISO - International Organization for Standardization, http://www.iso.org

JSA - Japanese Standards Association, http://www.jsa.or.jp/default_english.asp

http://www.jsa.or.jp/default_english.asp
http://www.iso.org
http://www.iec.ch/
http://www.csa.ca/
http://www.bsi-global.com/
http://www.etsi.org
http://www.tiaonline.org/
http://www.fcc.gov/
http://www.nist.gov/
http://www.astm.org/
http://www.ul.com/
http://www.osha.gov/
http://www.nfpa.org/
http://www.usda.gov/rus/electric/bulletins.htm
http://www.nema.org/
http://www.ieee.org/
http://www.icea.net/
http://www.hss.energy.gov/nuclearsafety/techstds/
http://www.awpa.com/
http://www.ansi.org/
http://www.aeic.org/
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National Electric Safety Code (NESC)

IEEE C2-2007 - This standard covers basic provisions for safeguarding of persons from hazards arising

from the installation, operation, or maintenance of (1) conductors and equipment in electric supply

stations, and (2) overhead and underground electric supply and communication lines. It also includes

work rules for the construction, maintenance, and operation of electric supply and communication lines

and equipment. The standard is applicable to the systems and equipment operated by utilities, or similar

systems and equipment, of an industrial establishment or complex under the control of qualified persons.

National Electric Code (NEC)

NFPA 70-2005 - This code covers the installation of electrical conductors, equipment, and raceways;

signaling and communications conductors, equipment, and raceways; and optical fiber cables and

raceways for the following: (1) Public and private premises, including buildings, structures, mobile

homes, recreational vehicles, and floating buildings (2) Yards, lots, parking lots, carnivals, and industrial

substations (for additional information concerning such installations in an industrial or multibuilding

complex, see ANSI C2, National Electrical Safety Code) (3) Installations of conductors and equipment

that connect to the supply of electricity (4) Installations used by the electric utility, such as office

buildings, warehouses, garages, machine shops, and recreational buildings, that are not an integral part

of a generating plant, substation, or control center.

IEEE Color Books - Recommended Practice for Industrial/Commercial Power Systems
IEEE 141 (Red Book) - Recommended practice for electric power distribution for industrial plants  

IEEE 142 (Green Book) - Recommended practice for grounding of industrial and commercial power

systems  

IEEE 241 (Gray Book) - Recommended practice for electric power systems in commercial buildings

IEEE 242 (Buff Book) - Recommended practice for protection and coordination of industrial and

commercial power systems

IEEE 399 (Brown Book) - Recommended practice for industrial and commercial power systems analysis

IEEE 446 (Orange Book) - Recommended Practice For Emergency And Standby Power Systems For

Industrial And Commercial Applications  

IEEE 493 (Gold Book) - Recommended practice for the design of reliable industrial and commercial

power systems

IEEE 551 (Violet Book) - Recommended Practice for Calculating Short-Circuit Currents in Industrial and

Commercial Power Systems  

IEEE 602 (White Book) - Recommended Practice for Electric Systems in Health Care Facilities  

IEEE 739 (Bronze Book) - Recommended Practice For Energy Management In Industrial And

Commercial Facilities  

IEEE 902 (Yellow Book) - Guide for maintenance, operation, and safety of industrial and commercial

power systems  

IEEE 1015 (Blue Book) - Recommended Practice for Applying Low Voltage Circuit Breakers Used in

Industrial and Commercial Power Systems  

IEEE 1100 (Emerald Book) - Recommended Practice for Powering and Grounding Electronic Equipment
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Power Quality and Reliability
ANSI C84.1 - Voltage Ratings for Electric Power Systems

IEEE 519 - Recommended practices and requirements for harmonic control in electrical power systems

IEEE 1366 - Guide for electric power distribution reliability indices

Health and Safety
IEEE 1584 - Guide for Performing Arc-Flash Hazard Calculations  

OSHA 29-CFR, Part 1910 Occupational Safety and Health Standards, Sub part S (Electrical)

Power Equipment
Motors and Generators

IEEE 112-- Standard Test Procedure for Polyphase Induction Motors and Generators

IEEE 114 - Test Procedure for Single-Phase Induction Motors  

IEEE 115 - Test Procedures for Synchronous Machines  

NEMA MG1 - Motors and Generators

Transformers and Regulators

ANSI C57.12.00 - General Requirements for Liquid-Immersed Transformers

ANSI C57.12.10 - Requirements for Substation Type Transformers

ANSI C57.15 - Requirements, terminology, and test code for step-voltage regulators

ANSI C57.12.20 - Requirements for Overhead Type Distribution Transformers

ANSI C57.12.25 - Requirements for Padmounted Single-phase Type Distribution Transformers

ANSI C57.12.28 - Pad-mounted Equipment - Enclosure Integrity

ANSI C57.12.29 - Pad-mounted Equipment - Enclosure Integrity for Coastal Environments

ANSI C57.12.34 - Requirements for Padmounted Three-phase Type Distribution Transformers

ANSI C57.12.24 - Requirements for Underground Type Distribution Transformers

ANSI C57.12.70 - Terminal Markings and Connections for Distribution Transformers

ANSI C57.12.80 - Standard Terminology for Power and Distribution Transformers

ANSI C57.12.90 - Standard Test Code for Liquid-filled Transformers

ANSI C57.19.xx - General Requirements and Test Procedure for Power Apparatus Bushings    

ANSI C57.91.xx - Guide for Loading Mineral-Oil Immersed Transformers

ANSI C57.96 - Guide for loading dry-type distribution and power transformers 

ANSI C57.131- Standard requirements for load tap changers

ANSI C57.134 - Guide for determination of hottest-spot temperature in dry-type transformers   

ANSI C57.100 - Standard test procedure for thermal evaluation of liquid-filled transformers

ANSI C57.105 - Guide for application of transformer connections in 3-ph distribution systems

NEMA TR1 - Transformers, Regulators and Reactors

IEEE 1538 - Guide for Determination of Maximum Winding Temperature Rise in 

Liquid-Filled Transformers
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Capacitors and Reactors

ANSI C57.21- Requirements, terminology, and test code for shunt reactors rated over 500 kVA

ANSI C57.16 - Requirements, terminology, and test code for dry-type air-core series-connected reactors

IEEE 1036 - Guide for application of shunt power capacitors

IEEE 824/825 - Standard for Series Capacitor Banks in Power Systems

Power Switchgear, Circuits and Fuses

ANSI C37.06 - Requirements for AC High-Voltage Circuit Breakers  

ANSI C37.23 - Standard for Metal-Enclosed Bus  

ANSI C37.40 - Standard service conditions and definitions for high-voltage fuses, distribution enclosed

single-pole air switches, fuse disconnecting switches, and accessories  

ANSI C37.41 - Standard design tests for high-voltage fuses, distribution enclosed single-pole air switches,

fuse disconnecting switches, and accessories

ANSI C37.42 - Standard Specification for High-Voltage Expulsion Type Distribution Class Fuses, Cutouts,

Fuse Disconnecting Switches and Fuse Links

ANSI C37.48 - Guide for Operation, Classification, Application, Coordination of Current Limiting Fuses

ANSI C37.60 - Requirements for Automatic Circuit Reclosers for AC Systems

ANSI C37.63 - A Requirements for Automatic Line Sectionalizers for AC Systems

ANSI C37.66 - Requirements for Capacitor Switches for AC Systems

ANSI C37.74 - Requirements for subsurface, vault, and pad-mounted load-interrupter switchgear and fused

load-interrupter switchgear for AC Systems

ANSI C37.100 - Standard definitions for power switchgear  

IEEE 1247 - Standard for Interrupter Switches for Alternating Current, Rated Above 1000 V  

Lines and Cable Systems

AEIC CG1 - Guide for Establishing the Maximum Operating Temperatures of Impregnated Paper and

Laminated Paper Polypropylene Insulated Cables

AEIC CG5 - Underground Extruded Power Cable Pulling Guide

AEIC CG6 - Guide for Establishing the Maximum Operating Temperatures of Extruded Dielectric Insulated

Shielded Power Cable

AEIC CG10 - Guide for Developing Specifications for Extruded Power Cables Rated 5 through 46 kV

AEIC CS8 - Specification for Extruded Dielectric Shielded Power Cables Rated 5 through 46 kV

ANSI C135.61 - IEEE Standard for the testing of overhead transmission and distribution line hardware  

ANSI C119.4 - NEMA Standard for Copper and Aluminum Conductor Connectors

ANSI C37.114 - IEEE Guide for Determining Fault Location on AC Transmission and Distribution Lines

ASTM B230 - Specification for Aluminum 1350-H19 wire for electrical purposes

ASTM  B231 - Specification for Concentric-Lay-Stranded Aluminum 1350 Conductors

ASTM B398 - Specification for Aluminum Alloy 6201-T81 Wire for Electrical Purposes

ASTM B399 - Specification for Concentric-Lay-Stranded 6201-T81 Aluminum Alloy Conductors

ASTM B609 - Specification for Aluminum Wire, Annealed and Intermediate Tempers for 

Electrical Purposes.
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ASTM B 901 - Specification for Compressed Round Standard Aluminum Conductors Using Single Input

Wire Construction

ICEA S-76-474 - Neutral Supported Power Cable Assemblies with Weather-Resistant Extruded Insulation

Rated 600 Volts  

ICEA S-70-547 - Weather Resistant Polyethylene Covered Conductors

ICEA S-81-570 - 600 Volt Rated Cables of Ruggedized Design for Direct Burial Installations as Single

Conductors or Assemblies of Single Conductors

ICEA S-94-649 - Concentric Neutral Cables Rated 5 Through 46 kV

ICEA S-97-682 - Utility Shielded Power Cables Rated 5 Through 46 kV

ICEA S-105-692 - 600 Volt Single Layer Thermoset Insulated Utility Underground Distribution Cables

IEEE 48 - Standard Test Procedures and Requirements for AC Cable Terminations

IEEE 835 - Standard Power Cable Ampacity Tables

IEEE 386 - Standard for Separable Insulated Connector Systems for Power Distribution Systems

IEEE 400.x - Guide for field testing and evaluation of the insulation of shielded power cable systems

IEEE 404 - Standard for extruded and laminated dielectric shielded cable joints

IEEE 442 - Guide for soil thermal resistivity measurements 

IEEE 957 - Guide for Cleaning Insulators  

IEEE 516 - Guide for maintenance methods on energized power lines  

IEEE 532 - Guide for selecting and testing jackets for underground cables

Protection and Relaying
ANSI C62.2 - IEEE Standard for gapped silicon-carbide surge arresters for AC power circuits

ANSI C62.2 - IEEE Guide for the application of gapped silicon-carbide surge arresters for AC systems  

ANSI C62.11 - IEEE Standard for Metal Oxide Surge Arresters

ANSI C62.22 - IEEE Guide for the application of metal-oxide surge arresters for AC systems

ANSI C62.37 - IEEE Guide for the application of thyristor surge protective devices

ANSI C37.90.x - IEEE Standard for Relays and Relay Systems

ANSI C37.91 - IEEE Guide for protective relay applications to power transformers

ANSI C37.97 - IEEE Guide for protective relay applications to power system buses  

ANSI C37.99 - IEEE Guide for the protection of shunt capacitor banks

ANSI C37.104 - IEEE Guide for automatic reclosing of line circuit breakers

ANSI C37.108 - IEEE Guide for the Protection of Network Transformers

ANSI C37.109 - IEEE Guide for the Protection of Shunt Reactors

ANSI C62.92.x - IEEE Guide for the application of neutral grounding in electrical utility systems  

IEEE 1048 - Guide for protective grounding of power lines

IEEE 1313.x - Standard for insulation coordination; guide for application

IEEE 1410 - Guide for improving the lightning performance of overhead distribution lines

IEEE 1299/C62.22.1 - Guide for the connection of surge arresters to protect insulated, shielded electric

power cable systems
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Materials and Testing
ANSI 05.1 - Specifications and Dimensions for Wood Poles

ANSI 05.3 Solid Sawn-Wood Crossarms and Braces Specifications and Dimensions

ASTM A-36  Standard for Carbon Structural Steel

ASTM A153D  Hot dip galvanized steel

ANSI C29.1  NEMA Test Methods for Electrical Power Insulators

ANSI C29.2 NEMA Wet Process Porcelain and Toughened Glass - Suspension Type

ANSI C29.3 NEMA Wet Process Porcelain and Toughened Glass - Spool Type

ANSI C29.4 NEMA Wet Process Porcelain and Toughened Glass - Strain Type

ANSI C29.5 NEMA Wet Process Porcelain and Toughened Glass - Low and Medium Voltage Type

ANSI C29.6 NEMA Wet Process Porcelain and Toughened Glass - High Voltage Pin Type

ANSI C29.6 NEMA Wet Process Porcelain and Toughened Glass - High Voltage Post Type

IEC 60437 - Radio Interference test on high voltage insulators

NEMA TC2 - Electrical Plastic Tubing (EPT) and Conduit (EPC-40) and (EPC-80)

NEMA TC6 - PVC and ABS Plastic Utilities Duct for Underground Installation

NEMA TC8 - Duct for Underground Installation, Extra-Strength PVC Plastic Utilities

NEMA TC19 - Nonmetallic Riser U-Type Guards

UL 651 - Standard for Safety Schedule 40 and 80 Rigid PVC Conduit and Fittings

RUS/REA Bulletins
1724D-112 - Application of Capacitors on Rural Electric Systems

1724E-104 - Reduced Size Neutral Conductors for Overhead Rural Distribution Lines

1724E-153 - Electric Distribution Line Guys and Anchors

1724E-300 - Design Guide for Rural Substations

1724E-301 - Guide for the Evaluation of Large Power Transformer Losses

1728-F-700 - Specification for Wood Poles, Stubs, and Anchor Logs

1728H-701 - Specifications for wood crossarms, transmission timbers, and pole keys
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Arc-Flash Hazard Calculations
Arc-flash hazard is a dangerous condition associated with the release of energy caused by an electric arc.

When phase conductors are shorted and the air is ionized, an arcing fault or electric arc can occur. Electric

arcs create plasma, hot vapors, and gases that can rise to 23,000°F. The radiant heat produced can

severely burn human skin and ignite clothing more than 10 feet away. Molten metal can be blasted from

the fault location outward in a radial direction and shock waves produced by the rapid expansion of

gasses can blow personnel off their feet. The radiant heat, light, pressure and sound waves produced can

cause blindness, hearing loss, severe injuries and death. 

Considering the risk of personal injury, there are several standards and regulations that address arc-flash

hazards. Some of the most relevant are:

• IEEE Std 1584-2002, IEEE Guide for Performing Arc-Flash Hazard Calculations

• National Fire Protection Association (NFPA) Standard 70 or The National Electric Code

(NEC), Article 110.16

• NFPA 70E-2000 Standard for Electrical Safety Requirements for Employee Workplaces

• OSHA Standards 29-CFR, Part 1910 Sub part S (electrical) Standard number 1910.333.

The arc-flash hazard calculations in this guide are based on IEEE Standard 1584TM-2002. All cautions

and disclaimers in Clause 4.1 of the IEEE Standard also apply to the use of this guide. 

Model for Incident Energy Calculation (from IEEE 1584)

Incident energy is the amount of thermal energy to which a worker's face and chest could be exposed at

the working distance during an electrical arc event. Incident energy is measured in joules per centimeter

squared (J/cm2) or calories per centimeter squared (cal/cm2). Incident energy of 1.2 calories/cm2 or 5.02

Joules/cm2 will cause a second-degree burn to human skin.

An empirically derived model is available to calculate incident energy fora

• Voltages in the range of 208 V - 15000 V, three-phase

• Frequencies of 50 Hz or 60 Hz

• Bolted fault current in the range of 700 A - 106000 A

• Grounding of all types and ungrounded

• Equipment enclosures of commonly available sizes

• Gaps between conductors of 13 mm - 152 mm

• Faults involving three-phases

For applications outside the scope of the empirical model (e.g. voltages over 15 kV), a more 

conservative theoretical model based on a paper by Leeb can be applied.

a IEEE Std 1584-2002, IEEE Guide for Performing Arc-Flash Hazard Calculations
b Lee, R., "The Other electrical Hazard: Electrical Arc Blast Burns," IEEE Transactions on Industry Applications, vol 1A-18, no. 3, p. 246, May/June 1982
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Incident Energy Calculation (from IEEE 1584)

The key output of an arc-flash calculation is the incident energy (which is used to determine the

protective boundary and level of PPE needed). The key input to the incident energy calculation is the

log (base 10) of the predicted arcing current (Ia). The log of Ia is calculated as:

where

log is log base 10 (log10)

Ia is the predicted arcing fault current (kA)

K is –0.153 for open configurations (no enclosure) and

is –0.097 for box configurations (enclosed equipment)

Ibf is the available 3-phase, symmetrical RMS bolted fault current (kA)

V is the system voltage (kV)

G is the gap between conductors (mm), see Table 10.6 below

The log of the incident energy normalized (En) is calculated using log(Ia) and then used to find the

incident energy E.

where

En is the normalized incident energy (J/cm2)

K1 is –0.792 for open configu rations (no enclosure) and

is –0.555 for box configurations (enclosed equipment)

K2 is 0 for ungrounded and high resistance systems and

is –0.113 for grounded systems

G is the gap between conductors (mm), see Table 10.6 below

Finally, the incident energy is obtained from En as follows:

where

E is incident energy (J/cm2)

Cf is 1.0 for voltages above 1 kV and

is 1.5 for voltages at or below 1 kV

En is the normalized incident energy

t is the arcing time (sec)

D is the distance from the arc point to the person (working distance in mm)

x is the distance exponent from Table 10.1



Flash-Protection Boundary Calculation (from IEEE 1584)

The flash protection boundary is an approach limit at a distance from live parts that are uninsulated

or exposed, within which a person could receive a second-degree burn. A worker entering the flash

protection boundary must be qualified and must be wearing appropriate PPE (see Table 10.7). 

For the IEEE 1584 empirical derived model, the flash protection boundary, DB, is:

For the Lee theoretically derived model, the flash protection boundary, DB, is:

where

DB is the distance of the boundary from the arcing point (mm)

Cf is 1.0 for voltages above 1 kV and

is 1.5 for voltages at or below 1 kV

En is the normalized incident energy

EB is the incident energy in J/cm2 at the boundary distance

x is the distance exponent from Table 10.6

t is the arcing time (sec)

Ibf is the available 3-phase, symmetrical RMS bolted fault current (kA)
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Incident Energy Calculation (from IEEE 1584) (cont’d)

For cases where parameters (V, G) are outside the range of the empirical model, the theoretical (Lee),

model can be used to compute the incident energy as follows:

where

E is incident energy (J/cm2)

V is the system voltage (kV) 

t is the arcing time (sec)

D is the distance from the arc point to the person (working distance in mm)

Ibf is the available 3-phase, symmetrical RMS bolted fault current (kA)
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Level of PPE 
Based on the incident energy at the working distance, a minimum rating for Personal Protective

Equipment (PPE) is recommended by NFPA 70E-2000. The minimum PPE rating is expressed in calories

per centimeter squared and reflects the thermal capability of the material to prevent a second degree burn

due to arc flash. The Categories of PPE as described in NFPA 70E are shown below. 

Table 10.2  Personal Protective Equipment Class, Rating and Description

Personal Protective Equipment Class, Rating and Description

PPE Class Incident EnergyCal/cm2 Clothing Description
0 1.2 Untreated Cotton

1 5 Flame retardant (FR) shirt and pants

2 8 Cotton underwear, FR shirt and FR pants

3 25 Cotton underwear, FR shirt and pants, and FR coveralls

4 40 Cotton underwear, FR shirt and pants, and double layer switching coat and pants

Table 10.1  Factors for Equipment Voltage and Classes (permission needed)a

Factors for Equipment Voltage and Classes 

System Voltage, V (kV) Equipment Type Typical bus gaps, G (mm) Distance factor, x

.208 - 1.0

Open air 10 - 40 2.000

Switchgear 32 1.473

MCC and panels 25 1.641

Cable 13 2.000

>1.0 - 5.0 

Open air 102 2.000

Switchgear 13 - 102 0.973

Cable 13 2.000

>1.0 - 15

Open air 13 - 153 2.000

Switchgear 153 0.973

Cable 13 - 102 2.000
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System Grounding Principles
This papera is intended to give an overview of the various relationships between neutral currents, ground

currents, electrode impedances and voltage potentials that are encountered in the grounding of

multigrounded wye distribution systems. This system configuration is the most commonly used config-

uration among U.S. domestic utilities. Voltages range from 4.16/2.4 kV to 34.5/19.9 kV. The most

common system voltages are 15 kV and 25 kV class systems with nominal operating voltages on rural

systems generally being 12.47/7.2 kV and 24.9/14.4 kV. The paper is intended to review the relationships

which might be encountered due to system grounding and provide an overview of common installations

and their relative effectiveness.

The NESC requires multigrounded distribution system neutrals to be effectively grounded (Rule 96C).

The definition of effectively grounded is as follows:

Effectively Grounded. Intentionally connected to earth through a ground connection or

connections of sufficiently low impedance and having sufficient current-carrying capacity 

to limit the buildup of voltages to levels below that which may result in undue hazard to

persons or to connected equipment.

Effective grounding, or earthing, of the distribution system neutral is necessary to achieve several

objectives, the most important of which is the safety of the public and utility personnel. The effectiveness

of the grounding system also affects system reliability, power quality, and the longevity of both utility

and customer equipment. Effective grounding and bonding reduces voltages between adjacent grounded

facilities within utility and public/customer installations. 

For all of these objectives, the general method to achieve maximum effectiveness of the utility grounding

system is to establish the best practical connection between the neutral conductor and the earth.

Decreasing the resistance in this connection reduces both:

• the effect of lightning discharges on or near utility or customer facilities, and 

• the effect of neutral-to-earth (NTE) voltages that may exist between the neutral and earth. 

A low neutral-to-earth impedance is particularly important when the distribution system neutral is

connected to metallic objects that are accessible to the public. These objects include guy wires, pole

grounds and the customer-owned wiring and plumbing within a residence or other building. If these

classes of metallic objects are not interconnected to the distribution system neutral, there could be a

strong local voltage difference between these objects, either on the utility facilities or within customer

premises. Bonding of grounded conductors of circuits entering customer facilities is required to assure

the safety and reliability of customer equipment.

The importance of effective grounding and bonding is recognized by both the National Electrical Safety

Code (NESC) (ANSI C2) and the National Electrical Code (NFPA 70). Both codes require intercon-

nection of the power, telephone, CATV, and customer grounding conductors at the served installation, in

order to limit voltage potentials that may be hazardous to personnel or equipment.

Another area where interconnection of system neutrals is important is with the other utilities, principally

communication utilities, that occupy joint use structures and enter the same customer premises as the

a Reprinted with approval of the IEEE and permission of the authors Edward S. Thomas, E.S., Richard A Barber, John B. Dagenhart, Allen L. Clapp, from Distribution
System Grounding Fundamentals, Rural Electric Power Conference, 2004, May 2004
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electric system neutral. In order for joint-use occupants to minimize utility structure size, adjacent

grounded facilities must be bonded. Otherwise, workers could be exposed to steady state and/or transient

voltages between metallic objects within close proximity to each other. Of course, when bonding

interconnects the electric utility distribution system neutral with messengers or cable shields of

communication utilities, any NTE voltages on the distribution system neutral are imposed on the

communication utilities. This results in communications utility messengers and cable shields sharing the

flow of neutral currents. Consequently, it is important for the electric utility to be effectively grounded to

minimize the existence of these currents.

Neutral-to-Earth Impedance

The effective impedance of a neutral-to-earth connection is significantly affected by the area and shape

of the electrode, the depth of the electrode, and the resistivity of the earth surrounding the electrode.

As the surface area of the electrode increases, current density across the surface decreases. Since

electrical losses in the form of heating are a function of the square of the current flow (I2R), a larger

surface area (a) produces less heating (drying) of the earth around the electrode for the same overall

current flowing across the electrode and, thus, (b) allows more current to flow through the earth

surrounding the electrode for a longer period of time. Just as an incandescent bulb (a high-intensity point

source of light) is more difficult to view with the eye than a fluorescent bulb with the same total light

output (a low-intensity, linear light source with more surface area), a linear ground electrode, such as a

rod or strip, is often more effective than a plate or coiled electrode, because the former have access to

more earth with which to dissipate the energy.

As soil depth increases, so generally does both moisture and pressure, both of which increase soil

conductivity and reduce resistance of the electrode/soil interface.

The resistivity of the soil significantly affects the ability of an electrode to transfer current to the earth

from utility system electrodes. A value of 100 Ω-m (ohm-meters) is commonly used to represent typical

earth resistivity around utility ground electrodes. An earth resistivity of 30 Ω-m (3000 Ω-cm) or less is

considered by the NESC to be low resistivity (NESC Committee comments in 15 August 1973 Draft of

NESC Part 2 1977 Edition). However, the resistivity of dry sands and gravels can be 1000 – 3000 Ω-m

or even higher. Therefore, the resistance of an electrode in such soil can be more than an order of

magnitude (10 times) higher than shown by a typical calculation assuming 100 Ω-m. The value of soil

resistivity must be known with a reasonable degree of certainty before any meaningful calculations can

be made. 

Types of Grounding Electrodes

The electric utility distribution system, due to its versatility and interconnection with other utilities, offers

a wide variety of grounding electrode categories. It is important to understand the properties and function

of each type of grounding electrode.

A. Substation Grounds

The ground mat at the substation serving as a source for the distribution circuit is one of the paths for

neutral current to return to the transformer neutral connection. While distribution system neutral grounds

near the substation may also pick up some of the earth return current, the substation ground mat is
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generally the principal route for earth currents. This is due to the relatively low resistance of this element

when compared with the resistance of other ground connections in the vicinity of the substation. The

resistance of substation ground mat should always be less than 10 ohms. Typical ground system

impedances for small substations with lower fault currents generally fall between 2 and 7 ohms. With

good design, mats which cover large areas may achieve impedances of less than one ohm. The higher the

available fault current or the net neutral current in the station, the greater will be the need for an effective,

low-impedance ground system. See IEEE Standard 80-2000 for methods to limit touch, step and mesh

potentials.

B. Distribution System Neutral Grounds

NESC Rules 96C and 97C require that a neutral on multigrounded wye distribution systems have a

minimum of four ground connections in each mile. The four-grounds-per-mile rule also applies to URD

cables with insulating jackets. Treatment of these underground cable grounding electrodes should be the

same as with the distribution system neutral grounds. 

Distribution system neutral grounds are generally the same configuration as equipment grounds and

typically have the same resistance characteristics.

C. Equipment Grounding Electrodes

Equipment grounding electrodes are normally driven ground rods. The requirements for equipment

grounding electrodes are found in NESC Rule 94. These are installed for each distribution transformer or

lightning arrester installation. The NESC requires a minimum electrode nominal diameter of 1/2" or 5/8",

depending upon material, and a minimum buried length of 8'. This resistance achieved with a 5/8”

diameter 8 ft long rod is approximately 40 Ω in 100 Ω-m soil or approximately 12 Ω in 30 Ω-m soil.

Actual installed resistance will vary widely depending upon soil resistivity. These ground rod electrodes

may be used to meet both the transformer grounding requirements and the four-grounds-per-mile

requirement of NESC Rules 96C and 97C.

D. Pole Grounds

On some systems, it is common to install a pole ground at each pole to (a) protect the pole from lightning

until the conductors are installed and (b) help decrease NTE impedance after the neutral is installed.

These pole grounds generally consist of a grounding conductor installed from the neutral of the distri-

bution system down the pole to the butt. In some cases the pole ground will extend to the top of the pole.

The butt end of the pole ground is commonly terminated in a butt wrap on the last two feet of the pole

or a butt coil on the base of the pole. In some cases the pole ground is attached to a butt plate (in lieu of

a butt coil) which provides a plate electrode approximately the diameter of the pole butt. 

The 60 Hz resistance of pole grounds is generally high. This is due to the small diameter of the conductor,

the shading effect of the non-conductive pole and the relatively poor contact of the conductor with the

surrounding soil (i.e., backfill). On some types of poles, the leaching of the preservative may form a high

resistance film between the grounding conductor and the surrounding earth. The pole butt plates, if they

do not develop an insulating film, may have a 60 Hz resistance of approximately 150 ohms in 100 ohm-

meter soil. These butt-wrap and butt-plate/coil pole ground electrodes are not as effective as a driven

ground rod and may not be used as the sole electrode at a transformer/arrester location (NESC Rule

94B4a). However, if installed in an area with low soil resistivity (30 Ω-m or less), one such electrode
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may be considered as half of an electrode for purposes of meeting the four-grounds-per-mile

requirements of NESC Rules 96C and 97C.

E. Customer Grounds

National Electrical Code (NFPA 70) Article 250.52 requires that all customers receiving electric service

attach a grounding conductor from the service entrance equipment to an existing electrode or a made

electrode installed for the purpose. The minimum dimensions for ground rod electrodes are 5/8" x 8'. If

a single electrode does not have a resistance of less than 25 ohms, the installation of a second electrode

is required. Experience indicates that the average electrode resistance achieved by the customer is greater

than 25 ohms, unless soil resistivity is significantly less than 100 Ω-m (i.e., 60 Ω-m) or a multiple-

electrode grounding electrode system is used. Another factor causing high customer ground resistance is

the practice of driving rods immediately adjacent to building foundations where soil moisture content

(and thus conductivity) may be lower.

F. URD Cable with Bare Concentric Neutral and Counterpoise Conductors in Direct Contact with Earth

For purposes of grounding calculations, the concentric neutral on older underground residential distri-

bution cables with bare neutral wires in direct contact with earth (not in conduit) can be treated as an

equivalent counterpoise conductor. NESC Rule 94B5 allows 100 ft of bare concentric neutral cable (or

cable with a semiconducting jacket of 100 Ω-m or less radial resistivity) to be considered as equivalent

to a ground rod. When placed in soil of 100 Ω-m resistivity, the neutral-to-earth impedance is approxi-

mately 6 Ω. The 60 Hz impedance of a counterpoise can be calculated using Reference B7 (Equations

5.13 and 5.14) and Reference C4 (pages 307-312). A reasonable estimate for a 250-foot length of 15 kV

unjacketed cable with a full concentric neutral would be between 2.0 ohms and 2.6 ohms at 60 Hz in 100

ohm-meter soil. At underground riser poles this resistance can be considered as being connected in

parallel with the ground rod normally installed at that location. When depending on a counterpoise as the

principal electrode at a location, careful consideration should be given to seasonal variations in soil

resistivity at the counterpoise burial depth.

G. Metallic Water Distribution Systems

Article 250.104 of the National Electrical Code requires that all customer neutrals be interconnected

(bonded) with metallic water piping within the customer’s premises. The purpose of this requirement is

to eliminate any voltage differential between these systems and, thereby, minimize the opportunity for

shock to customers in contact with both water piping and an electrical appliance connected to the distri-

bution system neutral. By virtue of this bonding, any neutral voltage existing on the distribution system

can impose a current onto the customer service. This current is distributed to earth through the customer

piping and/or any interconnected municipal water supply piping. Of course, the use of plastic pipe in the

customer’s water service or in the community water distribution systems limits the flow of earth return

current to those interconnected metallic piping sections which are in contact with earth. 

If the customer has a 100 foot section of 3/4" copper line between the water meter and house, resistance

of this line section will be approximately 5.8 ohms and will be in a parallel path with other distribution

system neutral earth connections. If the copper service line is connected into 1000 feet of 6 inch bare

metallic water distribution main, the resistance to earth of that pipe section would be approximately 0.6

ohms in 100 Ω-m earth. It is apparent that some sections of community water distribution systems can

be very effective ground paths for neutral return current, even if the piping is not continuous back to the
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distribution substation which is the source of the distribution circuit. By being connected in parallel with

the customer distribution service entrance ground, any existing water system grounds will greatly reduce

the effective ground electrode resistance of the average customer service.

Neutral-To-Earth Voltage Sources

The voltage between a neutral and nearby earth can originate with a variety of sources and can take at

least two distinct forms. The area of most common concern from a public safety standpoint is the 60 Hz

voltage that may exist between objects connected to the neutral and earth. This is particularly important

as the distance increases between the bonded object and an effective grounding electrode. Both the

magnitude and duration of the NTE voltage are important factors.

A second type of voltage that will appear between neutral and earth is the extremely short duration

transient occurring when lightning is dissipated into the earth, either through a direct strike to the utility

neutral or when surge protection equipment passes the lightning stroke charge from energized conductors

to the neutral and its interconnected grounding electrodes. This typically occurs as a high frequency, steep

wavefront event, such as a ½ x 50 microsecond or longer waveform.

A. Steady-State 60 Hz Voltage

Figure 10.1 shows a simplified multigrounded wye distribution system with multiple ground connections

on the primary neutral and multiple customer loads. Magnitudes and directions of current flow shown in

Figure 10.1 are simplified for discussion purposes and may vary greatly depending on local conditions.

The following discussions will further simplify this circuit in order to show the effect of different

conditions.

Figure 10.1 Simplified Multigrounded wye distribution system primary neutral circuit

The predominant source of NTE voltage is the steady-state condition that is created by voltage drop in

the system neutral conductor as current passes through this conductor. To use an extreme case as an

example, consider a long, single-phase line where the neutral conductor has no grounding. See Figure

10.2, Scenario 1. All of the load current must pass through the neutral conductor. This will generate in

the neutral conductor a voltage drop equal to that in a phase conductor of the same size and composition.

As an example, if a two-mile long 1/0 ACSR single-phase line carries 1 ampere to a load at the end of

the line and the neutral is effectively grounded at its source, the voltage drop in each conductor of this

line would be approximately 1.37 volts. Given the condition of the effective grounding at the source of

the tap, the voltage between the neutral conductor and earth at the load point would be 1.37 volts.
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Figure 10.2  Hypothetical circuit for example case

Table 10.3  Data for Figure 10.2 Circuit

In order to improve this situation, a single ground with an effective impedance of 1 Ω can be hypothetically

added at the load point. See Figure 10.2, Scenario 2. This creates a parallel path for the flow of current back

from point A to the system source. In this extremely simplified case, the NTE voltage at point A would be

reduced to 0.41 volts. While this is a simplified version of conditions on an electrical distribution system,

the example does illustrate the principles involved in reduced NTE voltage through grounding. 

Data for Figure 10.2 Circuit

1 AMP Load
No Ground at

Load

1 AMP Load 
1W Ground 
at Load

Fault 
No Ground 
at Load

Fault 1W
Ground 
at Load

POINT UNIT SCENARIO 1 SCENARIO 2 SCENARIO 3 SCENARIO 4

A OHMS ∞ 1 ∞ 1

B AMPS 0 0.41 0 1341

C OHMS ¥ ¥ 0 0

D AMPS 0 0 2628 3298

E VOLTS 7197 7198 0 0

F OHMS 1.37 1.37 1.37 1.37

G AMPS 1.00 1.00 2628 3298

H VOLTS 1.37 1.37 3600 4518

I OHMS 1.37 1.37 1.37 1.37

J AMPS 1.00 0.59 2628 1957

K VOLTS 1.37 0.81 3600 2682

L OHMS 1.00 1.00 1.0 1.0

M AMPS 0 0.41 0 1341

N VOLTS 0 0.41 0 1341

O VOLTS 1.37 0.41 3600 1341
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Current in the distribution system neutral is not solely caused by customer load on single-phase taps. It

can also come from unbalanced load on multigrounded wye three-phase lines. The neutral current is

created when the single-phase loads connected to each phase are unequal and a resultant neutral current

is created. Good distribution grounding will reduce the NTE voltage along the neutral path.

A special case of unbalanced single-phase load creating neutral current is the application of single-phase

capacitors. Each 50 kVAC unit creates a capacitive current of seven amperes on a 7.2 kV system. If this

is not locally compensated by an equal reactive current, it adds to the system neutral current and, thereby

increases NTE voltage. Again, effective neutral grounding will reduce the resulting NTE voltage.

B. Electrical Faults on Customer Wiring

A second source of steady-state NTE voltage is improper wiring on customer premises. For example, if

an energized conductor contacts an unbonded well casing, the resistance of the circuit between the well

casing and the secondary neutral may be high enough to limit the current flow below a value that would

result in tripping of the low-voltage breaker. As illustrated in Figure 10.3, if the well casing (in this case

unbonded) has a resistance to remote earth of 6 ohms and the distribution system neutral has an effective

resistance of 4 ohms, the fault current is 12 amperes, which is insufficient to operate the circuit breaker.

The flow of 12 amperes through the neutral-to-earth resistance of 4 ohms at Point A will create a potential

of 48 volts between the neutral and earth. The fault current through the resistance at Point B will create

a voltage between the well casing and remote earth of 72 volts. The relative voltage at each point will be

inversely related to the impedance of each earth connection. If the well casing is bonded to the premises

grounding system as required by NEC-2002 Article 250.112(M), the breaker operates and these

potentially hazardous voltages do not occur. However, this bond is sometimes missing.

Figure 10.3  Customer wiring fault example

C. Faults on Utility Primary System

The most common type of short circuit on the multigrounded wye distribution system is the phase-to-

ground fault. This can occur either on three-phase feeders or on single-phase tap lines. Regardless of

location, the effect upon neutral-to-earth voltage is essentially the same. This condition is principally

differentiated from the steady state 60 Hz condition by the magnitude of the currents which are flowing

in the distribution system neutral. The magnitude of the fault current which flows through phase
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conductors is partially determined by the impedance of the neutral/grounding system network. Lower

neutral-to-earth resistance will reduce the effective impedance of the neutral/earth network and thereby

generally result in a slightly higher current for a given fault situation. This can facilitate practical

overcurrent coordination solutions.

The analysis illustrated in Figure 10.2. Scenario 3, shows a 7.2 kV single-phase line with an ungrounded

neutral and a bolted phase-to-neutral fault ahead of the transformer primary winding. The voltage drop

along the neutral is the same as the voltage drop along the phase conductor. This means that the 7200

volts of source potential is divided equally between phase wire and the neutral. This results in a 3600 volt

neutral-to-earth potential at the fault location and at all points beyond. The consequent safety hazards of

this hypothetical situation without a transformer ground electrode are obvious. 

In Figure 10.2, Scenario 4, a more realistic scenario is presented, similar to Figure 10.2, Scenario 2. It

can be seen that even with a 1 Ω neutral-to-earth impedance at the point of the fault the NTE neutral-to-

earth potential is approximately 1341 volts. Obviously, appropriate bonding and additional grounding of

the distribution system neutral is needed to ensure safety. 

Another aspect of phase-to-ground faults on a multigrounded wye primary system is the electrical shift

of the neutral due to flow of fault current in the neutral path. This manifests itself in elevated voltage

between the neutral and remote earth with consequent current flows from the neutral to earth. It also

results in a temporary elevated voltage between the neutral and the unfaulted phases. For an effectively

grounded system this will result in a transient phase-to-ground voltage of less than 2.0 pu. This is to be

expected when X0/X1 < 3.0 and R0/X1 < 1.0. With improved grounding and neutral arrangement it is

possible to bring X0/X1 ≤ 1.0 and R0/X1 ≤ 0.1 with an anticipated maximum transient phase-to-neutral

voltage of 1.5 pu. A consequence of having the distribution system neutral effectively grounded is not

only lower transient 60 Hz voltages delivered to customers on the unfaulted phases, but the rating of

lightning arresters can also be lower. This allows arrester discharge voltages to be lower and improves

overvoltage protective margins for distribution transformers and other equipment.

D. High Resistance Splice

No distribution system exists without splices or other current-carrying connections in the neutral

conductor. Multiple splices appear where the neutral is installed under different projects, where reels of

wire end, and where conductors are broken during weather events or by foreign objects. While all splices

are designed to give a lower resistance than an equivalent length of the conductor, installation practices

and corrosion can sometimes cause the resistance of a splice to be higher than designed values. In Figure

10.2, Scenario 2, a resistance of 0.20 ohms is added in the neutral circuit to illustrate the effect of a high

resistance joint. With a hypothetical single-point ground of 1.0 ohms at the load, this raises the NTE

potential to 0.44 volts in contrast with the 0.41 volts for an intact neutral conductor. This is a 7.3%

increase for only a 0.20 ohm resistance in a single splice. With the presence of multiple splices in a

typical distribution circuit neutral conductor, it can be seen that without effective neutral grounding this

could build to a significant problem, even if only a relatively small percentage of the splices are defective.

To illustrate the effect of multiple system grounds, we contemplate the case of improved system

grounding beyond the “high resistance” neutral connection. Ten adequately spaced ground rods, each

with a resistance of 25 ohms, is the approximate equivalent of adding a 2.5 ohm ground. This will reduce

the NTE voltage by 11% in this simplified example.
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Surge Dissipation

A very important function of the grounding in a multigrounded wye distribution system is the dissipation

of surges which are caused by lightning strokes near the distribution system. If the lightning charge is not

effectively dissipated, the result can be flashover of insulation systems, utility equipment damage, and

surges into the customer premises. Of course, the most important component in equipment protection is

a properly installed lightning arrester. Depending upon the particular surge arrester arrangement, the

importance of a neutral-to-earth connection can range from extremely important to immaterial for the

overvoltage protection function. The following examples are offered to illustrate the influence of the

grounding electrode impedance for various circumstances.

A. Equipment Protection

On a multigrounded wye system, if an item of equipment has an arrester mounted on the tank, the surge

current discharged by the arrester is passed through the tank and directly to the system neutral which

serves as a grounding conductor for the equipment tank. The arrester has accomplished its function of

reducing the voltage across the equipment insulation system. By virtue of its close connection between

the primary conductor and the equipment tank, the optimum equipment protection has been achieved

regardless of whether there is an effective earth ground at this location. However, in this case the

lightning charge has been shunted from the primary conductor to the neutral conductor. If there is not an

effective ground electrode at this point, the lightning surge will then propagate along the system neutral

until it can be transferred to earth through grounding. During the surge, the rise in the neutral voltage

relative to remote earth is a function of the distance to effective grounding electrodes and the surge

impedance of the path(s). As explained below, even the presence of a ground electrode at the arrester

location will result in a surge voltage being present on the neutral. The magnitude of this voltage is a

function of surge magnitude, wave shape, downlead length and grounding electrode surge impedance.

The importance of the surge voltage on the neutral lies in the effect which this can have on customer

premises which are interconnected with the system neutral. One of the paths along which the surge

current is dissipated in the secondary neutral. See Figure 10.4. This means that part of the current travels

through the customer’s service entrance grounding electrode. Since the service entrance ground generally

has a higher impedance than the utility equipment ground, a lesser portion of the total discharge current

travels along this neutral path and in itself is not detrimental to customer premises which have good

bonding in place. However, with secondary service cables in a triplex configuration, a surge current

traveling through the triplex cable neutral will induce a voltage between the neutral and the energized

conductors surrounding the neutral. [F2,F7] The surge voltage induced in the energized conductors is

proportional to the surge current in the secondary neutral which is a function of the relative impedances

to earth of the distribution system neutral and the customer premises grounding system. If the system

neutral ground impedance is high in relation to the customer ground, more of the current will travel along

the service neutral and the induced voltage will be higher. This induced voltage will be present at both

ends of the service. Thus it is apparent that a high impedance earth ground at a utility equipment location

can have an adverse effect on both the customer and the utility transformer secondary windings, even

when protection of the transformer primary winding has been effectively accomplished. Therefore, one

important component of total system surge protection is an effective equipment ground electrode at

transformers.
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B. Line Protection

Another function of the distribution arrester is the prevention of flashovers between the primary

conductors and the structure (or other phase conductors) during direct or nearby strokes. Here the

lightning surge current must be transferred from the primary conductors to earth as effectively as possible

in order to minimize the voltage existing across the structure insulation system. This minimizes the

probability of a phase-to-ground flashover which will cause facility damage and/or line interruption. The

voltage from the primary conductor to earth during an arrester discharge depends to a significant extent

on the resistance to earth of the grounding electrode at the arrester location. Figure 10.4. The local

grounding electrode resistance will partially determine the surge voltage between the protected conductor

and other parts of the structure if only one phase is protected. However, for the more common case where

all energized conductors have surge protection, only the arrester characteristics and the length of the

arrester leads determine the degree of protection against flashover between conductors. Since the

objective is to prevent flashover on the structure or between the energized conductors, the equalization

of voltages at the pole top is sometimes adequate to accomplish the desired result. However, the presence

of a low impedance grounding electrode at the arrester location will enhance charge dissipation from both

the neutral and the energized conductors. This will reduce the magnitude of the wave propagated along

both the energized conductors and along the system neutral. Therefore, it is apparent that while structure

flashover performance might be improved without an effective grounding electrode at the arrester location,

total performance of a practical distribution system still requires a low impedance arrester ground. 

Figure 10.4  Arrester discharge current distribution – overhead.
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Figure 10.5  Arrester discharge current distribution – underground

C. Underground Protection

The local grounding of underground cable dips is a special case of surge protection. Underground

equipment susceptibility to lightning surges and the wavefront doubling phenomenon on underground

cables makes reduction of wavefront magnitude very important. The surge voltage imposed on the

primary cable system and attached equipment is most effectively reduced by close connection of the

lightning arrester to the cable terminations. This is accomplished by minimizing the effective lead length.

The effectiveness of cable and equipment protection is not strongly dependant on riser pole ground

electrode resistance. However, the arrester discharge at a properly installed pole-top termination also

imposes a surge current (and voltage) on the pole ground and the cable concentric neutral or shield.

In bare concentric neutral (BCN) cables the cable neutral surge current is then dispersed to earth in the

immediate vicinity of the pole. For jacketed concentric neutral (JCN) cables there will exist a voltage

across the jacket which will be proportional to the share of arrester discharge current passed along the

cable neutral. Therefore, to minimize the probability of jacket punctures, and attendant corrosion

potential for the neutral, the resistance of the riser pole grounding electrode should be kept as low as

practical. A target resistance of 10 Ω is considered desirable.
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The amount of current distributed into the riser pole ground electrode, the system neutral and the cable

neutral is dependant on the relative impedances of each. When the current surge passed along the JCN

cable neutral reaches the first transformer, there is a partial dispersion of this neutral surge current among

the transformer grounding electrode, other JCN primary neutrals and the secondary service neutrals

originating at the transformer. Therefore, part of the riser pole arrester discharge current can be eventually

transferred to the customer’s service entrance ground electrode with the secondary surge induction

problems described elsewhere in this paper. This is additional justification for keeping grounding

electrode resistance low at both the riser pole and the padmount transformer.

D. Grounding System Surge Impedance

Consideration of grounding system surge dissipation effectiveness must recognize two very important

differences between surge dissipation and 60 Hz system grounding. First is the extremely steep wavefront

associated with lightning strokes and lightning arrester discharge currents. Lightning currents have a

wavefront dI/dt on the order of 4 to 15 kA per microsecond (kA/ms), whereas a 60 Hz waveform on 7.2

kV system has a rise time on the order of 0.0012 kV/ms. This means that the inductance of any conductor,

regardless of size, becomes very large compared to the resistance of that conductor. The surge voltage in

downlead conductors may be in the range of 1.6-10 kV/foot. Therefore, grounding electrodes separated

from the stroke location can contribute very little to lowering the system impedance seen by the surge

current. This means that the dissipation of surge current depends upon the effectiveness of grounding

electrodes in the immediate vicinity of the location where the surge current is imposed upon the system

by a lightning arrester or a system flashover. 

The second important aspect of grounding system surge impedance is the behavior of grounding

electrodes under high current discharges. Since the impedance of the electrode to remote earth occurs as

the resistance of concentric shells of earth surrounding the electrode, the passage of the high momentary

current associated with an arrester discharge will produce a high impulse voltage gradient in the

immediate vicinity of the ground electrode. This high voltage gradient, occurring within the soil, will

result in arcing through the soil interstices. The presence of these microarcs bridge the higher resistance

components of the soil structure and thus momentarily lower the electrode resistance to remote earth

during the discharge event. Of course, the magnitude of this effect is strongly dependent on soil particle

resistance, soil moisture resistivity and the soil void ratio. Sandy open-grain soils will generally exhibit

a greater percent reduction in electrode impedance than tight-grained clays. [E18, E19]. This is illustrated

in Figure 10.6. It can be seen that for impulse currents of 5000 amperes the impedance of electrodes in

sandy soils may be reduced to the range of 40-50% of their 60 Hz values. Under similar conditions

electrodes in clays are reduced to 60-80% of their 60 Hz values. However, those grounds which have the

lowest 60 Hz impedance always achieve the lowest surge impedance.
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Figure 10.6  Variation of electrode impulse resistance from 60 Hz resistance for two soil types

Bonding Between Primary System Neutral, Telephone, CATV, and Water Systems

Typically, electric distribution line primary neutrals are bonded to telephone and CATV strands on joint

use lines. This creates an equipotential condition between the individual messenger strands and the

neutral. This reduces the likelihood of hazardous voltages between non-current carrying parts on poles

and, by extension, on underground systems. 

Communication utilities often do not realize that their support strands frequently function as part of the

neutral return path for the electric utility system. Because of this, communication workers should

exercise caution when connecting and disconnecting grounding and bonding connections on their support

strand. If the impedance of the electric system neutral has increased for some reason, such as a high-

resistance splice, the communication strand may carry a significant portion of neutral current. The current

sharing is a function of the relative impedances of the electric system neutral and the respective

communication messengers and/or shields. Coaxial cables such as found in cable television systems

provide a particularly low impedance path. The current and associated potentials may become a

personnel hazard if communication personnel do not follow appropriate work rules.

A very positive aspect of bonding between the distribution system neutral and the communication system

is the effect which this has on the effectiveness of communication cable sheaths. The sheath efficiency

in preventing magnetic induction in communication conductors is strongly dependent on the presence of

a low impedance connection to earth at each end of an exposed cable section. Bonding of the sheath to

an effectively grounded distribution system neutral provides these ground connections for the sheath.

Although metallic water lines have been used in the past as grounding electrodes, electric utilities typically

do not bond to these systems except at the served structure. See next section on Code Requirements.
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Code Requirements

A. NESC [A1] - Utility Grounding and Bonding

The requirement to ground utility systems is contained in NESC Rule 215 for overhead systems and Rule

314 for underground systems. For purposes of discussion and to avoid duplication, the overhead rules

will be referenced, although similar underground rules also exist.

NESC Rule 97G requires grounded items on joint-use poles to be bonded by either using a single

grounding conductor or bonding the supply grounding conductor to the communication grounding

conductor, except where separation is required by Rule 97A. Where separation is maintained according

to Rule 97A, insulation may be required on the grounding conductor(s), since there may be a hazardous

potential voltage difference between the two conductors. NESC Rule 215C3 requires bonding between

messengers at typically four times in each mile, which is consistent with the requirement to ground

supply neutrals not less than four times in each mile. 

Electric and communication systems are required by both the NESC and NEC to utilize the same

grounding system at a structure receiving electric and communication service. Although NESC Rule 099

allows and specifies grounding electrodes for communication systems, when the two utilities provide

service to a common building structure, they are required to create a common grounding electrode system

for the served structure. If the two (or more) utilities decide, for whatever reason, to install their own

grounding electrodes (as with different service entrance locations), NESC Rule 099C requires the

separate electrode systems to be bonded with a conductor not smaller than AWG No. 6 copper. National

Electrical Code Article 800-40(d) has corresponding requirements for systems subject to that Code.

If the electric system service and communication system service do not utilize the same grounding

system, as required by the NESC or NEC, the different systems may create a potential for equipment

damage due to voltage surges. For example, the charging base for the cordless telephone set utilizes the

electric system for powering the charging system. As a result, if the grounding systems are not bonded,

there could be two separate grounding systems within the body of the charging base. A voltage surge from

a lightning impulse (or any other source) imposed on one grounding system may jump the gap between

the two systems in an attempt to equalize the potential, damaging the equipment. The same can be said

for a cable-ready television, VCR, computer modem, or other piece of communication equipment. Many

satellite receiving units have a telephone connection for communicating with the satellite company. This

presents a similar problem if the systems are not properly bonded.

B. NEC [A2] - User Grounding and Bonding

Similar requirements for grounding and bonding are contained in the National Electrical Code (NEC).

However, the system neutral of the utilization wiring system of a building or structure is not utilized for

grounding as is the neutral of the electric distribution mulitgrounded neutral system. In utilization wiring

systems, the voltage drop on the neutral, if also used for equipment grounding, could result in voltage

differences between the exposed metallic frames and cases of electrical equipment and appliances. This

could produce a hazard to personnel or even a fire hazard.

NEC Article 250.24(A)(5) prohibits the bonding of the neutral and equipment grounding conductor

beyond the service disconnect. It should be noted that NEC Article 250.104 requires electrical bonding

to metal water pipes installed in or attached to a building or structure. This limits the opportunity for a

voltage potential difference to exist between the water system and other non-current carrying parts within
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the building. However, it should also be noted that NEC Article 250.52(A)(1) prohibits using interior

metal water piping located more than 5 feet from the entrance to the building from being used to

interconnect grounding electrodes within a building. Note that any replacement of metallic water pipes

utilizing nonmetallic water pipes would interrupt the electrical continuity being provided by the metallic

water pipes.

Conclusions

The optimum performance of the multigrounded neutral distribution system is dependent on a good

connection between the neutral and earth. Advantages of adequate neutral grounding include the

following:

• Improved public and utility personnel safety by reducing steady state neural-to-earth

voltages.

• Reduced transient neutral-to-earth voltages occurring during phase-to-ground faults.

• Contributes to reduced surge voltage on customer systems during lightning arrester

operations.

• Improved cable and equipment protection on underground systems.

• Reduced current flow into bonded systems or development of elevated neutral-to-earth

voltages in case of a broken neutral.

These points show the need for continued attention to good system grounding practices, particularly in

an era of increasing customer sensitivity to the effects of transient voltages.
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System Voltage Regulation
The objective of voltage regulation is to maintain the voltage at the customer location within permissible

limits by the use of voltage control equipment or other voltage regulation techniques on the system. The

control devices and techniques that are generally applied on distribution systems are discussed later in

this section.

Service Voltage Standards and Requirements

“Permissible limits” are defined by the American National Standards Institute (ANSI) in Standard 

C84-1, “Voltage Ratings for Electric Power Systems.” The standard establishes two ranges for service voltage.

Table 10.4  ANSI Standard C84 Service Voltage Ranges

Voltage excursions outside the ranges defined in ANSI standard C84 are referred to as overvoltages

(above 126 volts) and undervoltages (below 114 volts). The most common cause of overvoltages is poor

control of regulators and capacitors and light loading. Transient overvoltages such as swells and surges

may be caused by faults, lightning and switching operations. The most common cause of undervoltages

is voltage drop due to overloading or undersized conductor. Transient undervoltages such as sags may be

caused by faults, switching action and inrush currents. Most utilization equipment (appliance motors,

lighting, heating etc) are designed to operate most efficiently within the ANSI Range A voltage limits.

The impact of voltage variations on end-customer equipment is different for each equipment type.

Impact of Voltage Variation on Utilization Equipment

Incandescent Lamps 1 - The light output (lumens) and the theoretical life of incandescent filament lamps

depend considerably on the utilization voltage. Research has shown that a 10% reduction in rated voltage

results in a 70% reduction in light output, an 85% reduction in power consumption and 

a 350% increase in theoretical life. With a 10% increase in rated voltage, lumen output increases to 140%,

the power consumption increases to 115% and the theoretical life reduces to 30%.

Florescent Lamps 2 - The effect of voltage on the lumen output of florescent lamps is not as great as

incandescent lamps. In general, for a 1% change in voltage above or below rated, a corresponding 1%

change in lumen output results. The theoretical life of florescent lamps will be reduced for any voltage

above or below the rated voltage.

Resistance Heating 3 - The energy input to resistive heating devices varies as the square of the applied

voltage, over the range where the resistance is constant. Therefore the heat output will also vary as the square

of the voltage. Undervoltage will affect the time needed to perform the heating task. This is more critical in

industrial settings than residential. Excessive overvoltage will affect the life of the heating element.

ANSI Standard C84 Service Voltage Ranges

Service Voltage Ranges
from ANSI Standard C84 

Voltage Range (volts) Application Note

Range A 114 - 126
System will be designed and operated so that most of the
service voltage is within this limit.

Range B 110 - 127
Service voltage in this range are allowed provided that
they are infrequent and of limited duration



Induction Motors 4 - The starting torque of an induction motor varies with the square of the voltage. As

the voltage falls below rated, the starting torque of induction motors is reduced considerably (a 10%

reduction in voltage causes an 81% reduction in starting torque), and the full load current is greater. This

combination will lead to high temperatures at full load that may result in reduced insulation life. At high

voltages, the starting torque and the starting current is increased. The increase in starting current will

cause a voltage dip when starting and may cause flicker on the system. The increased starting torque may

damage the couplings with the driven equipment. Changes in speed are minor with voltage deviations of

±10%.

Synchronous Motors 5 - The impact of overvoltage and undervoltage on synchronous motors is similar

to induction motors except that the maximum or pull-out torque varies directly with the voltage, as

opposed to the square of the voltage (in the case of induction motor starting torque).

Electronic Equipment - While there is a proliferation of electronic devices in households, offices and

industrial plants today, they are being designed and manufactured to be more tolerant of voltage problems.

Whereas in time past low voltage would cause sensitive electronic equipment to malfunction or shutdown,

local hardening such as UPS devices and battery backup enable them to ride through power quality

problems. However, excessive voltage variations will impact the life of electronic devices over time.
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Voltage Drop

Voltage Drop is the difference between voltage at the source or sending end of a line or feeder and

the load or receiving end. Given a line with impedance Z = R + jX, the per cent voltage drop due 

to (1) a lumped or concentrated and (2) a uniformly distributed load, on the line is calculated as 

follows:

1. Concentrated Load

Where:

kVA = total three phase load in L line

kV = kVrms line-to-line

R = resistance in ohms per 1000 ft

I = reactance in ohms per 1000 ft

L = total length of line in thousands of feet

u = power-factor of the line current at the source end
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2. Uniformly distributed load

If there is distributed load on the line and it is desired to find voltage drop to some point on the line,

the following formula will be helpful:

Where:

kVA = total three phase load in L line 

R = resistance in ohms per 1000 ft 

X = reactance in ohms per 1000 ft 

u = power-factor of the line current at the source end 

L1 = distance from source to desired point in thousands of feet 

L = total length of line in thousands of feet

kV = kVrms line-to-line

Single-phase voltage drop calculations may be performed using DSTAR Secondary Electrical Design

Software (SEDS) and Three-phase calculations can be performed with DSTAR Voltage Drop and Flicker

Analysis Software Tool (VDROP).

Voltage Regulation

Voltage regulation is the per cent or (per unit) voltage drop of a line with reference to the receiving

end (or full load) voltage. The voltage drop is a voltage produced in a circuit element by the flow of

current through that element. 

VL = IL*ZL

IL*ZL is the voltage drop across ZL. If ZL becomes very large (so as to reduce the current to zero), ZL

can be represented as infinite impedance or an open circuit. In that case VL is equal to Vsource (because

the current is zero). The voltage regulation of the load is then:

Regulation = | VL | - | Vsource |

Regulation = VFull Load – VNo Load

Per Unit Regulation = VFull Load – VNo Load / VFull Load

The voltages in the above equations are absolute magnitudes.

http://www.dstar.org/P_R_Software_TB_1.htm#Voltage Drop
http://www.dstar.org/P_R_Software_TB_1.htm#Voltage Drop
http://www.dstar.org/P_R_Software_SEDS.htm
http://www.dstar.org/P_R_Software_SEDS.htm


10 | 36Distribution Data e-Handbook | rev date 12/12

10 | System Operation and Safety

Techniques for Improving Voltage Regulation 6

Some ways to improve voltage regulation on distribution systems include:

1. Use generator voltage regulators

2. Apply voltage regulating equipment in distribution substations

3. Apply capacitors in distribution substations

4. Balance loads on the primary feeders

5. Increase feeder conductor size

6. Change feeder sections from single-phase to multi-phase

7. Transfer loads to new feeders

8. Install new substations and primary feeders

9. Increase primary nominal voltage level

10. Apply voltage regulators out on the primary feeders

11. Apply shunt capacitors out on the primary feeders

12. Apply series capacitors out on the primary feeders

Each method has a different impact on voltage profile, cost to implement and flexibility. The most

suitable application may depend on factors such as the system size, load type, existing equipment

location, amount of voltage correction needed, area served, future expansion plans and load growth.

Types of Voltage Regulating Equipment 7

The equipment that are used to maintain voltage levels throughout a system can be grouped in three (3)

major classes:

1. Source voltage control: generating station bus voltage control

2. Voltage ratio control

a. Load tap changing (LTC) transformer

b. Step voltage regulator

c. Induction voltage regulator

3. Kilovar control

a. Synchronous condenser

b. Switched shunt and series capacitor

The easiest and least expensive option is to vary the generator bus output voltage by changing the exciter

field strength, but this is often not enough to meet the voltage requirements on the distribution system.

Most distribution utilities apply a combination of voltage ratio control regulators and Kilovar control

(switched capacitors) at the substation and out on the feeders. 

Table 10.5 compares the main functions of voltage regulators and switched capacitors.
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Table 10.5  Function Performed by Regulators and Capacitors a

On distribution systems, regulators can be found in the substation (station or bus regulators) or out on the

feeder (line or pole-type regulators). Station regulators are commonly referred to as Load Tap Changers

(LTCs) or Tap Changing Under Load (TCUL) transformers. Load tap-changing is usually applied to

power transformers in order to control the in-phase voltage of the power transformer or, in some cases,

control the phase angle relation.

Use of voltage regulators or any voltage control equipment out on the feeders is commonly referred to as

supplementary regulation. Supplementary voltage regulators can be either step-type or induction-type.

The step-type regulator is essentially a tapped autotransformer that raises (“boost”) or lowers (“buck”)

the voltage in an effort to maintain a set voltage setpoint. The voltage is obtained by changing the taps of

the autotransformer. The induction-type regulator (no longer in wide use on modern distribution systems)

operates on the transformer principle. Internally it is constructed like an induction motor, with the

primary (shunt) winding on the rotor and the secondary (series) winding on the stator. As the shunt

winding is rotated, it induces a variable voltage on the secondary stator winding which is in series with

the regulated line. The position of the rotor with respect to the stator determines the buck or boost

provided to the line. More detail on the design and operation of these devices is available in the Electric

Utility Engineering Reference Book for Distribution Systems.8

The control settings for LTC and step-type voltage regulators are discussed below. Further discussion on

the application of capacitors is available in Chapter 12.

Function Performed by Regulators and Capacitors

Function
Performed by
Voltage

Regulators

Performed by
Switched
Capacitors

Comments

Can raise and lower Output voltage. YES YES* * Not inherent with switched capacitors but
will give this effect if switched off.

Can raise system voltage on source or
input side of regulator.

NO YES * Not inherent with switched capacitors but
will give this effect if switched off.

Capable of step-less or small voltage
step control.

YES NO*
* Not inherent with switched capacitors but

will produce small voltage changes if bank
size or system impedance to bank is small.

Capable of maintaining ±3/4-volt
bandwidth.

YES NO* * Switched capacitors do not usually permit
this small bandwidth.

Capable of many switching operations
without frequent inspection.

YES NO*
* Capacitor switch contacts deteriorate 

rapidly with large number of switching
operations per day.

Reduces I2R and I2X losses in system. NO* YES
* Not inherent with voltage regulators but

some loss reduction may result on output
side due to increased voltage.

Reduces thermal loading. NO YES

Raises system loading capability. YES* YES
* Voltage regulators will raise the loading

capability on the output side but not on the
input side.

a Neither regulators nor capacitors by themselves can fulfill all of these desired functions. However, used as a combination, the two methods of voltage control can
maintain a relatively flat feeder voltage profile and at the same time reduce system losses and provide for considerable load growth on the feeder.
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Voltage Regulator Control Setting
Figure 10.7 shows a schematic of a single-phase pole-mounted step-type regulator.

Figure 10.7  Schematic diagram of a single-phase voltage regulator

Over the years the technology applied to voltage regulators has progressed from electro-mechanical

designs, through integrated static designs to the current digital designs. This has enabled the addition of

many features beyond simple voltage regulation. Modern LTC controllers are so-called Intelligent

Electronic Devices (IEDs) with monitoring and control circuitry that can report tap position, max/min

changes per day, differential temperature, load current, contact wear factors, vibration and bus voltage.

Regardless of the sophistication, the LTC control requires only five basic settings for voltage regulation:

voltage setpoint (voltage level or bandcenter), voltage bandwidth, time delay and line drop compensation

(LDC) R and X value.

Voltage Setpoint

This is the voltage (on a 120 V base) that is desired at the load location (sometimes referred to as the

bandcenter). In general, the load may be some distance away from the regulator location. In this case, the

electrical distance to the load is described by the line drop compensation (LDC) setting. LDC is discussed

further below.

The voltage standards9 require that the voltage at the residential customer meter be between 114 and 126

volts (although some utilities may have more stringent criteria). The voltage level of the regulator is

usually set to boost the voltage to a high enough value to compensate for the voltage drop on the primary

feeder, through the transformer and on the secondary. For example, some utilities use a 5-volt drop to

estimate the reduction through the transformer and secondary. Therefore, to meet the voltage standard,

the voltage on the feeder would need to be at least 119 volts (114V + 5V). The voltage standards does

not apply to the feeder voltage, so it can be higher than 126 volts as long as it is reduced to between 114

V and 126 V by the time it gets to the customer meter. 10
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Voltage Bandwidth

Due to the voltage step change nature of the LTC, there must be a range or a tolerance about the voltage

level which is acceptable to the control, and recognized as being “in-band.” The bandwidth (BW) of the

voltage regulator is the total voltage range for one tap setting, one half above the bandcenter and one half

below the bandcenter. 

Consider a typical LTC that has 32 taps (16 boost, 16 buck) and a boost/buck range of ±10% (on a 120V

base). The total voltage range for the regulator setpoint is 0.2 x 120 = 24V. Each tap gives 24/32 = 1.5V

(or 5/8%) voltage change. Therefore the bandwidth is 1.5 x 2 = 3.0V. The most common bandwidth

settings are 2.0 and 2.5 volts, with 3.0 volts and higher values being used where tight regulation is not

required.11

The bandwidth for step-type voltage regulators must be larger than the voltage change due to the

operation of on step to prevent hunting. Small bandwidths may only be used if the voltage steps are small.

For example, the typical 5/8 per cent steps of the station regulator can theoretically use a bandwidth as

small as 1 volt. However, to prevent excessive operations, a bandwidth of 2 volts (± 1 volt) with a time

delay is normally used. For 1¼ per cent steps of the distribution type step regulator, a 2-volt bandwidth

is acceptable. Pole-mounted regulators with 5/8 and 1¼ per cent steps generally use a 2½ or 3-volt

bandwidth. However, a 2-volt bandwidth is also commonly used. For induction regulators, a minimum

bandwidth of 2 volts is generally used.12

Time Delay

The time delay should be set so that a proper compromise exists between the number of tap change

operations and voltage control desired. If the time delay is too short, the regulating equipment will

operate excessively by responding to transient voltage changes. For example, during motor starting the

voltage level will be pulled low but would normally recover after several seconds. A tap change to raise

the voltage during this interval would probably not help the motor-starting and would require a

subsequent tap change to lower the voltage after the motor is up to speed. This would lead to accelerated

fatigue of the tap changer. Therefore, for transient voltage excursions, it is recommended, that the number

of operations be controlled by changing the time delay, rather then by varying the bandwidth.

Figure 10.8 below illustrates how the time delay is used in conjunction with the voltage setpoint and the

bandwidth to regulate bus voltage (without regard to LDC).
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Figure 10.8 Illustration of voltage setpoint, bandwidth and time delay settings.

The voltage level is set to some value V, which is the bandcenter. The allowable voltage range over which

no regulating action is required is V ± ½BW (where BW is the bandwidth). When the bus voltage is

outside the bandwidth, the time delay (TD) is started, and the tap change occurs after the time delay is

completed. A delay in the range of 30 to 60 seconds is common.13

When regulators are cascaded on a circuit the regulator closest to the source should have the shortest time

delay settings, and the time delays should be increased for regulators located beyond the first 

regulator. The longest time delay is set for the regulator farthest from the source.14

Line Drop Compensation

The line drop compensator (LDC) provides a means of increasing the output voltage of the regulator in

proportion to the line current. This is turn can be used to equalize the voltage ranges between heavy and

light load. LDC is necessary when the location of the regulated load point being is some electrical distance

away from the regulating transformer location. LDC can make up for the resistive (R) and reactive (X)

voltage drop on the line between the transformer and the load location. The LDC setting can be difficult

to achieve because real-world distribution feeders are far more complex than the classical application for

which LDC was developed. Nevertheless, the underlying principle is illustrated in the following example.

Figure 10.9 shows a circuit where the load voltage is being regulated by an LTC. 15
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Figure 10.9  Regulator control circuit showing the five basic functions.

The regulator bus voltage is VB and the load voltage is VL. The electrical distance between VB and VL is

the line impedance Z = R + jX. The voltage drop on the line is given by

The relationship between the bus voltage and the load voltage is given by

This phasor relationships between the quantities in the circuit of Figure 10.9 are illustrated in Figure

10.10.

Figure 10.10  Phasor relationships on a voltage regulation circuit with LDC.

IR and IX represent the R and X settings of the LDC (calibrated in volts). This establishes a linear

relationship between the load voltage VL and the bus voltage VB. Note that for a typical circuit with

lagging power factor, the bus voltage must rise as the load grows in order to hold VL at the setpoint

voltage. The LTC will change taps to regulate VL without regard for the bus voltage VB. 16
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LDC Settings - Express Feeder 17

If no load is tapped off the feeder between the regulator and the regulation point, the LDC settings

can be computed as follows:

Where:
R = Dial setting for resistance compensation in volts.

X = Dial setting for reactance compensation in volts.

CTP = Primary rating of the current transformer.

NPT = Potential transformer ratio

rL = Resistance per conductor from regulator to regulation point in ohms per unit length. 

xL = Reactance per conductor from regulator to the regulation point in ohms per unit length.

d = Distance from the regulator to the regulation point. For single-phase circuit

the distance would be twice the distance to the regulation point.  

Typical Example

· Three-phase, station-type, step regulator rated 13.8 kV, 375 kVA, 157 amperes, and 

10% regulation range. 

· Current transformer ratio 200/5. 

· Potential transformer rating 7960/120. 

· 3 miles from regulator location to regulation point. 

· Load current = 150 A. 

· Conductor Size = 2/0 AWG Copper, 7 strands (r = 0.481 ohms per mile, x = 0.7178 

ohms per mile). 

· Three conductor, 44 inch flat spacing (55.5 inch equivalent spacing).

The resistance and reactance per conductor can be easily obtained from tables of physical and 

electrical parameters such those in Chapter 4. For this example, the resistance and reactance per 

conductor are:

rL = 0.4810 ohms per mile

xL = 0.7178 ohms per mile

Using the equations above

volts

volts
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LDC Settings – Local Feeder 18

If load is tapped off the feeder between the regulator location and the regulation point, the primary

current the current transformer senses does not all flow though the line impedance to the regulation

point. Therefore some adjustment will have to be made for the current tapering. 

R-setting Computation

Where 

and
REFF = Effective line resistance from the regulator location to the regulation point, or the

resistance value that when multiplied by IL will give a voltage drop value equal to the

actual line resistive voltage drop out to the regulation point.

= Total voltage drop due to the line resistance out to the regulation point.

IL = Load current at the regulator location.

IL1 = Load current in the first section of the line before any load is tapped off (I
L

= I
L1

).

IL2 = Load current in the line section after the first load and before the second load. 

ILn = Load current in the last section of line before the regulation point.

r1 = Conductor resistance per unit length in the first section.

d1 = Distance of the first section. The distance is doubled for single-phase circuits.

n = Number of line sections out to the regulation point.

X-setting Computation

Where 
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and
XEFF = Effective line reactance from the regulator location to the regulation point, or the reactance

value that when multiplied by IL will give a voltage drop value equal to the actual line

reactive voltage drop out to the regulation point.

= Total voltage drop due to the line reactance out to the regulation point.

x1 = Total line reactance in the first section of line. 

Typical Example

Consider the one-line diagram of a 13.8-kV, three-phase feeder with load tapped off between the

voltage regulator and regulation point, shown below.

The R-setting is calculated as follows:

volts

ohms

volts

The X-setting is calculated as follows:

volts

ohms

volts
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Capacitor Size Required to Change Power Factor

(kVA)

Where:
kVA =original system kVA

cos1 = original power factor

cos2 = desired power factor

Another way to solve this problem

Given the initial power factor and desired power factor, the correction factor (X) can be read from

Table 10.4 or Table 10.5, below. Capacitor size is then:

(kVA)

Table 10.6  Correction Factors for Desired Power Factor in Percent (80-90%) 19

Correction Factors for Desired Power Factor in Percent (80-90%)

Original 
pf in %

Correction Factors for Desired Power Factor (80-90%)

80 81 82 83 84 85 86 87 88 89 90
50 0.982 1.008 1.034 1.060 1.086 1.112 1.139 1.165 1.192 1.220 1.248

51 0.936 0.962 0.988 1.014 1.040 1.066 10.93 1.119 1.146 1.174 1.202

52 0.894 0.920 0.946 0.972 0.998 1.024 1.051 1.077 1.104 1.132 1.160

53 0.850 0.876 0.902 0.928 0.954 0.980 1.007 1.033 1.060 1.008 1.116

54 0.809 0.835 0.861 0.887 0.913 0.939 0.966 0.992 1.019 1.047 1.075

55 0.769 0.795 0.821 0.847 0.873 0.899 0.926 0.952 0.979 1.007 1.035

56 0.730 0.756 0.782 0.808 0.834 0.860 0.887 0.913 0.940 0.968 0.996

57 0.692 0.718 0.744 0.770 0.796 0.822 0.849 0.875 0.902 0.930 0.958

58 0.655 0.681 0.707 0.733 0.759 0.785 0.812 0.838 0.865 0.893 0.921

59 0.618 0.644 0.670 0.696 0.722 0.748 0.775 0.801 0.828 0.856 0.884

60 0.584 0.610 0.636 0.662 0.688 0.714 0.741 0.767 0.794 0.822 0.850

61 0.549 0.575 0.601 0.627 0.653 0.679 0.706 0.732 0.759 0.787 0.815

62 0.515 0.541 0.587 0.593 0.619 0.645 0.672 0.698 0.725 0.753 0.781

63 0.483 0.509 0.535 0.561 0.587 0.613 0.640 0.666 0.693 0.721 0.749

64 0.450 0.476 0.502 0.528 0.554 0.580 0.607 0.633 0.660 0.688 0.716

65 0.419 0.445 0.471 0.497 0.523 0.549 0.576 0.602 0.629 0.657 0.685

66 0.388 0.414 0.440 0.466 0.492 0.518 0.545 0.571 0.598 0.626 0.654

67 0.358 0.384 0.410 0.436 0.462 0.488 0.515 0.541 0.588 0.596 0.624

68 0.329 0.355 0.381 0.407 0.433 0.459 0.486 0.512 0.539 0.567 0.595

69 0.299 0.325 0.351 0.377 0.403 0.429 0.456 0.482 0.509 0.537 0.565

70 0.270 0.296 0.322 0.348 0.374 0.400 0.427 0.453 0.480 0.508 0.536

71 0.242 0.268 0.294 0.320 0.346 0.372 0.399 0.425 0.452 0.480 0.508

72 0.213 0.239 0.265 0.291 0.317 0.343 0.370 0.396 0.423 0.451 0.479

73 0.186 0.212 0.238 0.264 0.290 0.316 0.343 0.369 0.396 0.424 0.452

74 0.159 0.185 0.211 0.237 0.263 0.289 0.316 0.342 0.369 0.397 0.425
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Table 10.6 (continued)  Correction Factors for Desired Power Factor in Percent (80-90%)

Original 
pf in %

80 81 82 83 84 85 86 87 88 89 90

75 0.132 0.158 0.184 0.210 0.236 0.262 0.289 0.315 0.342 0.370 0.398

76 0.105 0.131 0.157 0.183 0.209 0.235 0.262 0.288 0.315 0.343 0.371

77 0.079 0.105 0.131 0.157 0.183 0.209 0.236 0.262 0.289 0.317 0.345

78 0.053 0.079 0.105 0.131 0.157 0.183 0.210 0.236 0.263 0.291 0.319

79 0.026 0.052 0.078 0.104 0.130 0.156 0.183 0.209 0.236 0.264 0.292

80 0 0.026 0.052 0.078 0.104 0.130 0.157 0.183 0.210 0.238 0.266

81 - 0 0.026 0.052 0.078 0.104 0.131 0.157 0.184 0.212 0.240

82 - - 0 0.026 0.052 0.078 0.105 0.131 0.158 0.186 0.214

83 - - - 0 0.026 0.052 0.079 0.105 0.132 0.160 0.188

84 - - - - 0 0.026 0.053 0.079 0.106 0.134 0.162

85 - - - - - 0 0.027 0.053 0.080 0.108 0.136

86 - - - - - - 0 0.026 0.053 0.081 0.109

87 - - - - - - - 0 0.027 0.055 0.083

88 - - - - - - - - 0 0.028 0.056

89 - - - - - - - - - 0 0.028

90 - - - - - - - - - - 0

91 - - - - - - - - - - -

92 - - - - - - - - - - -

93 - - - - - - - - - - -

94 - - - - - - - - - - -

95 - - - - - - - - - - -

96 - - - - - - - - - - -

97 - - - - - - - - - - -

98 - - - - - - - - - - -

99 - - - - - - - - - - -

100 - - - - - - - - - - -

Correction Factors for Desired Power Factor in Percent (91-100%)
Original 
pf in %

Correction Factors for Desired Power Factor (91-100%)

91 92 93 94 95 96 97 98 99 100
50 1.276 1.303 1.337 1.369 1.403 1.441 1.481 1.529 1.590 1.732

51 1.230 1.257 1.291 1.323 1.357 1.395 1.435 1.483 1.544 1.686

52 1.188 1.215 1.249 1.281 1.315 1.353 1.393 1.441 1.502 1.644

53 1.144 1.171 1.205 1.237 1.271 1.309 1.349 1.397 1.458 1.600

54 1.103 1.130 1.164 1.196 1.230 1.268 1.308 1.356 1.417 1.559

55 1.063 1.090 1.124 1.156 1.190 1.228 1.268 1.316 1.377 1.519

56 1.024 1.051 1.085 1.117 1.151 1.189 1.229 1.277 1.338 1.480

57 0.986 1.013 1.047 1.079 1.113 1.151 1.191 1.239 1.300 1.442

58 0.949 0.976 1.010 1.042 10.76 1.114 1.154 1.202 1.263 1.405

59 0.912 0.939 0.973 1.005 1.039 1.077 1.117 1.165 1.226 1.368

60 0.878 0.905 0.939 0.971 1.005 1.043 1.083 1.111 1.192 1.334

61 0.843 0.870 0.904 0.936 0.970 1.008 1.048 1.096 1.157 1.229

62 0.809 0.836 0.870 0.902 0.936 0.974 1.014 1.062 1.123 1.265

63 0.777 0.804 0.838 0.870 0.904 0.942 0.982 1.030 1.091 1.233

64 0.714 0.771 0.805 0.837 0.871 0.909 0.949 0.997 1.058 1.200

65 0.713 0.740 0.774 0.806 0.840 0.878 0.918 0.966 1.027 1.169

Table 10.7  Correction Factors for Desired Power Factor in Percent (91-100%) 20
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Table 10.75 (continued)  Correction Factors for Desired Power Factor in Percent (91-100%)

Original
pf in % 91 92 93 94 95 96 97 98 99 100

66 0.682 0.709 0.743 0.775 0.809 0.847 0.887 0.935 0.996 1.138

67 0.652 0.679 0.713 0.745 0.779 0.817 0.857 0.905 0.966 1.108

68 0.623 0.650 0.684 0.716 0.750 0.788 0.828 0.876 0.937 1.079

69 0.593 0.620 0.654 0.686 0.720 0.758 0.798 0.840 0.907 1.049

70 0.564 0.591 0.625 0.657 0.691 0.729 0.769 0.811 0.878 1.020

71 0.536 0.563 0.597 0.629 0.663 0.700 0.741 0.783 0.850 0.992

72 0.507 0.534 0.568 0.600 0.634 0.672 0.712 0.754 0.821 0.963

73 0.480 0.507 0.541 0.573 0.607 0.645 0.685 0.727 0.794 0.936

74 0.453 0.480 0.514 0.546 0.580 0.618 0.658 0.700 0.767 0.909

75 0.426 0.453 0.487 0.519 0.553 0.591 0.631 0.673 0.740 0.882

76 0.399 0.426 0.460 0.492 0.526 0.564 0.604 0.652 0.713 0.855

77 0.373 0.400 0.434 0.466 0.500 0.538 0.578 0.620 0.687 0.829

78 0.347 0.374 0.408 0.440 0.474 0.512 0.552 0.594 0.661 0.803

79 0.320 0.347 0.381 0.413 0.447 0.485 0.525 0.567 0.634 0.776

80 0.294 0.321 0.355 0.387 0.421 0.459 0.499 0.541 0.608 0.750

81 0.268 0.295 0.329 0.361 0.395 0.433 0.473 0.515 0.582 0.724

82 0.242 0.269 0.303 0.335 0.369 0.407 0.447 0.489 0.556 0.698

83 0.216 0.243 0.277 0.309 0.343 0.381 0.421 0.463 0.530 0.672

84 0.190 0.217 0.251 0.283 0.317 0.355 0.395 0.437 0.504 0.646

85 0.164 0.191 0.225 0.257 0.291 0.329 0.369 0.417 0.478 0.620

86 0.137 0.167 0.198 0.230 0.265 0.301 0.342 0.390 0.451 0.593

87 0.111 0.141 0.172 0.204 0.239 0.275 0.316 0.364 0.425 0.567

88 0.083 0.113 0.144 0.176 0.211 0.247 0.288 0.336 0.397 0.540

89 0.055 0.086 0.117 0.149 0.183 0.221 0.262 0.309 0.370 0.512

90 0.028 0.058 0.089 0.121 0.155 0.193 0.234 0.281 0.342 0.484

91 0 0.030 0.061 0.093 0.127 0.165 0.206 0.253 0.314 0.456

92 - 0 0.031 0.063 0.097 0.135 0.176 0.223 0.284 0.426

93 - - 0 0.032 0.066 0.104 0.145 0.192 0.253 0.395

94 - - - 0 0.035 0.072 0.113 0.160 0.221 0.363

95 - - - - 0 0.036 0.078 0.125 0.186 0.328

96 - - - - - 0 0.041 0.089 0.150 0.292

97 - - - - - - 0 0.048 0.109 0.251

98 - - - - - - - 0 0.061 0.203

99 - - - - - - - - 0 0.142

100 - - - - - - - - - 0
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Overview
Distribution systems in the U.S. are typically radial, except for underground secondary networks found

downtown in some cities and some overhead 4-kV primary networks, mostly in Northeastern cities. The

radial nature of distribution, while arguably making it easier and less expensive to operate and maintain,

presents some reliability challenges that must be addressed by the protection system. Faults anywhere on

the system could cause abnormally high currents to flow, create a shock hazard, and interrupt current flow

to customers. The protection system must act to:

• prevent or reduce potential damage to system equipment and conductors caused by faults,

• maintain the safety of the general public and utility personnel, and

• maintain service continuity by minimizing the effects of the faults that do occur. 

Without the complexity of bulk power system issues such as frequency and voltage stability, distribution

protection is really about overcurrent protection. Even so, five important concepts that guide the design

and performance of system protection in general, may also apply to distribution system overcurrent

protection.

1. Security – devices must never misinterpret normal conditions (currents and voltages) as

conditions that require tripping. For distribution, this means not interpreting load current,

and elevated currents from switching and  transformer inrush as fault currents.

2. Speed – devices should operate as quickly as possible in order to minimize the duration of

the system disturbance. However, the consequences of delayed tripping are less severe and

contained for distribution than transmission (no system stability issues).

3. Selectivity – devices should only trip as much of the system as necessary to de-energize

distressed components. For distribution, selectivity usually means allowing downstream

(protecting) devices nearer the fault to operate before upstream (protected) devices. This is

the essence of coordination.

4. Reliability – devices must accurately detect and respond to designated abnormal system

conditions, i.e. they must act when needed to protect the system

5. Economy – cost of protection should always be as low as possible. For radial distribution,

directionality and thus protective relaying is typically not required outside the substation

fence, making coordination simpler and more economical.

By far, the most commonly used device in distribution overcurrent protection is the fuse. Typically, every

lateral on a distribution circuit is fused. Circuit breakers (and sometimes reclosers where available short-

circuit current is limited) are applied where the feeder connects to the station secondary bus, line

reclosers are used to segment the feeder backbone and protect large branches, and sectionalizers are

sometimes used on lateral and branches where fuse coordination is difficult. Equipment application

requires knowledge and skill, but the real art in overcurrent protection is in the coordination of devices

up and down the feeder. 
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Faults
A fault on an electric power system is basically a short-circuit between phases or between one or more

phases and ground. Faults are created by dielectric breakdown of insulation systems, which can occur for

many different reasons.  The most common include:

• Insulation stress due to system operating (switching transients, ferroresonance, etc.);

breakdown and flashovers due to lightning strikes 

• Damage to overhead construction and underground cabling systems due to traffic accidents,

dig-ins, major events, and severe weather

• Aging and degrading of conductors, insulators, supporting structures on overhead systems

or cable dielectric due to overheating, pollution/contamination, tracking, and moisture

ingress 

• Other external factors that can cause contact between phases or ground, such as vandalism,

vegetation, and animal activity

• Design, construction or manufacturing flaws 

There are different ways to classify faults, but the nature of the fault often determines the application and

success of the overcurrent protection scheme.

Fault Types

Fault Types by Connection
Single-phase (line-to-ground or single-line-to-ground) – phase conductor comes in electrical contact

with ground or neutral path. Approximately 90% of all faults are single-phase faults.

Phase-to-phase (line-to-line) – phase conductor comes in contact with another phase

Phase-to-phase-to-ground (line-to-line-to-ground or double-line-to-ground) – two phase conductors

come in contact with ground or neutral wire

Three-phase (three-phase-grounded or ungrounded) – all three-phase conductors come in contact with

each other.

Fault Types by Persistence
Temporary faults – transitory in nature and can be cleared if the line is de-energized. Typically caused

by insulator flashover due lightning strike, debris or contamination, animal activity, and vegetation

contact. Can be arcing in nature and can be any of the connection types above. Majority are single-phase

faults but they can evolve into three-phase faults if not cleared quickly (due to arc extending outward or

equipment going into catastrophic failure).

Permanent faults – usually require isolation and repair for clearing. Some “permanent” faults may

eventually burn clear (self-clearing) but would not be cleared if the line is de-energized. Typically caused

by equipment failure like insulation breakdown, severe weather, and accidents.
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Fault Types by Contact
Arcing fault – faulted elements come into contact indirectly through an electric arc.a Usually temporary

in nature as the conditions tend to dissipate when the line is de-energized (or the fault burns clear before

protection can act). In some cases arc will re-establish on re-energization. Can be one of any of the

connection fault type mentioned above, and possibly even evolve into another connection type before it

is extinguished.

Non-arcing fault – faulted elements come into direct contact with each other, as opposed to indirectly

through a sustained electric arc. Can be temporary or permanent depending on the nature of the contact.

Fault Types by Impedance
Low impedance faults (bolted faults) – generally have fault impedance Zf close to zero (an EPRI study

performed in the early eighties indicated that the maximum fault impedance for a detectable fault was 2

ohms or less). Fault impedance influences the level of fault current depending on the fault location, but

has less impact for faults distant from the substation, as shown below.b

Figure 11.1  Fault impedance influence on level of fault current

High impedance faults – have low fault current (less than 100 amperes) and are usually not detectable

by conventional means. Fault impedance Zf depends on the surface on which the conductor falls. Forty

(40) ohms has been used for some time based on high impedance fault current levels obtained from a

study documented in a1947 AIEE study.c

However, more recent studies by EPRI and PTI have indicated that 40 Ohms may not be sufficient. In

fact, according to one industry expert, “fault impedances of 200 ohms or more would have to be used to

simulate average fault levels caused by most high impedance faults.”d

a An electric arc is a dielectric breakdown of a normally nonconductive medium (fluid or gas), which produces an ongoing plasma discharge, ionizing particles in the
medium, and allowing current to flow.

b Hard to find Information about Distribution Systems Part I, Jim Burke, January 2005
c G. Lincks, D. Edge, W. McKinley, and J. Leh, Overcurrent Investigation on a Rural Distribution System, AIEE, 1949
d Hard to find Information about Distribution Systems Part III, Jim Burke, January 2005
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Available Short Circuit Current

Line

Three-phase fault:

Amperes in each phase

Line-to-neutral fault:

Amperes in each phase

Amperes, assuming that the impedances of the phase conductor are equal and the phase conductors are

arranged like the points of an equilateral triangle with the neutral conductor an equal distance from all phase

conductors.

Line-to-line fault:

Amperes

Where:

V = line-to-line voltage in kV

Z1 = positive sequence impedance

Z0 = zero sequence impedance

Secondary Fault Calculations – Transformer 

For transformer configuration wye-grounded / wye-grounded: 

For transformer configuration wye / delta:

For transformer configuration delta / wye:

Fault Calculations
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Available Short Circuit Current (cont’d)

For other transformer configurations use DSTAR Secondary Electrical Design Software (SEDS).

Three phase fault:

Amperes in each phase

Line-to-neutral fault:

Amperes in each phase

Amperes, assuming that the impedances of the phase conductor are equal and the phase conductors are

arranged like the points of an equilateral triangle with the neutral conductor an equal distance from all 

phase conductors.

Line-to-line fault:

Amperes

Where:

Z1S = positive sequence impedance – secondary side

Z0S = zero sequence impedance – secondary side

Z1P = positive sequence impedance – primary side

Z0P = zero sequence impedance – primary side

ZT = impedance at tertiary

V = line-to-line voltage in kV

Secondary fault calculations may be performed using the DSTAR Secondary Electrical Design Software (SEDS) or the Secondary Short Circuit Calculator in Chapter 7.

http://www.dstar.org/P_R_Software_SEDS.htm
http://www.dstar.org/P_R_Software_SEDS.htm
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Overcurrent Protection Devices
Overcurrent protective devices operate on excessive current to cause and maintain the interruption of

power in an electrical circuit. All protective devices are not overcurrent devices. The most commonly

used overcurrent devices on U.S. distribution systems are fuses and reclosers. Some overcurrent

protection devices have current-interrupting capabilities, (circuit breakers, reclosers and fuses), while

others, like sectionalizers, do not.  

Fuses

According to the IEEE Standard C37.40-1993, a fuse is “a current-responsive protective device with a

circuit-opening fusible part that is heated and severed by the passage of current though it, creating an

arc within the fuse. The interaction of the arc with certain other parts of the fuse results in current

interruption.”

Fuses are the most widely used protective element on U.S. distribution systems. They are inexpensive,

reliable, and durable, having no moving parts, and can last 20 years are longer virtually maintenance free.

Expulsion Fuses
Expulsion fuses are broadly classified as distribution fuse cutouts and power fuses. Power fuses have

higher withstand strength (BIL) and are primarily applied in substations. Distribution fuses have BIL

ratings appropriate for distribution voltages and are primarily applied on laterals and branches of feeder

circuits. 

Distribution expulsion fuses consist of a button, a fusible element (a quick melting material such as tin

or solder) and a leader. The length and diameter of the element determines the fuse protective

characteristics. The longer the fuse, the quicker it melts at low currents, but melting time at higher

currents is determined by the diameter. The fuse link is housed inside a replaceable fuse cartridge, which

is part of a fuse cut-out assembly (shown below).

Figure 11.2 Distribution expulsion fuse cutout assembly

When the fuse element melts, it creates an arc inside the fuse cartridge. The arc rapidly creates gasses

from materials close to the element (usually fiber) which function to deionize and extinguish the arc,

maintaining the interruption. The gasses produced must be vented from the fuse assembly (some fuses

use condensers to limit exhaust). This visible expulsion of gasses gives the fuse its name.
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Of the many types of fuse links available, “K” type and “T” type fuses are the most common, with K

links being fast acting at high currents and T links being slower. Key advantages of expulsion fuses are:

• they are economical and easy to replace, and 

• they provide a positive indication of operation. 

Current Limiting Fuse
Current-limiting fuses, as the name implies, introduce a high resistance to reduce current magnitude and

duration when the fuse element melts. Like expulsion fuses, current-limiting fuses are broadly classified

as power fuses of distribution fuses. Distribution fuses generally consists of silver wire suspended in a

fiberglass tube of sand (shown below). 

Figure 11.3 Schematic of a current limiting fuse.

During a fault, the silver element melts instantly to interrupt the current. The heat of the arc fuses the sand

into a fulgurite crystal (glass), resulting in the sudden insertion of additional impedance. 

ANSI standard C37.47-1981 classifies current-limiting fuses by a “C” rating or an “R” rating depending

on the melting characteristics. Fuses are also generally classified according to their ability to clear low

magnitude faults as full-range, general purpose and partial-range (backup) fuses. Table 11 1 summarizes

the operating characteristics based on IEEE C37.40-1993.

Table 11.1  Operating Characteristics of Current-Limiting Fuse Types

Operating Characteristics of Current-Limiting Fuse Types
CL Fuse Type Operating Range Application

Full-Range Max rated interrupting current to Min
continuous current

Provides complete circuit  protection by
itself

General Purpose Max rated interrupting current to Current
that causes melting in 1 hr

Depending on application, may or may
not require a series protective device to
provide complete protection

Partial-Range (backup) Max rated interrupting current to Min
rated interrupting current

Cannot protect circuit by itself. Requires
another protective device in series, such
as an expulsion fuse
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Current-limiting fuses are more expensive than expulsion fuses, but also react faster to high fault currents

and do not require venting. For these reasons, current limiting fuses are typically used:

• when avail able short-circuit current exceeds the expulsion fuse rating

• to limit the high energy discharge from nearby shunt capacitors and to protect sensitive

equipment from sudden damaging currents

• in enclosures where a non-venting fuse is needed

Reclosers

Reclosers are normally applied on overhead distribution circuits where temporary faults are an issue,

where local automation is needed, or device coordination is required. The automatic circuit recloser is a

self-contained device that can sense and interrupt fault currents and re-close automatically to re-energize

the line. The operation is similar to that of a feeder breaker equipped with a reclosing relay, but the

recloser generally has less current interrupting capability, is less expensive, and is capable of reclosing

much faster than a breaker.

Reclosers interrupt current in a similar manner as circuit breakers, and like breakers, the controls can be

either hydraulic or electronic. When overcurrent is sensed, the recloser contacts are tripped open, and the

arc is extinguished in an interrupting medium. Reclosers are typically classified by the interrupting

medium as oil, SF6 or vacuum interrupters. 

The trip time depends on the device time-current characteristic. Reclosers typically have an instantaneous

(fast) curve (A) and one or more time delay curves (B, C, D, E). When fault current is sensed, the recloser

may trip instantaneously on its A curve (to save fuses from blowing) or trip after a time delay on the B

curve (to allow a fuse to clear the fault). Typical operation is a reclosing sequence of two shots on the

fast curve followed by two shots on the delay curve (2A, 2B). This is illustrated in the schematic below.

Figure 11.4  Typical recloser operation sequence.

Single-phase reclosers are used to protect single-phase lines such as taps and laterals or three-phase lines

with single-phase-to-ground loads. Three-phase reclosers are used where lockout of all three phases is

required for permanent faults to prevent single-phasing of three-phase loads such as large three-phase

motors or where higher load currents exist.



11 | 10Distribution Data e-Handbook | rev date 12/12

11 | Overcurrent Protection and Coordination

Sectionalizers
A sectionalizer is used conjunction with an upstream (source-side) recloser or a circuit breaker with

reclosing relay to automatically isolate a faulted section of a feeder or lateral from the rest of the

distribution system. The sectionalizer does not have fault-interrupting capability in and of itself (some

cannot even interrupt load current), but relies on the upstream device to de-energize the circuit. The

actuating current is the current level at which the sectionalizer ‘arms” itself to begin counting. In

practice, the actuating current is typically set to 80% of the minimum phase trip setting of the source-side

breaker or recloser. This assures positive coordination between the devices, but also makes the

sectionalizer more sensitive to nuisance trips due to inrush currents. This is especially true for hydraulic

sectionalizers, because electronic sectionalizers have an inrush restraint feature. The logic circuit is

programmed to count only on symmetrical currents, i.e. if both the negative and positive half cycles of

an overcurrent exceed the minimum actuating current. Because magnetic inrush currents are

asymmetrical (unidirectional), they are ignored by the logic circuit. Other restraint features available for

electronic sectionalizers include count restraint, time-integrated restraint, response restraint, and ground

restraint.

Most utilities prefer to uses fuses over sectionalizers where possible for the following reasons: 

• Sectionalizers are more expensive than fuses of the same rating and capability

• Sectionalizers are prone to miscoordination because of memory/count reset problems

(especially on hydraulically controlled sectionalizers)

• Sectionalizers tend to misoperate or false count on transformer magnetizing inrush currents

(though inrush-restraint features are available to limit nuisance tripping) 

Because they don’t have time-current characteristics, sectionalizers are particularly useful where

coordination is difficult, either because of too many devices in close proximity, or high fault currents.

Relays and Circuit Breakers

Relays and circuit breakers work together in a protection tandem. The relay, the brains of the operation,

detects faults and prompts the breaker, the brawn of the operation, to interrupt the fault current and de-

energize the circuit. In a distribution circuit, each feeder is typically protected, inside the substation fence,

by a breaker equipped with overcurrent relays and often a reclosing relay. In some smaller systems with

low short-circuit currents, an automatic recloser may be used in place of the relay-breaker tandem to

protect a feeder at the substation.

Overcurrent relays can be broadly classified as instantaneous overcurrent and time-delay relays.

Instantaneous overcurrent relays have no intentional time delay and operate from ½ cycle to about 6

cycles. Time delay relays can be definite or inverse time-delay, depending on whether the delay is preset

or determined by the current magnitude. In U.S. systems, inverse time-delay schemes are more widely

used. Depending on the slope of the time-current characteristic curve, the relay response may be

described as inverse, very-inverse, or extremely-inverse.

In a feeder protection system, overcurrent relays are dedicated for phase protection and for ground

protection. ANSI numbers are used to identify relays. For example 50P and 50N are instantaneous

overcurrent phase relays while 51P and 51N are time overcurrent phase and ground relays.
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The time-current characteristic curves for a given overcurrent relay are represented by a family of curves

which indicate the relay pickup time as a function of current for various time dial setting. Figure 11.5

shows an example of these curves for a very inverse overcurrent relay.

Figure 11.5  Time-current characteristic curves for a very-inverse overcurrent relay

The relay tap setting determines the minimum value of current flowing in the relay coil that will cause the

relay to pick up. Tripping time is determined by setting the time dial or lever. In the case of electromagnetic

relays, at a time-dial setting of zero, the relay contacts are closed. As the time-dial setting is increased, the

contact opening becomes larger, increasing the operating time of the relay for a given value of current.

The circuit breaker is a mechanical switching device capable of making (closing into), breaking

(opening), and carrying (for a specified time) fault current. Breakers can be opened and closed manually

or with external relays or electronic controls. Because of their high interrupting and current carrying

capacity, they are large, complex, expensive devices.

Breakers are often classified according to their interrupting medium and method of storing energy. When

fault current is being interrupted, a high energy arc is established between the separating contacts. To 

de-energize the circuit, the arc that must be controlled, cooled and extinguished, and the energy must be

dissipated in a medium with sufficient dielectric strength to prevent the arc from being re-established.

The types of media commonly used in station breakers are oil, air blast, SF6 and vacuum. Arc

interruption is achieved in different ways in each interrupting medium, and this determines the

interrupting capability (or rated short-circuit current) of  the breaker. The rated continuous current is 

the maximum 60 Hz current the breaker can carry continuously without exceeding allowable 

temperature rises.
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Device Coordination
Coordination of devices is an illustration of the core principle of protection selectivity. When a fault

occurs, the protection devices that “see” the fault (i.e. experience fault current), should interrupt the fault

current and isolate the faulted equipment/segment, but take as little of the system out of service as

possible. This requires devices to coordinate such that the first upstream device away from the fault

(protecting device) acts first (usually), and the next upstream device (protected device) devices functions

as backup protection (see figure below).

Figure 11.6  Illustration of the concept of protecting and protected devices using fuses

Inrush Current/Cold Load Pickup

One of the major challenges of device protection and coordination is distinguishing between inrush

current or cold load pickup and fault current so that devices do not misoperate during reclose and load

pick-up operations, but are still sensitive enough to clear faults (selectivity). After a feeder has been de-

energized for some time (twenty minutes or more), intermittent loads such as furnaces, refrigerators,

pumps and water heaters would have exceeded their normal “off” periods. Reclosing the feeder results

in the flow of abnormally high inrush currents resulting from the loss of diversity. These currents are

caused by

• Magnetizing inrush currents to transformers and motors

• Current to raise the temperatures of lamps and filaments and heater elements, and

• Motor-starting current

The total inrush current may be up to four times the normal peak load current and as much as 1.5 times

normal peak current after three or four seconds. Most feeder relays, set to pickup at 200 to 400 percent

of full load would misoperate for these inrush currents. An extremely inverse characteristic relay (which

is 30 cycles faster than an inverse relay at high currents and as much as 70 cycles at low currents) can

provide selectivity between inrush and short-circuit current, while also coordinating with fuses and other

devices downstream of the relay. 

Fuse to Fuse Coordination

Expulsion Fuse-to-Expulsion Fuse
The operation characteristics, and coordination of medium- and high-voltage fuses are defined and

determined by their minimum-melting TCC curve and total-clearing TCC curve. The minimum-melting

curve gives the minimum time the fuse can sustain an overcurrent of a given magnitude before the element

melts. The total-clearing curve gives the maximum time the fuse will take to clear the overcurrent (include

the arcing time).With this in mind, there are three ways to achieve fuse-fuse coordination:
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1. TCC curves – plot the total-clearing TCC curve of the load-side (protecting) fuse with the

minimum-melting (MM) TCC curve of the source-side (protected). The value where they

cross represents the  limit of coordination, or the maximum fault current level up to which

the fuses coordinate (see Figure 11.7). Sometimes the MM TCC curves must be adjusted for

preload, temperature and damageability. For tin element fuses in particular, the “damage

curve” which is 75% of the MM TCC curve of the protected fuse, is used.

Figure 11.7  Fuse-to-fuse coordination using TCC curves

2. Series coordination tables – because coordination is a repetitive process, series

coordination tables developed from TCC curves can be used to coordinate a large number of

fuses quickly. The tables typically list the maximum fault currents for series coordination of

fuse of various ratings, within the same speed class (K or T). Tables can be developed based

on whether or not there is preloading of the source-side fuse links.

3. Rules of thumb – originally established for coordinating adjacent rated fuses with the same

speed characteristics, but rarely used in practice any longer. According to the rules, K speed

fuses will coordinate with adjacent ratings for currents up to 13 times the rating of the

protecting fuse, and T speed fuses will coordinate with adjacent ratings for currents up to 24

times the rating of the protecting fuse.

In general, TCC curves are most accurate and should be used where coordination is critical. Coordination

tables are useful when many devices need to be quickly coordinated. Rules of thumb are the least

accurate and should only be used for fuses with the same speed characteristics.

Expulsion Fuse-to-Current-Limiting Fuse
When the current-limiting fuse is the protecting fuse (load-side fuse) and the expulsion fuse is the

protected fuse (source-side fuse), as shown in the figure below, coordination is much more achievable.

The faster-acting current-limiting fuse can “see” the fault before the expulsion fuse and has time to clear

it before the expulsion fuse melts. The coordination limit is found by comparing the total-clearing TCC

curve of the expulsion fuse with the minimum melting TCC curve of the current-limiting fuse (with a

25% setback to account for pre-loading, temperature effects and damageability).
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Figure 11.8 Source-side expulsion fuse coordinating with load-side current-limiting fuse

Coordination is much more difficult to establish when the current-limiting fuse is the protected (source-

side) fuse and the expulsion fuse is the protecting (load-side) fuse, as shown in the figure below. The

expulsion fuse must wait for a zero crossing to interrupt, while the expulsion fuse can effectively force a

current zero. As a result, both fuses may operate even for relatively low fault currents.

Figure 11.9  Source-side current-limiting fuse coordinating with load-side expulsion fuse

Current-Limiting Fuse-to-Current-Limiting Fuse
Since current-limiting fuses can operate in less than .01 seconds additional steps must be taken to ensure

coordination in this timeframe. Above .01 seconds, coordination is achieved by comparing the total

clearing TCC curve of the load-side fuse to the minimum melting TCC curve of the source-side fuse

(with the 25% setback). When fuses are close together, coordination below .01 seconds is confirmed

when the maximum let-through (total) I2t of the load-side fuse is less than the minimum-melting I2t of the

source-side fuse. Listings of maximum total and minimum melting I2t values are readily available from

fuse manufacturers. Some manufacturers include the 25% setback allowance in the published minimum-

melting I2t values.

Backup Current-Limiting Fuse
Often a backup current-limiting fuse is used with an expulsion fuse to protect transformers, capacitors

and other equipment. The main considerations here are (1) the expulsion fuse should clear low-magnitude

faults without damaging the backup current-limiting fuse, and (2) the backup current-limiting fuse should

let through enough energy to always cause the expulsion fuse to operate. This reduces the voltage

withstand requirement of the current-limiting fuse and provides a visible indication of operation and fault

location for outdoor applications. Most manufacturers publish cross-reference tables of expulsion fuses

that coordinate with backup current-limiting fuses.

Recloser to Fuse Coordination

The limit of recloser-fuse coordination is determined from the intersections of the recloser instantaneous

and time delay curves with the fuse minimum-melting and total-clearing TCC curves, as shown below.
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Figure 11.10  Reclose r-fuse TCC coordination

Within the limits of coordination, the fuse allows the recloser to attempt to clear the fault (if it’s

temporary) on its instantaneous curve. If the fault persists after the reclosing operation, the fuse melts to

clear the fault before the recloser locks out on its time delay curve. Outside the coordination range, for

low fault currents, the recloser may lockout before the fuse melts, and for high fault currents, the fuse

may melt even before the recloser operates on its instantaneous curve.

To establish the limits of coordination more accurately, the TCC curves of the recloser and fuse may be

shifted to account for alternate heating and cooling of the fuse as the recloser goes through its open and

close sequences. This is illustrated in the figure below.

Figure 11.11  Illustration of fuse heating and cooling during recloser operation

One method to account for fuse heating is to shift the instantaneous curve to the right by a factor. The K-

Factor Method and Cooling Factor Method from Cooper and S&C respectively can be used to more

accurately adjust the TCC curves for fuse cooling.
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Fuse-Clearing and Fuse-Saving Schemes
Fuse-clearing and fuse-saving schemes are used whenever a recloser (or breaker with a reclosing relay)

coordinates with a fuse protecting a lateral or branch, as shown below.

Figure 11.12 Recloser coordinating with downstream fuse

If a fault occurs on the lateral and the fault current is within the recloser-fuse coordination limits (as

illustrated in Figure 11.10), the recloser should go into its reclosing sequence in an attempt to clear the

fault before the fuse acts. This is referred to as a fuse-saving scheme because it saves the fuse from

operating (and being replaced) for temporary faults. Since most faults on distribution circuits are

temporary in nature, fuse saving can improve reliability by reducing the number of sustained outages.

However, this arrangement subjects all customers on the rest of the system downstream of the recloser

(not just on the lateral), to momentary interruptions. For some industrial customer whose processes are

sensitive to short interruptions, this can be quite costly.

A fuse-clearing scheme allows the lateral fuse to clear the fault before the upstream recloser can even go

into its reclosing sequence. This means that the recloser instantaneous operation is “blocked” or the fast

(A) curve is less than the fuse total clearing curve for the fault current. This coordination scheme would

cause fuses to operate even for temporary faults, which could lead to many fuse replacements. However,

it saves momentary interruptions on the rest of the feeder, at the expense of customers on the lateral who

experience a sustained outage.

The use of either of these coordination schemes is highly dependent on the reliability goals and priorities

of a utility, and customer mix on a particular feeder. About one-third of utilities use fuse saving, one-third

use fuse clearing, and one-third use a combination of strategies, with a trend towards fuse clearing.

Recloser to Sectionalizer Coordination

For system protection, sectionalizers are almost exclusively used in conjunction with an upstream

reclosing device. When a fault occurs, the sectionalizer counts the number of reclosing attempts of the

upstream reclosing device and after a pre-determined number of operations, it will “lock out” or open to

isolate the faulted section while the upstream device is open. This allows the device to close-in and re-

energize the rest of the system that can still be served with the faulted section isolated. If the fault is

temporary, it will be cleared by the upstream breaker or recloser before the sectionalizer locks out, and

the sectionalizer will reset its count. 
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In practice, the sectionalizer should be set to lock out in one less operation than the backup reclosing

device. The opening and reclosing times of the backup device must be coordinated with the

sectionalizer’s count retention time, i.e. the combined trip/reclose time must be less than the

sectionalizer’s memory time to avoid miscoordination. Sectionalizers may be also coordinated with other

sectionalizers. In this case, the backup sectionalizer(s) may be set for one, two, or three counts more than

the primary sectionalizer (the one nearest the fault). This is illustrated below. S1, S2 and S3 are

sectionalizers with preset counts as indicated.

Figure 11.13  Illustration of sectionalizer coordination using count

For a fault on the lateral as shown, S3 would not see fault current, but S1 and S2 would “arm” and begin

counting when the recloser opens. After one recloser operation (open and close), S1 and S2 count “1” and

S3 may now be “armed” due to transformer inrush current when the recloser contacts closed. When the

recloser contacts opens a second time, S1 and S2 count “2” and S3 may count “1”. Since S2 is preset to

lock out after a count of “2” it opens and isolates the fault. When the recloser contacts close the second

time, the fault is gone, so it holds (does not perform a third reclosing sequence). S1 resets its memory

counter, and does not open since it did not reach its preset count of “3”. S3 however sees inrush current

again and may count “2” and attempt to open under load.

Breaker/Relay to Fuse Coordination

The circuit breaker protecting the feeder at the substation should coordinate with downstream protection

devices so that it is the protection of last resort on the feeder. Lateral fuses, reclosers, and sectionalizers

should normally be given a chance to isolate a faulted segment before the relay trips the breaker and 

de-energizes the entire feeder. The schematic below shows a feeder breaker backing up a lateral fuse.

Figure 11.14  Breaker coordinating with downstream fuse

The breaker is usually equipped with an instantaneous overcurrent relay and a time-delay relay. Within

the coordination limits, the fuse should clear lateral faults before the breaker trips the feeder offline. This

would de-energize the lateral even for temporary faults. To improve reliability, it is common to equip the

breaker with a reclosing relay which attempts to clear temporary faults before the fuse operates. In this
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case, the fuse only operates for permanent faults on the lateral, a philosophy commonly referred to as

feeder selective relaying. This is similar to the recloser-fuse coordination discussed in earlier. The impact

of fuse heating and cooling (see Figure 11.10) during the reclosing sequence must also be considered

during breaker-fuse coordination. However, note that breaker reclosing times are much longer than that

of reclosers (as much as 7 to eight times longer). Fuse-saving and fuse-saving schemes may also be

applied to breaker-fuse coordination. 

Feeder selective relaying (and fuse-saving/clearing schemes) are only applicable within relatively narrow

coordination limits. At very high fault currents (such as near the substation), coordination may be

impossible, and both fuse and breaker will operate. At very low fault currents (such as at the end of a long

feeder), the fuse may not operate at all. This is illustrated in the figure below.

Figure 11.15  Illustration of relay-fuse coordination limits

Breaker/Relay to Recloser Coordination

The feeder breaker at the substation should be coordinated with downstream line reclosers so that the

relay sees faults just beyond the recloser, but allows the recloser sufficient time to operate before it trips

the circuit offline. An important consideration for this selectivity is the reset time of the overcurrent

relays, during line recloser operations. If the relay rest time is not fast enough, or the line recloser delay

time is too long, the relay may incrementally proceed toward tripping during successive recloser

operations. A rule of thumb is to make the relay operating time at least twice the time delay characteristic

of the relay at any current.

Transformer Protection
Overcurrent and Fault Protection for Transformers is discussed in Chapter 13: Transformer Application.
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Capacitor Protection
Capacitor Fusing Guidelines are discussed in Chapter 12: Shunt Capacitor Application.

Overhead Conductor Damage Charts

Short circuits on electric power systems can result in extremely large currents flowing in conductors until

the fault is interrupted. During this time, conductors will experience heating that could lead to damage

by annealing or burndown if the fault current is high enough and/or lasts long enough. 

Annealing is caused by an increase in the temperature of the conductor due to the fault current flowing

through it (I2R heating). It could lead to loss of conductor tensile strength and an increase in ductility,

which could cause the conductor to fail. Annealing could also cause the conductor to droop and sag

excessively, possibly leading to faults, safety issues, or broken conductors. Burndown is due to the fault

arc acting upon 0pthe conductor at a certain location. Aluminum conductors are more resistant to arcing

damage than other conductors because arcs tends to cause less pitting and surface melting on aluminum.

Overhead conductor damage curves are used to specify the maximum fault current operating limit for

bare stranded aluminum conductors. Examples of those curves are published in Figure 11.17 to Figure

11.24. To use the curves, plot the intersection of the total clearing time-current characteristic (TCC) curve

for the source-side protecting device and the available fault current level. Any conductor damage curves

that fall above or to the right of this point will be protected by the upstream device. In the example in

Figure 11.16, the breaker-relay can protect conductors sized #2 AWG and larger.

Figure 11.16 Use of conductor damage curve to determine device ability to protect
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Notes: Upper temperature limit: 645°C (melting point of aluminum strands); Ambient (initial) temperature: 40°C

Curves assume there is no heat loss in the conductor

Figure 11.17 Bare Stranded ACSR Conductor Maximum Fault-Current Operating Limit Curves*

* Reprinted with permission from Southwire Overhead Conductor Manual, 2nd Edition
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Notes: Upper temperature limit: 645°C (melting point of aluminum strands); Ambient (initial) temperature: 40°C

Curves assume there is no heat loss in the conductor

Figure 11.18 Bare Stranded ACSR Conductor Maximum Fault-Current Operating Limit Curves*

* Reprinted with permission from Southwire Overhead Conductor Manual, 2nd Edition
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Notes: Upper temperature limit: 645°C (melting point of aluminum strands); Ambient (initial) temperature: 40°C

Curves assume there is no heat loss in the conductor

Figure 11.19 Bare Stranded ACSR Conductor Maximum Fault-Current Operating Limit Curves*

* Reprinted with permission from Southwire Overhead Conductor Manual, 2nd Edition



11 | 23Distribution Data e-Handbook | rev date 12/12

11 | Overcurrent Protection and Coordination

Notes: Upper temperature limit: 340°C (point of damage due to annealing); Ambient (initial) temperature: 40°C

Curves assume there is no heat loss in the conductor

Figure 11.20 Bare Stranded Aluminum Conductor Maximum Fault-Current Operating Limit Curves*

* Reprinted with permission from Southwire Overhead Conductor Manual, 2nd Edition
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Notes: Upper temperature limit: 340°C (point of damage due to annealing); Ambient (initial) temperature: 40°C

Curves assume there is no heat loss in the conductor

Figure 11.21 Bare Stranded Aluminum Conductor Maximum Fault-Current Operating Limit Curves*

* Reprinted with permission from Southwire Overhead Conductor Manual, 2nd Edition
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Notes: Upper temperature limit: 340°C (point of damage due to annealing); Ambient (initial) temperature: 40°C

Curves assume there is no heat loss in the conductor

Figure 11.22 Bare Stranded Aluminum Conductor Maximum Fault-Current Operating Limit Curves*

* Reprinted with permission from Southwire Overhead Conductor Manual, 2nd Edition
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Notes: Upper temperature limit: 340°C (point of damage due to annealing); Ambient (initial) temperature: 40°C

Curves assume there is no heat loss in the conductor

Figure 11.23 Bare Stranded 6201 AL Alloy Conductor Maximum Fault-Current Operating Limit Curves*

* Reprinted with permission from Southwire Overhead Conductor Manual, 2nd Edition

http://www.quanta-technology.com/sites/default/files/doc-files/Burke-Hard-to-Find-Vol-1.pdf
http://tdworld.com/mag/power_practical_approaches_reliability/
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Notes: Upper temperature limit: 340°C (point of damage due to annealing); Ambient (initial) temperature: 40°C

Curves assume there is no heat loss in the conductor

Figure 11.24 Bare Stranded 6201 AL Alloy Conductor Maximum Fault-Current Operating Limit Curves*

* Reprinted with permission from Southwire Overhead Conductor Manual, 2nd Edition
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Released Capacity Due To Application of Shunt Capacitors

The fundamental relationship between kVAR and kW in a circuit when shunt capacitors are applied

are shown in the figure below.

Figure 12.1  Fundamental kVA, kVAR and kW relations.

The following equations define some of the parameters in Figure 12.1:

Capacitor kVAR to go from q1 to q2 is:

Resultant kVA at q2 is:

Incremental kVA capacity released at original power factor in terms of q1 and q2 is:

DkVA at original power factor in terms of CkVA and q1 is:

and

Based on kW capacity usage by kVAR, the most economic operating power factor is obtained 

by the equation:

Where;
c = capacitor cost in dollars per kVAR when supplied in the load area

s = cost of distribution system capacity in dollars per kW
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Voltage Rise Due to Application of Shunt Capacitors

The percent voltage rise (%DE) due to application of a shunt capacitor, neglecting line resistance, is
given by:

Where,
kVAR = three-phase capacitor kVar

X = reactance per phase-to-neutral in ohms per mile
d = length of line in miles

kV = line-to-line in kilovolts

For single-phase circuits multiply reactance (X) by 2 (this is an approximation), and use 
single-phase kVAR and line-to-ground voltage.

Figure 12.2 below shows some plots of percent voltage rise for various line voltage levels.

Figure 12.2  Curves of voltage rise caused by capacitor application.

13.8 kV 12.47 kV 4.8 kV 4.16 kV 2.4 kV

480 V 240 V 216 V

These curves give voltage rise per 100 kVAR of three-phase capacitor applied to 1000 or 100 feet of
three-phase line. For single-phase lines, the voltage rise per 100 kVAR of single-phase capacitor applied
to 1000 feet of 100 feet of line will be twice the indicated value.
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Capacitor Placement

Concentrated Load

For a concentrated load, the optimum placement of the capacitor is adjacent the load.

Uniformly Distributed Load

One Capacitor bank:

Optimum placement of capacitors is 2/3 the distance of the line from the substation end, sizing the

bank to meet 2/3 of the total feeder kVAR to be installed.

Two Capacitor banks:

With two capacitors banks on the feeder, place the capacitor at intervals of 2/5 of the total line 

distance, starting from the substation end, and sizing each bank to provide 2/5 of the total kVAR to

be installed.

More than two capacitor banks:

For n capacitor banks, place the capacitors at intervals of 2/(2n+1) times the total line distance, and

size each bank to provide 2/(2n+1) times the total kVAR to be installed. Note that the above

guidelines for one and two capacitor banks are special cases of the general guidelines.
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Capacitor Fusing Guidelines
The main form of over-current protection for a capacitor bank is a fuse. The fuse must be capable of
withstanding steady state and transient currents in order to avoid spurious fuse operation. It must also
effectively remove a failed or failing capacitor unit from service without causing further damage or
disruptions to the capacitor and the system. Table 12.1 shows a summary of the key criteria for selection
of the appropriate fusing for shunt capacitor applications.  Although this table is expected to cover the
majority of capacitor fusing applications, there may be special circumstances in particular applications
that require considerations not included in the table. A good understanding of your utility fusing
guidelines along with this table should enable an engineer to properly consider all criteria.

Table 12.1  Summary of Shunt Capacitor Fusing Criteria 1

Summary of Shunt Capacitor Fusing Criteria

“Events”
Key Criteria Fuse Characteristic Desired

Individual
Protection

Group Protection Slow Clearing Fast Clearing

Withstand Steady State and Transient Currents
Continuous Current √ √ √ -

External Transient 
Currents - Lightning

√ - √ -

External Transient 
Currents - Switching

- √ √ -

Out-rush Current Note 2 √ √ -

Effectively Removing Failed or Failing Capacitor Unit
Fault Current √ √ Note 1 Note 1

Tank Rupture Curve
Coordination

√ √ - √

Voltage on Good Capacitors √ √ - √

Energy Discharge Into 
Failed Unit

- √ Note 1 Note 1

Coordinate with Unbalance
Detection Scheme

- √ - √

Note 1.    This criteria helps to determine whether expulsion or current limiting fuses are required. 

               Expulsion fuses offer the following advantages:

               -   they are inexpensive and easily replaced.

               -   offers a positive indication of operation.

               Current Limiting fuses offer the following advantages:

               -   a high availability short circuit exceeds the expulsion or non-vented fuse rating.

               -   a current limiting fuse is needed to limit the high-energy discharge from adjacent parallel capacitors effectively.

               -   a non-venting fuse is needed in an enclosure

Note 2.    Out-rush current is generally not an issue for poletop distribution capacitors. However, in rare cases where  poletop units are installed in close proximity to
one another, this may be a consideration.



12 | 6Distribution Data e-Handbook | rev date 12/12

12 | Shunt Capacitor Application

Individual Capacitor Fusing

Figure 12.3  Individual Capacitor Fusing 2

Individual protection is defined as each capacitor in a bank being protected by its own individual fuse.

This type of protection is commonly used in outdoor substation designs and may be used for poletop

capacitor banks. Fuses are bus-mounted type. The following consideration are used for selecting the

individual fuse:

Continuous Current - The fuse protecting the capacitor is chosen so that its continuous current

capability is equal to or greater than 135% of rated capacitor current. This overrating allows 10% for

over-voltage conditions, 15% for capacitance tolerance, and 10% for harmonics.

The minimum size fuse link is calculated as follows:

This is based on the ILink being 100% rated.  Based upon results from a recent industry study, some

DSTAR members have chosen to fuse their poletop capacitor banks one size larger than would be

determined from the equation above. Special local considerations and past experience with poletop distri-

bution banks fusing should also be used to define the minimum link size.

Transient Currents - Individual fused capacitors banks are generally not subject to significant high

magnitude, high frequency lightning surges. Transient currents due to switching are also of no significant

concern, unless capacitor banks are switched back-to-back. It is highly unlikely that back-to-back

switching would be a consideration for poletop capacitor banks. However, in these circumstances the use

of a switch closing resistor or inrush current limiting reactor will limit the transient currents to acceptable

levels.

Fault Current - The fuse link and capacitor must be able to adequately handle the available fault current.

The capacitor must be able to withstand the fault current until the fuse interrupts the circuit. Current

limiting fuses are generally applied when capacitors are connected grounded wye in a single series group

bank application, as fault currents are fairly high. Expulsion fuses are commonly used in ungrounded wye

banks or in grounded wye banks with multiple series groups, as fault currents will not typically flow

through these failed units. Poletop capacitor banks are generally connected in a grounded wye configu-

ration.

Tank Rupture Curve Coordination - Since the fuse used for individual capacitor fusing is generally

smaller than that required for group fusing, curve coordination should not be a concern.  Nonetheless, the

procedure described for group capacitor fusing applies here also.
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I2t of Inrush Current

The Capacitor I2t level is expressed as:

Where:

IL = bank line current (Amperes)

ISC = short circuit current available at bank (kA)

K = X/R ratio at bank location

Note:

For a single bank, the inrush current is always less then the short-circuit value at the bank location.

Capacitor Voltage Following Unit Failure – The procedure for determining voltage on good capacitors

in an individual capacitor-fusing scheme is the same as described for group fusing scheme.

Parallel Energy Discharge into Failed Unit – The fuse and the capacitor must be capable of handling

the available parallel stored energy. The total calculated parallel stored energy should not exceed the

energy capability or joule rating of the capacitor unit and fuse.

Figure 12.4  Energy Discharge into Failed Capacitor Unit

Energy Withstand – The calculated value of stored energy should not exceed 10,000 joules (i.e. 3100

kVAR in parallel) for paper/film capacitors and 15,000 joules (i.e., 4650 kVAR in parallel) for conven-

tional all-film capacitors. Note: recent advancement in capacitor technology have resulted in capacitor

with much higher energy handling capability. Please consult your capacitor manufacturer for actual 

energy withstand capabilities.

Out-rush Current – When a capacitor failure occurs, the remaining units will discharge energy into the

failed capacitor. The fuses connected to un-failed capacitor units should be capable of withstanding the

high frequency I2t discharge of their capacitor into the failed one. The I2t withstand of the fuse link can

be determined from the published minimum melt TCC for the given fuse.

Coordination with Unbalance Protection Schemes – When a fuse operates in a capacitor bank, an

increase in the fundamental frequency voltage occurs on the remaining units in that series group. An

unbalance detection scheme is employed to monitor such conditions. Usually, the operation of the first
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fuse, which should result in an over-voltage on the remaining energized capacitors of no more then 110%,

will cause an alarm. When sufficient fuses are lost such that the overvoltage exceeds 110%, the bank

should normally be tripped off-line.

Group Capacitor Fusing

Figure 12.5  Group Capacitor Fusing

Group fusing is generally used for protecting pole-mounted distribution capacitor banks. The major

benefit of group fusing is that it is more economical. However, when phases consist of multiple units,

group fusing may not provide the sensitivity necessary to detect high impedance faults. The following

considerations are useful for selecting a group fuse:

Continuous Current – The fuse protecting the capacitor is chosen so that its continuous current 

capability is equal to or greater then 135% of the rated capacitor current for grounded-wye connected

racks, and 125% for ungrounded-wye racks. This over-rating includes the effects of overvoltage (110%),

capacitor tolerance (5% to 15%), and harmonics (5% for ungrounded-wye and 10% for grounded-wye

configuration).

The minimum size fuse link is calculated as follows:

, being 100% rated.

Based upon results from a recent industry study, some DSTAR members have chosen to fuse their poletop

capacitor banks one size larger than would be determined from the equation above. Special local consid-

erations and past experience with poletop distribution banks fusing should also be used to define the

minimum link size.

Transient Currents – Fuses can be damaged due to high magnitude, high frequency currents. The two

sources of transient currents are capacitor bank switching and lightning surges. To minimize spurious

fuse operation, select an appropriately large fuse link, which has the capability to withstand these

transient currents.

Fault Current – The fuse link and capacitor must be able to adequately handle the available fault current.

Table 12.2 shows the fault current limitation for Cooper Power Systems Type ES tab style and EX line

of capacitors. The values in the table are only applicable to these capacitor designs. Please consult the

capacitor manufacturer for other capacitor designs.
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Table 12.2  Fault Current Limitations (For Cooper Power Systems Type ES Tab Style) a

* These fuse links coordinate with capacitor tank rupture curves only up to the currents given in this table.

Tank Rupture Curve Coordination – The maximum clear TCC curve for the fuse link must coordinate

with the tank rupture curve of the capacitor. This coordination is necessary to ensure that the fuse will

clear the circuit prior to tank rupture occurring. The fuse maximum clear TCC must fall to the left of the

tank rupture TCC curve at and below the level of available fault current.

Fusing Recommendations – For applications where the short-circuit current would exceed the threshold

shown below, current-limiting fuses are generally applied. The maximum allowable fuse fault current is

also a function of the cutout type.    

Expulsion type fuses are generally used for lower fault current values. Some group fusing recommen-

dations for grounded-wye connected banks at some common distribution voltages are given below. A

more extensive discussion is available in the DSTAR report, “Transient Currents in Capacitor Fuses”

under DSTAR Project 8-3. 

Fault Current Limitations

Capacitor Rating
Maximum Symmetric Fault Currents 

(RMS Amperes) 

Maximum Link Rating
Which Coordinates with
Available Fault Current

100 KVAR
X/R = 0 X/R = 5 X/R = 1 0X/R = 15 K–Tin (Fast) T–Tin (Slow)

Less then 9 kV 4300 3000 2600 2500 50 25

Greater then 9 kV 3100 2200 1900 1800 30 20

When Using 38 kV
Cutouts

2000 1700 1500 1400 30 EK 20 ET

150, 200 & 300 KVAR
Less then 9 kV 8400 5900 5100 4800 80 50

Less then 9 kV 7900 5600 4800 4600 100*

Greater then 9 kV 6300 4400 3800 3600 65 40

Greater then 9 kV 5700 4000 3400 3300 80*

Greater then 9 kV 3200 2300 2000 1900 100*

When Using 39 kV
Cutouts

4100 3400 3100 2900 65 EK 40 ET

High Energy Type Capacitors (For Cooper Power System EX Capacitors)
Up to 27 kV Cutouts 12000 8500 7400 7100 100 80

38 kV Cutouts 8200 5700 5000 4700 100 EK 80 ET

a Based on Cooper Power System's ES Line of Capacitors. For other capacitor types, data should be obtained from the manufacturer

http://www.dstar.org/research/project-desc/cap_fuses/
http://www.dstar.org/research/project-desc/cap_fuses/
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Table 12.3  Group Fusing Recommendation

b Group fusing recommendation for Cooper Power Systems Type EX All-Film Capacitors with Cooper Power Systems Expulsion fuse links
c As part of DSTAR Program 8-3, the Union Electric portion of Ameren provided fusing recommendations.  
d As part of DSTAR Program 8-3, the Central Illinois Power (CIPS) portion of Ameren provided fusing recommendations.  
e Westinghouse fusing recommendations based upon the Westinghouse T&D reference book

Group Fusing Recommendation

System
Voltage 
L-N/L-L (V)

Capacitor
Bank Size
3-Phase
(kVAR)

Recommended Expulsion Fuse Size for Grounded-Wye Capacitor Banks

Cooper (1992)b AmerenUEc AmerenCIPSd Westinghousee

1380/2400

150 - 40T 45N 40K
300 - 100K 85N 100K
400 - - - 140K
450 - - - 140K
600 - 140T 125N -

2400/4160

150 20T 25T 25N 20K
300 40K 50 50N 40K
400 - - - 50K
450 65K - 85N 65K
600 80K 100K 100N 140K
700 - - - 140K
800 - - - 140K
900 - - - 140K
1200 - 200E* - -

2770/4800

150 20T - - 20K
300 40K - - 40K
400 - - - 50K
450 50K - - 50K
600 65K - - 100K
700 - - - 140K
800 - - - 140K
900 100K - - 140K

4160/7200

150 12T 12T 15N -
300 25T 25T 25N -
450 40K - - -
600 50K 50K 65N -
900 65K - 85N -
1200 100K - 100N -
1350 100K - - -

4800/8320

150 10T - - -
300 20T - - -
450 30K - - -
600 40K - - -
900 65K - - -
1200 80K - - -
1350 100K - - -
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Table 12.3 (continued)  Group Fusing Recommendation

System
Voltage 
L-N/L-L (V)

3-Phase
(kVAR)

Recommended Expulsion Fuse Size for Grounded-Wye Capacitor Banks

Cooper (1992)b AmerenUEc AmerenCIPSd Westinghousee

6640/11500

150 -1 - - -
300 - - - -
450 - - - -
600 - - - -
900 - - - -
1200 - - - -

7200/12470

150 8T 10T 10N 8T
300 15T 15T 20N 15T
400 - - - 20K
450 20T - 25N 20T
600 25T 30T 30N 25K
700 - - - 30K
800 - - - 40K
900 40K - 50N 40K
1200 50K 65T 75N 50K
1350 65K - -
1500 - - - 80K
1800 80K - - -
2400 80K - - -

7620/13200

150 6T - - 8T
300 12T - - 12T
400 - - - 20K
450 20T - - 20T
600 25T - - 25K
700 - - - 30K
800 - - - 40K
900 40K - - 40K
1200 50K - - 50K
1350 65K - - -
1500 - - - 80K
1800 80K - - -
2400 100K - - -
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Table 12.3 (continued)  Group Fusing Recommendation

System
Voltage 
L-N/L-L (V)

3-Phase
(kVAR)

Recommended Expulsion Fuse Size for Grounded-Wye Capacitor Banks

Cooper (1992) AmerenUE AmerenCIPS Westinghouse

7960/13800

150 6T 10T - 6T
300 12T 12T - 12T
400 - - - 20K
450 20T - - 20T
600 25T 25T - 25K
700 - - - 30K
800 - - - 40K
900 40K - - 40K
1200 50K - - 50K
1350 50K - -
1500 - - 65K
1800 80K - - -
2400 100K - - -

8320/14400

150 6T - - -
300 12T 12T - -
450 20T - - -
600 25T 25T - -
900 40K - - -
1200 50K 50K - -
1350 50K - - -
1800 65K - - -
2400 100K - - -
2700 100K - - -

9540/16500

150 5T - - 6T
300 10T - - 10T
400 - - 15T
450 15T - - 15T
600 20T - - 20T
700 - - 25K
800 - - - 30K
900 30K - - 30K
1200 40K - - 40K
1350 50K - - -
1500 - - - 50K
1800 65K - - -
2400 80K - - -
2700 100K - - -
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Table 12.3 (continued)  Group Fusing Recommendation

System
Voltage 
L-N/L-L (V)

3-Phase
(kVAR)

Recommended Expulsion Fuse Size for Grounded-Wye Capacitor Banks

Cooper (1992) AmerenUE AmerenCIPS Westinghouse

9960/17250

150 5T - - -

300 10T - - -

450 15T - - -

600 20T - - -

900 30K - - -

1200 40K - - -

135040K - - -

1800 65K - - -

2400 80K - - -

2700 80K - - -

12470/21600

300 8T - - -

450 12T - - -

600 15T - - -

900 25K - - -

1200 30K - - -

1350 40K - - -

1800 50K - - -

2400 65K - - -

2700 65K - - -

3600 100K - - -

13200/22860

150 - - - 6T

300 8T - - 8T

400 - - - 10T

450 10T - - 12T

600 15T - - 15T

700 - - - 20T

800 - - - 20T

900 20T - - 25K

1200 30K - - 30T

1350 30K - - -

1500 - - - 40K

1800 40K - - -

2400 65K - - -

2700 65K - - -

3600 80K - - -
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Table 12.3 (continued)  Group Fusing Recommendation

System
Voltage 
L-N/L-L (V)

3-Phase
(kVAR)

Recommended Expulsion Fuse Size for Grounded-Wye Capacitor Banks

Cooper (1992) AmerenUE AmerenCIPS Westinghouse

13800/23900

300 8T - - -
450 10T - - -
600 15T - - -
900 20T - - -
1200 30K - - -
1350 30K - - -
1800 40K - - -
2400 65K - - -
2700 65K - - -
3600 80K - - -

14400/24900

150 - - - 6T
300 8T - - 8T
400 - - - 10T
450 10T - - 10T
600 15T - - 15T
700 - - - 15T
800 - - - 20T
900 20T - - 20T
1200 25K - - 30K
1350 30K - - -
1500 - - - 40K
1800 40K - - -
2400 50K - - -
2700 65K - - -
3600 80K - - -

19920/34500

150 - - - 6T
300 5ET - - 8T
400 - - - 8T
450 8ET - - 10T
600 10ET - - 10T
700 - - - 12T
800 - - - 15T
900 15ET - - 15T
1200 20ET - - 20T
1350 20ET - - -
1500 - - - 25T
1800 30EK - - -
2400 40EK 40T** - -
2700 40EK - - -
3600 65EK - - -
4500 - 100T*** - -
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Table 12.3 (continued)  Group Fusing Recommendation

* Use a 200 E refill in SMD-20 fused switch (Stock Number 54-06-050).

** Use a 40 T link if available fault current is 12kA assym. or less. Use a 50 K Fast refill (20-04-343) in a SMD-20 fused switch (54-06-050) if available fault current
is 16kA assym. or less. Use a 50 Std. refill (20-04-340) in a SM5 fuse mounting (54-03-048) if available fault current is 28 kA assym. or less.

*** Use a 100 T link if available fault current is 12kA assym. or less. Use an 80 E Slow refill (20-04-355) in a SMD-20 fused switch (54-06-050) if available 
fault current is 16kA assym. or less. Use an 80 E Slow refill (20-04-233) in a SM5 fused mounting (54-03-048) if available fault current is 28kA assym. or less.

System
Voltage 
L-N/L-L (V)

3-Phase
(kVAR)

Recommended Expulsion Fuse Size for Grounded-Wye Capacitor Banks

Cooper (1992) AmerenUE AmerenCIPS Westinghouse

21600/37400

450 8ET - - -
600 10ET - - -
900 15ET - - -
1200 20ET - - -
1350 20EK - - -
1800 25EK - - -
2400 40EK - - -
2700 40EK - - -
3600 50EK - - -
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Capacitor Switching Transients
The majority of distribution capacitor banks are automatically switched to maintain power factor or

control feeder voltage to a desired level. Fuses must be sized appropriately to withstand the high

magnitude, short duration current generated by the capacitor switching operations without damage or

nuisance operation. This section will present guidelines for isolated and back-to-back capacitor

switching.

Isolated Capacitor Switching

The critical resistance, Rcritical, is defined as the minimum required resistance to avoid exceeding the

fuse I2t withstand capability. The critical damping resistance for isolated capacitor switching is given

by:

where

Vpu is the per unit voltage across the switch

KVrms is the steady-state voltage across capacitor bank (line-neutral)

kVAR is the capacitor bank kVAR per-phase

Kfuse represents the fuse characteristic. For K link Kfuse = 19.2, for T link = 72.5 

Kapp is the fuse application ratio, which is typically set to 1.35.

Given a conductor type, the minimum distance for isolated capacitor switching can easily be

computed from Rcritical. The curves below show the minimum recommended distance for isolated

switching of various capacitor bank sizes on 336 kcmil ACSR, for several voltage levels, with K link

and T link fuses.
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Figure 12.6  Recommended Minimum Distance for 336 kcmil ACSR, Isolated Switching

Back-to-back Capacitor Switching

The critical resistance, Rcritical, for back-to-back switching operations can be calculated by

multiplying the critical resistance for isolated switching by a factor as shown below:

where the parameters are the same as those described in the isolated switching case.

Since the multiplying factor in the expression above is always less than 1, this indicates that the

isolated bank switching operation will always have a higher critical resistance than back-to-back

switching. Given a conductor type, the minimum distance for back-to-back capacitor switching can

easily be computed from Rcritical.
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System Harmonics
The proliferation of non-linear loads, such as variable speed drives, over the last 15 years has led to

increased levels of harmonics on distribution feeders. Low-level harmonic distortion by itself may not be

a problem, but harmonic currents can be amplified to dangerous levels when a capacitor bank and the

system inductance lead to resonance at a characteristic frequency of the injected harmonic. During a

resonant condition, capacitors may act as a negative reactance path for harmonic currents, which can

result in excessive current in the capacitor, leading to premature failure and/or fuse operation. When

installing capacitors on a system with harmonics, a quick calculation of the system resonance will help

to identify potential amplification problems. 

Harmonic Resonant Frequency

The harmonic resonant frequency of a the system with a non-linear load, as shown in the figure

above, can be calculated as:

where

kVAsc is the system short circuit, and

kVAR is the capacitor Kvar

This calculation could be used to determine the harmonic order of the system prior to the installation

of a capacitor bank on a distribution feeder with existing or the potential for harmonic problems.
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Harmonic Current Required to Exceed Fuse Capability

Under a resonant circuit with reasonable damping (X/R = 10), it has been demonstrated analytically

that a rather modest 5th harmonic current injection of 6% of fundamental with a reasonable Zsc/Zcap

ratio of 2.5% could result in a fuse current exceeding its capability.

The 5th harmonic current (as a percentage of capacitor nominal current) required to exceed the fuse

current carrying capability is given by:

where
Ifuse/Icap is the ratio of fuse current to nominal capacitor current (usually 1.35 for expulsion fuses, 1.65 for

current limiting fuses)

I60/Icap is the ratio of 60Hz current to nominal capacitor current (conservatively set to 1.2)

Icap is the nominal capacitor current rating

%DV is the voltage drop across capacitor bank (Zsc/Zcap)

XR5 is the X/R ratio at harmonic order

PFb and PFa are the power factors before and after capacitor application

This calculation can be done with other common harmonic orders in the same manner. The figure

below shows a plot of the required 5th harmonic current versus Zsc/Zcap.

Figure 12.7  Required 5th Harmonic Current as a % of Fundamental Load Current to Exceed Fuse Capability vs %DVa

a This figure assumes 5th harmonic current injection, X/R ratio at 60Hz of 2, Ifuse to Icap ratio of 1.35 (explusion type fuse), I60Hz to Icap of 1.2, 900 kVAR bank at
12.5kV, and power factor improvement from 0.90 to 0.95 after capacitor insertion.
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Impedances and Loss Loss Ranges
Today’s transformer impedances and loss levels are a function of a utility’s evaluations, and

generalizations are not easily made. Therefore, a table of typical impedances and loss levels is of little

value. The methods for calculating X and R from nameplate data are presented below. Additionally,

methods for calculating the transformer rated secondary current for 1-phase and 3-phase devices are

shown.

Follow this link to your utility’s own data set.

Calculation of X and R from %Z and Losses

The nameplate of every transformer gives its impedance as “%Z” or “percent impedance volts”. It

can be changed to per unit impedance by dividing it by 100. Normally no information is given on the

nameplate concerning how much of the impedance is resistance and how much is reactance.

It is necessary to know the transformer losses in order to calculate the resistance. 

Transformer Rated Secondary Currents

1- phase

(Amperes)

3- phase

(Amperes)

If it is a “Wye” connection:

If it is a “Delta” connection:
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Three-phase transformer connections

Table 13.1  Characteristics of Transformer Three-phase Connections 1

Characteristics of Transformer Three-phase Connnections

Primary 
Winding

Secondary
Winding

Application
For 208Y/120V or 480Y/277V
3F4W or 3F3W service. - √ - - - - √ - -

For 240Y/120V 3F4W or 240V
3FW service. √ - √ - √ - - √ √
For 208V or 480V 3F3W wye
service only. - - √ √ - √ - - -

Advantages
Three phase service available
with one primary phase open. - - - - √ - - - -

A disabled single-phase unit can
be removed from service. √ - - - √ - - - -

Only two single-phase units are
required for three-phase service. - - - - - - - √ √

Precautions
Not suitable for 120V or 277V
1F LN loads. - - - √ - √ - - -

Do not bank single- phase self-
protected transformers. Note 1 - Note 1 - Note 1 - - - -

Primary system fault or load
unbalance may cause transformer
burnout.

- - - - Note 2 - - - -

Primary system must be 3f4W
multi-grounded (3W V-phase for
open wye open delta) AND
transformer primary neutral must
be connected to system neutral.

- - - - √ - √ - √

Susceptible to ferro-
resonance. √ √ √ √ - - Note 3 √ -

Three-phase motors require three
overload protective devices. - Note 4 Note 4 - - - - - -

For single-phase units, impedance
and ratio must be the same for
all units.

√ - - - √ - - - -

Abnormal third harmonic 
secondary voltages. Not normally
suggested for general
applications.

- - √ - - - - -

Causes unbalanced voltages even
with balanced loading. - - - - - - - √ √

Loading must not exceed 86.6%
of total transformer kVA. - - - - - - - √ √

Possibility of excessive
overvoltage during single-pole
switching.

- - √ - - - - - -
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Note 1. Single-phase self-protected transformers should not be used to supply three-phase four wire
closed-delta circuits serving combined three-phase power and single-phase lighting loads. If

the secondary breaker in the lighting phase opens, the lighting phase is still supplied with 240V.

With the breaker open, however, there is nothing to hold the low voltage neutral at the mid-

point of the 240 potential. The voltage between each phase and neutral will depend on the

relative impedance of the loads connected on either side of the 120/240V circuit. Since these

are rarely equal, the lamps and appliances on one side will probably burn out from overvoltage.

Note 2. The grounded wye-delta connection acts as a grounding bank for the primary circuit, and the
transformer bank will carry current in addition to its normal load current for the following

reasons:

i) It will supply fault current to any ground fault on the primary circuit, and the current 

magnitude may be quite large relatively to the transformer rating. 

ii) Current will circulate in the delta in an attempt to balance any unbalanced load connected

to the primary circuit.

These effects may cause thermal damage, mechanical damage, or incorrect fuse blowing. 

Note 3. Three-phase pad-mounted transformers connected grounded wye-wye may be subjected to
ferro-resonance under certain system conditions due to magnetic coupling between phases

inherent in four or five-legged wound common core construction. In comparison with

ungrounded primary windings, the magnitude of the ferroresonant overvoltages is significantly

less (about 2.0 p.u. instead of 5-6 p.u.) and greater lengths of primary cable are permissible.

Note 4. An open primary phase causes motor currents to become unbalanced, with one phase carrying
twice the current of the other two phases. If the overload protection in motor circuit consists of

protective devices in only two phases, and the high current occurs in the unprotected phase, the

motor will likely be damaged. Using three overload protective devices eliminates this cause

type of failure. 
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Transformer  polarity

Transformer polarity is an indication of the direction of current flow through the high-voltage terminals

with respect to the direction of current flow through the low-voltage terminals at any given instant in the

alternating cycle.

The polarity of a single-phase distribution transformer may be additive or subtractive. A simple test for

polarity is to connect two adjacent terminals of the high- and low-voltage windings together and apply a

moderate voltage to either winding.

The polarity is additive if the voltage across the other two leads of the winding in question is greater than

that of the high-voltage winding alone.

Figure 13.1  Additive Polarity

The polarity is subtractive if the voltage across the other two leads of the windings in question is less than

that of the high-voltage alone.

Figure 13.2  Subtractive polarity

By industry standards, all-single-phase distribution transformers 200 kVA and smaller, having voltages

8660 volts and below (winding voltage) have additive polarity. All other single-phase transformers have

a subtractive polarity.
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Connection Diagrams

Diagram Listing

1. Single-phase for 120-volt service. (Single-bushing transformer – multi-grounded primary)

2. Single-phase for 120/240-volt service. (Two-bushing transformer – two wire primary)

3. Single-phase for 120/240-volt service. (Single-bushing transformer – multi-grounded primary)

4a. Three-phase delta-delta for 240-volt service. 0° Angular displacement. (Two-bushing transformers – three-wire delta primary)

4b. Three-phase delta-delta for 240-volt service. 180° Angular displacement. (Two-bushing transformers – three-wire delta primary)

5a. Three-phase delta-delta for 120/240-volt service. 0° Angular displacement. (Two-bushing transformers – three-wire delta primary)

5b. Three-phase delta-delta for 120/240-volt service. 180° Angular displacement. (Two-bushing transformers – three-wire delta primary)

6a. Three-phase open-delta for 240-volt service. 0° Angular displacement. (Two-bushing transformers – three-wire delta primary)

6b. Three-phase open-delta for 240-volt service. 180° Angular displacement. (Two-bushing transformers – three-wire delta primary)

7a. Three-phase open-delta for 120/240-volt service. 0° Angular displacement. (Two-bushing transformers – three-wire delta primary)

7b. Three-phase open-delta for 120/240-volt service. 180° Angular displacement. (Two-bushing transformers – three-wire delta primary)

8a. Three-phase wye-delta for 240-volt service. 30° Angular displacement. (Two-bushing transformers – three-wire Y primary)

8b. Three-phase wye-delta for 240-volt service. 210° Angular displacement. (Two-bushing transformers – three-wire Y primary)

9a. Three-phase wye-delta for 120/240-volt service. 30° Angular displacement. (Two-bushing transformers – three-wire Y primary)

9b. Three-phase wye-delta for 120/240-volt service. 210° Angular displacement. (Two-bushing transformers – three-wire Y primary)

10a. Three-phase open-wye open-delta for 240-volt service. 30° Angular displacement. (Two-bushing or single-bushing transformers 
– four-wire, grounded-Y primary)

10b. Three-phase open-wye open-delta for 240-volt service. 210° Angular displacement. (Two-bushing or single-bushing transformers 
– four-wire, grounded-Y primary)

11a. Three-phase open-wye open-delta for 120/240-volt service. 30° Angular displacement. (Two-bushing or single-bushing transformers 
– four-wire, grounded-Y primary)

11b. Three-phase open-wye open-delta for 120/240-volt service. 210° Angular displacement. (Two-bushing or single-bushing transformers 
– four-wire, grounded-Y primary)

12a. Three-phase delta-wye service for 120/208-volt or 277/480-volt service. 30° Angular displacement. (Two-bushing transformers, three-wire delta primary)

12b. Three-phase delta-wye service for 120/208-volt or 277/480-volt service. 210° Angular displacement. (Two-bushing transformers, three-wire delta primary)

13. Three-phase wye-wye service. 0° Angular displacement. (Two-bushing or single-busing transformer – four-wire, grounded-Y primary)

14. Three-phase delta-delta for 240-volt service. 0° Angular displacement. (Three-wire delta primary)

15. Three-phase delta-delta for 120/240-volt service. Provided with a 120-volt reduced kva tap. 0° Angular displacement. (Three-wire delta primary)

16. Three-phase open-delta for 240-volt service. 0° Angular displacement. (Three-wire delta primary)

17. Three-phase open-delta for 120/240-volt service. 0° Angular displacement. (Three-wire delta primary)

18. Three-phase wye-delta for 240-volt service. 30° Angular displacement. (Three-wire Y-primary)

19. Three-phase wye-delta for 120/240-volt service. Provided with a 120-volt reduced kva tap. 30° Angular displacement. (Three-wire Y-primary)

20. Three-phase open-wye open-delta for 120/240-volt service. 30° Angular displacement. (Four-wire, grounded-Y primary)

21. Three-phase delta-wye service for 120/208-volt or 277/480-volt service. 30° Angular displacement. (Three-wire delta primary)

22. Three-phase wye-wye service for 120/208-volt or 277/480-volt service. 0° Angular displacement. (Four-wire, grounded-Y primary)

23. Three-phase wye-wye autotransformers.

24. Three-phase ungrounded wye – corner grounded delta for 240 or 480-volt power loads.

25. Three-phase grounded-wye grounded-wye for 120/208 or 277/480 volt power loads.
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Table 13.2  Commonly Used Transformer Connection Diagrams

1. Single-phase for 120-volt service. (Single-bushing transformer – multi-grounded primary).
Additive Polarity.

Where used: Multi-grounded neutral systems. It is used to
supply customers who require only 120-volt, single-phase
power. For modern homes, this connection is not considered
adequate. (Occasionally, two-bushing transformers are used for
this connection).

Caution: Good, solid grounds must be maintained on the
transformer and on the system.

2. Single-phase for 120/240-volt service. (Two-bushing transformer – two wire primary). 
Additive Polarity.

Where used: To supply customers who require both 120- and
240-volt, single-phase power.

3. Single-phase for 120/240-volt service. (Single-bushing transformer – multi-grounded primary).
Additive Polarity.

Where used: Multi-grounded neutral systems. It is used to
supply customers who require both 120- and 240-volt, single-
phase power. (Occasionally, two-bushing transformers are used
for this connection).

Caution: Good, solid grounds must be maintained on the
transformer and on the system.
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4a. Three-phase delta-delta for 240-volt service. 0° Angular displacement. 
(Two-bushing transformers – three-wire delta primary). Additive Polarity.

0° Angular displacement

Where used: To supply three-phase loads with good utilization
of transformers (full nameplate kva is available). No problem
from 3rd harmonic overvoltage or telephone interference. With
a disabled unit, bank can be reconnected in open-delta for
emergency service, in which case the rating of the bank will be
57.7% of the original bank rating. If a ground is required, it
may be placed on either an X1or an X2 bushing. 

Caution: High circulating currents will result unless all units
are connected on same regulating taps and have same voltage
ratios. Bank output is reduced unless matching impedance
transformers are used. See note 2.

4b. Three-phase delta-delta for 240-volt service. 180° Angular displacement. 
(Two-bushing transformers – three-wire delta primary). Additive Polarity. 

180° Angular displacement

Where used: To supply three-phase loads with good utilization
of transformers (full nameplate kva is available). No problem
from 3rd harmonic overvoltage or telephone interference. With
a disabled unit, bank can be reconnected in open-delta for
emergency service, in which case the rating of the bank will be
57.7% of the original bank rating. If a ground is required, it
may be placed on either an X1or an X2 bushing. 

Caution: High circulating currents will result unless all units
are connected on same regulating taps and have same voltage
ratios. Bank output is reduced unless matching impedance
transformers are used. See note 2.
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5a. Three-phase delta-delta for 120/240-volt service. 0° Angular displacement. 
(Two-bushing transformers – three-wire delta primary). Additive Polarity.

0° Angular displacement

Where used: To supply three-phase, 240-volt loads with small
amounts of 120/240-volt, single-phase load. No problem from
3rd harmonic overvoltage or telephone interference. With
disabled unit, bank can be reconnected in open-delta for
emergency service.

Bank Rating: The transformer with the mid-tap carries 2/3 of
the 120/240-volt, single-phase load and 1/3 of the 240-volt,
three phase load. The other two units each carry 1/3 of both the
120/240- and 240-volt loads.

Caution: High circulating currents will result unless all units
are connected on same regulating taps and have same voltage
ratios. Bank rating is reduced unless matching impedance
transformers are used. The secondary neutral bushing can be
grounded on only one of the three transformers. See note 2.

5b. Three-phase delta-delta for 120/240-volt service. 180° Angular displacement. 
(Two-bushing transformers – three-wire delta primary). Additive Polarity.

180° Angular displacement

Where used: To supply three-phase, 240-volt loads with small
amounts of 120/240-volt, single-phase load. No problem from
3rd harmonic overvoltage or telephone interference. With
disabled unit, bank can be reconnected in open-delta for
emergency service.

Bank Rating: The transformer with the mid-tap carries 2/3 of
the 120/240-volt, single-phase load and 1/3 of the 240-volt,
three phase load. The other two units each carry 1/3 of both the
120/240- and 240-volt loads.

Caution: High circulating currents will result unless all units
are connected on same regulating taps and have same voltage
ratios. Bank rating is reduced unless matching impedance
transformers are used. The secondary neutral bushing can be
grounded on only one of the three transformers. See note 2.



13 | 10Distribution Data e-Handbook | rev date 12/12

13 | Transformer Application

6a. Three-phase open-delta for 240-volt service. 0° Angular displacement. 
(Two-bushing transformers – three-wire delta primary). Additive Polarity.

0° Angular displacement

Where used: To supply large single-phase power loads with
small amounts of three-phase loads. (Usually transformers of
different kva sizes are used.) Also used for emergency
operations when one unit of a delta-delta bank is disabled. If a
ground is required, it may be placed on either X1 or an X2
bushing as shown. 

Bank Rating: The connection is relatively inefficient where
three-phase loads predominate since it has only 86.6% of the
rating of the two units that make up the three-phase bank. It
also has only 57.7% of the three-phase rating of a closed delta-
delta bank of three units.

Caution: See Note 5.

6b. Three-phase open-delta for 240-volt service. 180° Angular displacement. 
(Two-bushing transformers – three-wire delta primary). Additive Polarity.

180° Angular displacement

Where used: To supply large single-phase power loads with
small amounts of three-phase loads. (Usually transformers of
different kva sizes are used.) Also used for emergency
operations when one unit of a delta-delta bank is disabled. If a
ground is required, it may be placed on either X1 or an X2
bushing as shown. 

Bank Rating: The connection is relatively inefficient where
three-phase loads predominate since it has only 86.6% of the
rating of the two units that make up the three-phase bank. It
also has only 57.7% of the three-phase rating of a closed delta-
delta bank of three units.

Caution: See Note 5.
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7a. Three-phase open-delta for 120/240-volt service. 0° Angular displacement. 
(Two-bushing transformers – three-wire delta primary). Additive Polarity.

0° Angular displacement

Where used: To supply large 240-volt and 120-volt, single-
phase loads with small amounts of three-phase load. (Usually
transformers of different kva sizes are used.) Also used for
emergency operation when one unit of a bank is disabled.

Bank Rating: The connection is relatively inefficient where
three-phase loads predominate since it has only 86.6% of the
rating of the two units making up the three-phase bank. It has
only 57.7% of the three-phase rating of a closed delta-delta
bank of three units.

Caution: See Note 5.

7b. Three-phase open-delta for 120/240-volt service. 180° Angular displacement. 
(Two-bushing transformers – three-wire delta primary). Additive Polarity.

180° Angular displacement

Where used: To supply large 240-volt and 120-volt, single-
phase loads with small amounts of three-phase load. (Usually
transformers of different kva sizes are used.) Also used for
emergency operation when one unit of a bank is disabled.

Bank Rating: The connection is relatively inefficient where
three-phase loads predominate since it has only 86.6% of the
rating of the two units making up the three-phase bank. It has
only 57.7% of the three-phase rating of a closed delta-delta
bank of three units.

Caution: See Note 5.
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8a. Three-phase wye-delta for 240-volt service. 30° Angular displacement. 
(Two-bushing transformers – three-wire Y primary). Additive Polarity.

30° Angular displacement

Where used: To supply three-phase loads. No excessive
circulating currents when transformers of equal impedance and
ratio are banked. No problem from 3rd harmonic overvoltage or
telephone interference. If a ground is required, it may be placed
on either an X1 or an X2 bushing as shown.

Bank Rating: Maximum safe bank rating for balanced three-
phase loads (when transformer kva’a are unequal) is three
times the kva of the smallest unit. A disabled transformer
renders the bank inoperative.

Caution: See Note 3.

8b. Three-phase wye-delta for 240-volt service. 210° Angular displacement. 
(Two-bushing transformers – three-wire Y primary). Additive Polarity.

210° Angular displacement

Where used: To supply three-phase loads. No excessive
circulating currents when transformers of equal impedance and
ratio are banked. No problem from 3rd harmonic overvoltage or
telephone interference. If a ground is required, it may be placed
on either an X1 or an X2 bushing as shown.

Bank Rating: Maximum safe bank rating for balanced three-
phase loads (when transformer kva’a are unequal) is three
times the kva of the smallest unit. A disabled transformer
renders the bank inoperative.

Caution: See Note 3.
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9a. Three-phase wye-delta for 120/240-volt service. 30° Angular displacement. (Two-bushing
transformers – three-wire Y primary). Additive Polarity.

30° Angular displacement

Where used: To supply three-phase, 240-volt loads with small
amounts of 120/240-volt, single-phase loads. No excessive
circulating current when transformers of unequal impedances
and ratio are banked. No problem from 3rd harmonic
overvoltage or telephone interference.

Bank Rating: The transformer with the mid-tap carries 2/3 of
the 120/240-volt, single-phase load and 1/3 of the 240-volt,
three-phase load. The other two units each carry 1/3 of both the
120/240- and 240-volt loads.

Caution: The secondary neutral bushing can be grounded only
on one of the three transformers. See note 1.

9b. Three-phase wye-delta for 120/240-volt service. 210° Angular displacement. (Two-bushing
transformers – three-wire Y primary). Additive Polarity.

210° Angular displacement

Where used: To supply three-phase, 240-volt loads with small
amounts of 120/240-volt, single-phase loads. No excessive
circulating current when transformers of unequal impedances
and ratio are banked. No problem from 3rd harmonic
overvoltage or telephone interference.

Bank Rating: The transformer with the mid-tap carries 2/3 of
the 120/240-volt, single-phase load and 1/3 of the 240-volt,
three-phase load. The other two units each carry 1/3 of both the
120/240- and 240-volt loads.

Caution: The secondary neutral bushing can be grounded only
on one of the three transformers. See note 1.
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10a. Three-phase open-wye open-delta for 240-volt service. 30° Angular displacement. (Two-bushing
or single-bushing transformers – four-wire, grounded-Y primary). Additive Polarity.

30° Angular displacement

Where used: To supply large single-phase, 240-volt loads with
small amounts of three-phase loads. (Usually transformers of
different kva sizes are used) Also used for emergency operations
when one unit of a four-wire primary, wye-delta bank is
disabled. If a ground is required, it may be placed on an X1 or
an X2 bushings as shown.

Bank Rating: This connection is relatively inefficient where
three-phase loads predominate since it has only 86.6% of the
rating of the two units making up the three-phase bank. It also
has only 57.7% of the three-phase rating of a closed delta-delta
bank of three units.

Caution: See Note 1 and 4.

10b. Three-phase open-wye open-delta for 240-volt service. 210° Angular displacement. (Two-
bushing or single-bushing transformers – four-wire, grounded-Y primary). Additive Polarity.

210° Angular displacement

Where used: To supply large single-phase, 240-volt loads with
small amounts of three-phase loads. (Usually transformers of
different kva sizes are used) Also used for emergency operations
when one unit of a four-wire primary, wye-delta bank is
disabled. If a ground is required, it may be placed on an X1 or
an X2 bushings as shown.

Bank Rating: This connection is relatively inefficient where
three-phase loads predominate since it has only 86.6% of the
rating of the two units making up the three-phase bank. It also
has only 57.7% of the three-phase rating of a closed delta-delta
bank of three units.

Caution: See Note 1 and 4.
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11a. Three-phase open-wye open-delta for 120/240-volt service. 30° Angular displacement. 
(Two-bushing or single-bushing transformers – four-wire, grounded-Y primary). Additive Polarity.

30° Angular displacement

Where used: To supply large single-phase, 240- and 120/240-
volt loads with small amounts of three-phase loads. (Usually
transformers of different kva sizes are used) Also used for
emergency operation when one unit of a four wire, wye-delta
bank is disabled.

Bank Rating: This connection is relatively inefficient where
three-phase loads predominate since it has only 86.6% of the
rating of the two units making up the three-phase bank. It also
has only 57.7% of the three-phase rating of a closed delta-delta
bank of three units.

Caution: See Note 1 and 4.

11b. Three-phase open-wye open-delta for 120/240-volt service. 210° Angular displacement. 
(Two-bushing or single-bushing transformers – four-wire, grounded-Y primary). Additive Polarity.

210° Angular displacement

Where used: To supply large single-phase, 240- and 120/240-
volt loads with small amounts of three-phase loads. (Usually
transformers of different kva sizes are used) Also used for
emergency operation when one unit of a four wire, wye-delta
bank is disabled.

Bank Rating: This connection is relatively inefficient where
three-phase loads predominate since it has only 86.6% of the
rating of the two units making up the three-phase bank. It also
has only 57.7% of the three-phase rating of a closed delta-delta
bank of three units.

Caution: See Note 1 and 4.
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12a. Three-phase delta-wye 120/208 or 277/480 service. 30° Angular displacement. (Two-bushing
transformers, three-wire delta primary). Additive Polarity.

30° Angular displacement

Where used: To supply 208 volts and 120 volts on systems
where both can be taken from all three phases. To supply 277
volts and 480 volts on systems where both can be taken from
all three phases. The connection permits balancing single-phase
loads among the three phases.

Bank Rating:When units of different kva’s are used,
maximum safe bank rating is three times the kva of the
smallest unit. A disabled transformer renders the bank
inoperative. 

Caution: Ferroresonant connection. See Note 1 and 7.

12b. Three-phase delta-wye for 120/208 or 277/480 service. 210° Angular displacement. (Two-bushing
transformers, three-wire delta primary). Additive Polarity.

210° Angular displacement

Where used: To supply 208 volts and 120 volts on systems
where both can be taken from all three phases. To supply 277
volts and 480 volts on systems where both can be taken from
all three phases. The connection permits balancing single-phase
loads among the three phases.

Bank Rating:When units of different kva’s are used,
maximum safe bank rating is three times the kva of the
smallest unit. A disabled transformer renders the bank
inoperative. 

Caution: Ferroresonant connection. See Note 1 and 7.
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13. Three-phase wye-wye service. 0° Angular displacement. (Two-bushing or single-busing 
transformer – four-wire, grounded-Y primary). Additive Polarity.

0° Angular displacement

Where used: To supply single- and three-phase loads on four-
wire, multi-grounded system. When a system has changed from
delta to four-wire wye in order to increase system capacity,
existing transformers may be used. (Example: Old system was
2400 volts delta; new system in 2400/41600Y volts. Existing
2400/4160Y-volt transformers may be connected in wye and
used.)

Caution: The primary neutral should be tied firmly to the
system neutral; otherwise, excessive voltages may develop on
the secondary side.

14. Three-phase delta-delta for 240-volt service. 0° Angular displacement. 
(Three-wire delta primary). Subtractive Polarity.

0° Angular displacement

Where used: To supply three-phase loads with good utilization
of transformers (full name kva is available). No problem from
3rd harmonic overvoltage or telephone interference.

Caution: Ferroresonant connection. See Note 7.
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15. Three-phase delta-delta for 120/240-volt service. Provided with a 120-volt reduced kva tap. 
0° Angular displacement. (Three-wire delta primary). Subtractive Polarity.

0° Angular displacement

Where used: To supply three-phase, 240-volt loads with small
amounts of 120-volt, single phase load. Transformers 150 kva
and smaller, 95 kv BIL and below, have a 120-volt reduced kva
lighting tap with 5% of transformer rated kva available. When
5% of the rated kva of the transformer is taken from the 120-
volt tap on the 240-volt connection, the three-phase capacity is
reduced by 25%. If the three-phase transformer secondary is
480 volts and 5% of the rated kva of the transformer is taken
from the 120-volt tap on the 480-volt connection, the three-
phase capacity is reduced by 55%. No problem from 3rd
harmonic overvoltage or telephone interference.

16. Three-phase open-delta for 240-volt service. 0° Angular displacement. 
(Three-wire delta primary). Subtractive Polarity.

0° Angular displacement

Where used: To supply large single-phase power loads
simultaneously with small amounts of three-phase loads.
Usually, the two sets of windings in the transformer are of
different kva size.

Bank Rating:Where three-phase loads predominate, the
transformer is relatively inefficient. For three-phase loads, the
transformer is rated only 86.6% of the rating of the two sets of
windings when they are equal in size, and less then this when
unequal.
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17. Three-phase open-delta for 120/240-volt service. 0° Angular displacement. 
(Three-wire delta primary). Subtractive Polarity.

0° Angular displacement

Where used: To supply large 240-volt and 120-volt, single-
phase loads simultaneously with small amounts of three-phase
load. Usually, the two sets of windings in the transformer are of
different kva size.

Bank Rating:Where three-phase loads predominate, the
transformer is relatively inefficient. For three-phase loads, the
transformer is rated only 86.6% of the rating of the two sets of
windings when they are equal in size, and less then this when
unequal.

18. Three-phase wye-delta for 240-volt service. 30° Angular displacement. (Three-wire Y-primary).
Subtractive Polarity.

30° Angular displacement

Where used: To supply three phase loads. No problem from
3rd harmonic overvoltage or telephone interference.

Caution: See Note 1.
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19. Three-phase wye-delta for 120/240-volt service. Provided with a 120-volt reduced kva tap. 
30° Angular displacement. (Three-wire Y-primary). Subtractive Polarity.

30° Angular displacement

Where used: To supply three phase, 240-volt loads with small
amounts of 120-volt, single-phase loads. Transformers 150 kva
and smaller, 95 kv BIL and below, have a 120-volt reduced kva
lighting tap with 5% of transformer rated kva available. When
5% of the rated kva of the transformer is taken from the 120-
volt tap on the 240-volt connection, the three-phase capacity is
reduced by 25%. If the three-phase transformer secondary is
480 volts and 5% of the rated kva of the transformer is taken
from the 120-volt tap on the 480-volt connection, the three-
phase capacity is reduced by 55%. No problem from 3rd
harmonic overvoltage or telephone interference.

20. Three-phase open-wye open-delta for 120/240-volt service. 30° Angular displacement. 
(Four-wire, grounded-Y primary). Subtractive Polarity.

30° Angular displacement

Where used: To supply large 240-volt and 120-volt, single-
phase loads simultaneously with small amounts of three-phase
load. Usually, the two sets of windings in the transformer are of
different kva size.

Bank Rating:Where three-phase loads predominate, the
transformer is relatively inefficient. For three-phase loads, the
transformer is rated only 86.6% of the rating of the two sets of
windings when they are equal in size, and less then this when
unequal.
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21. Three-phase delta-wye for 120/208 or 277/480 service. 30° Angular displacement. (Three-wire
delta primary). Subtractive Polarity.

30° Angular displacement

Where used: To supply 208 volts and 120 volts on system
where both can be taken from all three phases. To supply 277
volts and 480 volts on system where both can be taken from all
three phases. The connection permits balancing single-phase
loads among the three phases. 

Caution: See Note 1.

22. Three-phase wye-wye service for 120/208 or 277/480 service. 0° Angular displacement. (Four-
wire, grounded-Y primary). Subtractive Polarity.

0° Angular displacement

Where used: To supply 208 volts and 120 volts on system
where both can be taken from all three phases. To supply 277
volts and 480 volts on system where both can be taken from all
three phases. The connection permits balancing single-phase
loads among the three phases.

Caution: The primary neutral should be tied firmly to the
system neutral; otherwise, excessive voltages may develop on
the secondary side. This transformer, if of the three-legged,
three-phase core type, should not be used in applications
subject to sustained phase-to-ground faults, unbalanced
loadings, loss of one primary phase, or other unbalanced
conditions. This is because the magnetic characteristics of the
transformer will permit current to circulate in the tank under
certain operating or fault conditions which causes tank heating.
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23. Three-phase wye-wye autotransformers.
Where used: To increase voltage at ends of lines or to step up
voltage where extensions are being added to existing lines, as
from 6900 to 7200 volts. Cost per kva output is less than a two-
winding transformer; losses are low, regulation is good, and
exciting current is low. Voltage transformation of greater than
three to one is not recommended.

Caution: Susceptive to burnouts if the system impedance is
not great enough to limit the short-circuit current to 20 to 25
times the transformer-rated current. The primary neutral should
be tied firmly to the system neutral; otherwise, excessive
voltage may develop on the secondary side.

24. Three-phase ungrounded wye – corner grounded delta for 240 or 480-volt service. 
Additive Polarity.

Where used: Used to supply three-phase (only), 240- or 480-
volt power loads. One-half of the above voltages apply when a
240 volt bank is used. All tanks to be grounded. Disconnect all
secondary neutrals from tank and do not ground. Do not
ground bank on the primary side. (If grounded, the bank would
be a grounding bank for the entire circuit.) The grounding
secondary wire is a current carrying phase wire operating at
ground potential and must be identified throughout the circuit
run. It is not a neutral. 

Bank Ratings: The maximum safe kVA rating of the bank is
three times the kVA rating of the smallest transformer.
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Notes:
1) Motor Protection – Applies to ungrounded wye-delta and delta-wye banks.

The usually overload protection in motor circuits consists of a protective device in only two of the conductors. If a primary supply conductor opens, abnormally
high voltages can occur causing serious current unbalance in the motor circuit. If the highest of the three currents happens to be in the unprotected circuit,
motor burnout will very likely occur. 
If a third overload device is installed in each motor circuit, then the likelihood of motor failure from this cause is eliminated. This condition is recognized in
Section 4327 of the 1956 National Electric Code which points out the possible need of a third overload device. Whether three protective devices are
justified is influenced by the probability of an open primary line to the transformer. Such a probability is affected by the kind of switching and protective
arrangements used in that part of the system.

2) Delta-delta Banks
In order to have balanced transformer loading, the following conditions should be met: a) All units connected on same tap; b) All units with same voltage ratios;
c) All units with same impedance. It is possible to operate at reduced bank output with small unbalanced transformer loading if two of the units have same
impedance and the third unit has an impedance within +/-25% of the like units. The following table shows the amounts of unbalance (Z1 – impedance of add
unit and Z2 – impedance of like units)

25. Three-phase grounded-wye grounded-wye for 120/208 or 277/480 service. Additive Polarity.
Where used: Used to supply 120/208 volt single-phase and
208 volt, three-phase power loads. Used to supply 277/480 volt
single-phase and 480 volt, three-phase power loads.

Bank Ratings: Each unit will supply 1/3 of the three-phase
load and all of the single-phase load connected to it. 

Cautions: The primary and secondary neutrals must be firmly
tied together and grounded or else excessive secondary
voltages may develop.

Ratio Z1/Z2
Percent Load* on

Odd unit Like Unit
0.75 109.0 96.0
0.80 107.0 96.5
0.85 105.2 97.3
0.90 103.3 98.3
1.10 96.7 102.0
1.15 95.2 102.2
1.20 93.8 103.1
1.25 92.3 103.9

* With Unbalanced transformer loading, the load must be 

checked so that no one transformer is overload.

3) Wye-delta Banks
If the high voltage neutral of the transformer bank is connected to the circuit neutral, the transformer bank may burn out for the following reasons: a) It will
carry circulating current in the delta in a attempt to balance any unbalanced load connected to the primary line; b) It will act as a grounding bank and will
supply fault current to any fault on the circuit to which it is connected; c) It provides a delta in which triple harmonic currents will circulate; d) It may be
overloaded if one fuse opens on a line-to-ground fault, leaving the bank with only the capacity of an open-wye, open-delta bank. All of these effects cause the
bank to carry current in addition to its normal load current. Quite often, the combination is sufficient to cause roast-out of the bank.
When wye-delta connections are used and the high-voltage neutral of the transformer is not connected to the circuit neutral, an open conductor in a three-wire
primary results in a single-phase input and output of the bank. If the transformer supplies a motor load, a harmful overcurrent is produced in each three-phase
motor circuit. An equal current flows in two conductors of the motor branch-circuit and he sum of the two currents flows in the third.

4) Open-wye, open-delta Banks
Distribution lines in rural areas often consist of two-phase wires and one neutral wire. In urban distribution it is sometimes desirable to have multi-phase where
only single-phase primary is available and a second phase wire is installed. These wires originate from three-phase, four wire, grounded-neutral systems, and are
known as “V”-phase lines. The major portion of the load taken from these “V”-phase lines is single-phase, but occasionally it is necessary to supply three-phase
motor loads in addition. This is accomplished by means of an open-wye, open-delta transformer connection. 
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Under the conditions found most frequently in utility distribution systems, where the power factor of the single-phase load exceeds that of the three-phase load,
the loading connection is preferred because it gives better utilization of transformer capacity, less voltage dip, and less voltage unbalance although single-phase
voltage regulation may be slightly higher. Loading connection is defined as the single-phase load connected across the transformer whose voltage loads the
voltage of the other transformer by 120°. In connection for Open-wye, open-delta banks, for a leading connection the single-phase load would be connected
across a-b.

5) Open-delta, Open-delta Banks
This connection is similar to open-wye, open-delta except the transformers are connected phase-to-phase instead of phase-to-neutral. The above comments
about single-phase load connection apply to this bank connection also. In connection open-delta, open-delta, for a leading connection the single-phase load
would be connected across a-b.

6) Wye-wye Banks
A bank of wye-wye transformers should not be used unless the system is 4-wire. It is important to remember that the primary neutral of the transformer bank
should be tied firmly to the system neutral. If this is not done, excessive voltages may develop on the secondary side.

7) Ferroresonant Connection
A transformer bank when energized draws a high transient exciting current. If a series capacitor is in the circuit, it may create a resonant condition that causes
the high current to continue. This is known as ferroresonance.

Load Equations for Symmetrical and Un-symmetrical Transformer Banks

Open Wye – Open Delta (Lagging)

Where:

KVAL – Load in kVA supplied by the lightning leg transformer.

KVAP – Load in kVA supplied by the power leg transformer.

K1 – Single-phase load in kVA.

K3 – Balanced three-phase load in kVA.

a – q3 – q1 in degrees

q3 – Power factor angle in degrees for the three-phase load.

q1 – Power factor angle in degrees for the single-phase load. Both q1 and q3 are positive in sign for lagging

   power factor loads.

Open Wye – Open Delta (Leading)

Where:

KVAL – Load in kVA supplied by the lightning leg transformer.

KVAP – Load in kVA supplied by the power leg transformer.

K1 – Single-phase load in kVA.

K3 – Balanced three-phase load in kVA.

q3 – q1 in degrees

q3 – Power factor angle in degrees for the three-phase load.

q1 – Power factor angle in degrees for the single-phase load. Both q1 and q3 are positive in sign for lagging

   power factor loads.
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Open Delta-Open Delta Bank (Leading or Lagging)

The equations for calculating the load in kVA supplied by the lighting leg 

and power leg transformers in the open delta-open delta bank are the

same as for the open wye-open-delta bank.

Floating Wye - Delta

Where:

KVAab – Load in kVA supplied by transformer connected between “a” and “b”.

KVAbc – Load in kVA supplied by transformer connected between “b” and “c”.

KVAca – Load in kVA supplied by transformer connected between “c” and “a”.

K1 – Single-phase load in kVA.

K3 – Balanced three-phase load in kVA.

a – q3 – q1 in degrees

q3 – Power factor angle in degrees for the three-phase load.

q1 – Power factor angle in degrees for the single-phase load.

Delta-Delta

Where:
KVAab – Load in kVA supplied by transformer connected between “a” and “b”.

KVAbc – Load in kVA supplied by transformer connected between “b” and “c”.

KVAca – Load in kVA supplied by transformer connected between “c” and “a”.

K1 – Single-phase load in kVA.

K3 – Balanced three-phase load in kVA.

a – q3 – q1 in degrees

q3 – Power factor angle in degrees for the three-phase load.

q1 – Power factor angle in degrees for the single-phase load.

The quantities M1, M2, M3 & M4 are the magnitudes of the expressions containing the impedance ZP

and ZL where, in general ZP and ZL are complex numbers. In calculating M1 thru M4, ZP and ZL

should be in % on common kVA base, or else they should be in actual ohms.
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 - 

The quantities 2, 3 and 4 are the angles in degrees for the expressions above containing ZP and ZL.

Delta-Delta with Equal Leg Impedance

Where:
KVAab – Load in kVA supplied by transformer connected between “a” and “b”.

KVAbc – Load in kVA supplied by transformer connected between “b” and “c”.

KVAca – Load in kVA supplied by transformer connected between “c” and “a”.

K1 – Single-phase load in kVA.

K3 – Balanced three-phase load in kVA.

a – q3 – q1 in degrees

q3 – Power factor angle in degrees for the three-phase load.

q1 – Power factor angle in degrees for the single-phase load.

Delta-Delta, Three-phase load, Same Impedance angle for ZP and ZL.

Where:
KVAab – Load in kVA supplied by transformer connected between “a” and “b”.

KVAbc – Load in kVA supplied by transformer connected between “b” and “c”.

KVAca – Load in kVA supplied by transformer connected between “c” and “a”.

K3 – Balanced three-phase load in kVA.

a – q3 – q1 in degrees

| ZP | - Magnitude of the impedance ZP.

| ZL | - Magnitude of the impedance ZL.

Note: ZP and ZL must be in % on the same kVA base, or else in actual OHMS.
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Allowable Impedance Mismatch Between Banked Transformers
Secondary voltage imbalance on three-phase services can result in three-phase motor overheating,

interfere with the proper operation of three-phase power electronic devices, and aggravate voltage

regulation problems for even single-phase loads. Replacement of a single 1-phase transformer in a bank

of transformer can result in an impedance mismatch that causes a voltage imbalance. To avoid motor

burnout, it is necessary to de-rate a three-phase motor’s mechanical loading as a function of voltage

imbalance. Where de-rating is not acceptable, the transformer impedances, bank connection, and single-

phase load balancing must be carefully selected. Figure 13.3 shows the voltage unbalance in a fully

loaded wye-wye transformer bank having one transformer differ in impedance from the other two. The

impedance of the two similar transformers is 2.5%, and the impedance difference on the x-axis of this

graph is the difference between the impedance of the odd transformer and 2.5%. The data used to create

Figure 13.3 was generated from the Graphical Secondary Voltage Imbalance Calculator (GSVIC) created

during DSTAR Program 6.

Figure 13   .3  Allowable impedance mismatch between banked transformers

Voltage Unbalance From Open Banks
In addition to dissimilar banks of transformers, voltage imbalance can be a consequence of the transformer

bank connection. Open-wye-open-delta or open-delta-open-delta transformers are inherently unbalanced

and can lead to significant voltage imbalance. Figure 13.4 below provides the voltage unbalance resulting

from fully loading an open-wye-open-delta transformer bank with a balanced three-phase rated load on,

as a function of transformer impedance. Both transformers have the same impedance and the same kVA

rating. The full load of an open bank is 0.866 times the sum of the rating of the two transformers

comprising the bank. For example, for two 25 kVA transformers, rated load is 43.3 kVA. 

http://www.dstar.org/P_R_Software_GSVIC_1.htm
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Figure 13.4  Voltage unbalance from open banks

Overload Capability 

Transformer Overload Levels
Yielding Normal Transformer Life, Commercial Loads, Southeastern U.S.

Figure 13.5  Overload capability as a function of load factor (from Project 8-10).

Overcurrent and Fault Protection for Transformers

Guidelines for Fuse Selection

Fuses are installed in, on, or near distribution transformers for a variety of reasons. However, their

primary purpose is to remove faulted transformers from the distribution system before widespread power

outages develop as a result of these failures. Fuses can also protect the transformer from secondary faults

and damaging overloads.

http://www.dstar.org/research/project-desc/tx-seasonal-loading/
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In determining which type of fusing is best for a particular application, several points need to be

considered:

i) Load ability of fuse elements

ii) Transient magnetizing current – Inrush

iii) Transient Demand Current – Cold Load

iv) Transformer Loading

Load Ability of Fuse Elements

All fuse elements have different melting temperatures depending on the type of material used. Load-

ability of silver, copper and tin elements is based on the melting temperatures of the individual element

and time current curves (manufacturers). The eutectic alloy element load-ability is based on a

temperature criteria derived from the equilibrium temperature of the specific transformer (top oil

temperature) and the temperature rise in the element proper resulting from current flow. 2

Transient Magnetizing Current – Inrush

Inrush is a transient condition that exists when energizing a transformer having residual flux oriented in

the proper direction. To insure that fuses do not operate unnecessarily on inrush, the following guidelines

should be used.

1. 12 times full load current at 0.1 seconds for fuses having uniform cross sectional areas 

(fuse links)

2. 25 times full load current at 0.01 seconds and 12 times full load current at 0.1 seconds 

for fuses having non-uniform cross sectional area (perforated ribbon elements-current 

limiting fuses)

If these guidelines are observed, making sure that time current characteristics of the fuse to be used above

these points unnecessary fuse operation will be averted. 3

Transient Demand Current – Cold Load

Cold load pickup is a phenomenon that occurs after an extended outage period. As a result of the outage,

many applied loads sit ready to be re-energized. Some of those loads can have current requirements of 5

to 10 times normal load current for periods of times ranging into seconds. 4 When examining just a single

transformer and its energization the common guideline used to ensure the fuse will not operate is three

times the full load current for 10 seconds.5

Transformer Loading

Loading policies and studies by each individual utility should be used. 

All correlation tables (manufacturers) involving transformer fusing are set up to allow for approximately

200% loading above nameplate rate continuously unless otherwise specified. This 200% criteria, is based

on the transformer full load current and the load-ability of individual fuse elements. All charts should take

into consideration standard inrush and cold load criteria 6
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Having discussed element load ability, inrush, cold load and transformer loading we can now properly

apply a fuse for a particular application.

The actual style of fuse will generally be predetermined by the utility depending on the type of protection,

and economics the utility requires and can justify.

Generally, if thermal sensing or load management is required the utility will usually select a eutectic alloy.

If high magnitude fault currents are available, a current limiting fuse in conjugation with an expulsion link

or a full range device will be selected to protect against eventful failures that can occur from high

magnitude energy release. If neither is required the basic tin, copper or silver element would be chosen. 7

By using these guidelines for transient current three defined points are now established. Requiring the fuse

to exceed these values ensures that the fuse will not operate needlessly due to simple energization. To

achieve this, the selected fuse’s minimum melt curve (manufacturers) must be to the right of these points.8

Fuse Selection for 1-phase Transformer

Fuse Selection for 3-phase Transformer
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Current Limiting Fuse Coordination
The concept of “two fuse system” for individual transformer protection combines the energy, current

limiting protection of a current limiting fuse with overload or thermal sensing ability in an expulsion fuse.

If proper coordination is set up between devices, the two fuses can also be discriminating. Fuse operation

due to secondary faults can be limited to expulsion fuse operation; internal primary faults to current

limiting fuse operation. 

After the expulsion fuse has been selected to meet all electrical requirements (inrush, cold load pickup,

and loading requirements) selection of the back-up current limiting fuse needs to be made. The minimum

acceptable back-up current limiting fuse is determined by placing the maximum clearing curve of the

selected expulsion device over the minimum melting curves of the family of potential back-up current

limiting fuses.

Figure 13.6  Two Fuse System

The first acceptable back-up current limiting fuse is one whose minimum melting curve crosses the total

clearing curve of the chosen expulsion fuse (one on one) at a symmetrical current magnitude 

that is:

1. Greater than or equal to the published minimum interrupting capability of the back-up 

current limiting fuse, and is

2. Greater then the calculated current produced as a result of a maximum thru fault of the 

particular transformer (assuming infinite buss)

9



13 | 32Distribution Data e-Handbook | rev date 12/12

13 | Transformer Application

Ferroresonance
An inherent consequence of the utility industry's shift to higher efficiency distribution transformers is an

increased tendency for ferroresonant overvoltages to occur in many everyday situations. In the past,

DSTAR has executed several research projects focused on both defining the problem as well as exploring

solutions. To determine the system parameters which may result in excessive ferroresonant overvoltages,

extensive full-scale tests were performed on a number of transformers under realistic field conditions.

Literally hundreds of switching events were performed on 12.47, 24.94 and 34.5 kV padmount

transformers, including both grounded-wye and delta primary units. The projects overwhelmingly proved

that the efficient transformers now used by the industry are much more susceptible to ferroresonant

overvoltages than those of a decade or more ago. This summary briefly describes the ferroresonance

problem, causes, detection and prevention. For a fuller discussion of  ferroresonance and the impact of

overvoltages on transformers and arresters please see the complete results of  DSTAR Program 2, Project

4,  DSTAR Program 4, Project 1, and DSTAR Program 5, Project 2.

What is ferroresonance?
Ferroresonance is a complex interaction between a transformer and a capacitance which can create high

overvoltages. Typically, it involves three-phase transformers connected to underground cables and

appears during switching or sometimes after a fuse opens. 

Ferroresonance can create distorted waveforms which have high peak values even though the rms

voltage, which is the waveform's heating value, might be near normal. This means that equipment such

as arresters, which are sensitive to the peak voltage, may overheat even though the same voltage might

not make a lamp connected to the secondary of the open phase light any brighter than normal. If you

connect an oscilloscope to the secondary of a transformer that is in ferroresonance, you might see a

waveform similar to that shown in Figure 13.7.

Figure 13.7  Ferroresonant overvoltages from distribution transformer switching

http://www.dstar.org/P_R_Listing_P05.htm
http://www.dstar.org/P_R_Listing_P04.htm
http://www.dstar.org/P_R_Listing_P02.htm
http://www.dstar.org/P_R_Listing_P02.htm
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What must happen to create ferroresonance?

The following four conditions must apply in order to have ferroresonance:

1. One or two phases of the transformer must be disconnected from the source.

2. You must have the right combination of transformer winding connection, capacitance

connection, and transformer core type.

3. There must be some capacitance connected to the open phase or phases, and this

capacitance must be large enough compared to the transformer rating.

4. There must be virtually no load on the transformer.

Some further explanation of these points is needed. Regarding the first point, ferroresonance cannot

occur if there is a direct electrical connection between the transformer open phase or phases and the

source. If you break an underground loop that is being fed from two riser poles, such as when you are

moving the open point of the loop to a different location, there is still a direct connection between all

phases of all transformers to the source and ferroresonance cannot occur. Figure 13.8 shows a loop circuit

where the ferroresonance can occur; Figure 13.9 shows two situations where it cannot take place.

Figure 13.8  Switching situation which could create ferroresonance.

Figure 13.9  Switching situations which cannot create ferroresonance
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Ferroresonance will continue as long as one or two phases are open. If all three phases are closed in or

if all three phases are opened, the ferroresonance will go away. So when you are switching with elbows

or at the riser pole, complete the opening or closing operation on all three phases as quickly as possible.

If the secondary of the transformer is connected to a load and the load is drawing kW on each phase of

more than a percent of the transformer three-phase kVA rating, then ferroresonance is unlikely to occur.

This is why ferroresonance most often occurs when a transformer is intentionally switched by a crew.

On rare occasions, ferroresonance has occurred when a fuse operates on one phase. Most often, a fuse

operation in an underground system or on a riser pole feeding an underground system is caused by a

permanent fault such as a cable fault. The fault keeps the overvoltage from occurring on the open phase.

If the fault goes away or the fuse clears without there having been a fault, ferroresonance could occur.

But this requires that there be almost no load on the secondary, which is rare. Sometimes, the customer

may have a relay in his service entrance which trips if the phase voltages are unbalanced, in order to

protect his motors. This can remove the load from the transformer at the same time that one phase is

opened at the riser pole and ferroresonance might appear.

The capacitance required for ferroresonance in grounded-wye-wye transformers is usually supplied by

underground cables. On 25 and 35 kV systems, and for transformers and banks with ungrounded

primaries (floating wye, delta, or “T”), the internal capacitance of transformers can allow ferroresonance

to occur even if you switch using elbows at the transformer terminals and there are no other cable runs

connected. This capacitance is a natural part of the transformer. It is not designed to be there but there is

no way to avoid it. The transformer, core, and capacitance combinations which usually lead to

ferroresonance are:

1. Grounded Wye-Wye Transformer on a Five-Leg Core and Phase-Ground Capacitance -
This is the most common situation when switching padmounts on an underground three-
phase system. Most three-phase padmount transformers are connected grounded wye-wye
and most use five-leg cores. The capacitance is provided by the cable or by the internal
capacitance of the transformer. The ferroresonance guidelines in DSTAR Program 2, Project
4 are specifically directed to this situation.

2. Delta-Wye or Floating-Wye Delta Transformers and Phase-Ground Capacitance - Some
utilities use the delta-wye connection for three-phase and for overhead three-phase banks.
The floating-wye delta connection is sometimes used for overhead banks. It is very easy to
get into ferroresonance with either of these connections. Also, the overvoltages tend to be
very high and equipment can be damaged. The capacitance can either be due to underground
cables, overhead lines, or the internal capacitance of the transformers. Much less capacitance
is required to produce ferroresonance with these transformer connections than with
grounded-wye-wye transformers.  DSTAR Program 5, Project 2 performed extensive
investigation of ferroresonance and other overvoltages than can occur due to switching of
floating wye-delta transformer banks, and DSTAR Program 4, Project 1a investigated
ferroresonance in the case of delta-wye padmounted transformers.

3. Grounded Wye-Wye Transformer and Phase-Phase Capacitance - This situation can
happen whether the transformer is a three-phase padmount using either a five-leg or a triplex
core, or if it is a bank of single phase units (padmount or overhead). The phase-phase
capacitance is usually due to a delta or floating wye capacitor bank on the secondary in the
customer's system. It may also be due to phase-phase capacitances on a long overhead lateral.

http://www.dstar.org/P_R_Listing_P04.htm
http://www.dstar.org/P_R_Listing_P05.htm
http://www.dstar.org/P_R_Listing_P02.htm
http://www.dstar.org/P_R_Listing_P02.htm
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What can ferroresonance do?

Most of the time, ferroresonance doesn't hurt anything. Higher voltages are placed on equipment than for

which the equipment is designed, but there is usually enough margin designed into the equipment so that

it can take the overvoltage. In the research project which developed the DSTAR Program 2 guidelines,

transformers, cables, and elbows were exposed to high overvoltages for many minutes without any

damage. On the other hand, ferroresonance and other overvoltage phenomena similar to ferroresonance,

have caused transformer insulation failures on floating-wye primary transformer banks.

Ferroresonance has been a problem in the past for gapped silicon-carbide arresters. If these arresters

spark over, they may fail quickly. The newer metal-oxide arresters are also not rated for the overvoltages

which can be produced by ferroresonance. These arresters will not usually fail instantly, so prompt

completion of a switching operation will usually keep these arresters from overheating. DSTAR Program

4, Project 1b performed extensive investigations of the survivability of gapless metal-oxide arresters

exposed to ferroresonance involving grounded-wye-wye transformers on five-leg cores. In some cases,

the arresters can withstand the overvoltage for an indefinite period of time. Most typically, the

ferroresonance causes gradual elevation of the arrester temperature to the failure point over many

minutes. The most rapid temperature rises brought arresters to the failure point in several tens-of seconds.

Therefore, arrester failure while intentionally switching grounded wye-wye transformers is not unlikely

unless there is a delay between switching phases. Avoiding delay is usually easy when switching cutouts,

unless the switching is done from the ground using a telescoping stick under adverse conditions (e.g.,

gusty wind). Delays between switching the first phase and completing three-phase energization or de-

energization are sometimes more difficult to avoid when operating elbows, particularly when elbows

stick.

If an arrester is failed by ferroresonance, you probably will not know it until the phase is reconnected to

the source. This is because ferroresonance cannot supply any fault current to a shorted arrester. When you

reclose to the source, you will have a high current fault and a protective device (fuse, recloser, or breaker)

should operate.

Usually, you will not have ferroresonance if a customer load is connected. If the customer load is very

light, or not on the phase which is opened, overvoltages can still occur. What can be bad is if the only

customer load  is electronic equipment like digital clocks, computers, etc. This equipment might be

damaged by the high ferroresonant overvoltage crests.

How do I know if I have ferroresonance?

Often, you may not even know that you have created ferroresonance. Some of the common symptoms

are unusual transformer noise and unusual arcing when, operating an elbow or a riser-pole cutout.

When you energize a transformer, you may often a hear a groan or hum that is loader than usual for a few

seconds. If it goes a away in a few seconds, the noise is probably due to inrush and not ferroresonance.

If the noise continues, it is most likely due to ferroresonance. Any unusual transformer noise which

occurs when a transformer phase is opened is probably due to ferroresonance.

If ferroresonance is severe, the noise can be very strange. It can sound like rumbling, growling, or

banging. If a phase or two are left open, the sound can change on its own without you doing anything. It

can get quieter and then get louder again many seconds or minutes later.

http://www.dstar.org/P_R_Listing_P04.htm
http://www.dstar.org/P_R_Listing_P04.htm
http://www.dstar.org/P_R_Listing_P02.htm
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Sometimes, ferroresonance will make a longer arc than you might expect when you open an elbow or

cutout on a transformer which is unloaded.

There are other strange symptoms of ferroresonance which have been seen. For example, a customer's

three-phase motors reversed when a primary fuse opened on one phase.

How can I prevent ferroresonance?

You can prevent ferroresonance by not switching too long of a cable run with a transformer. The

maximum cable length depends on the transformer rating. You should use guidelines, such as those in

DSTAR Program II, to determine the maximum cable length. If the cable run you have is longer than the

maximum length, than you must:

• For deenergization - Disconnect the cable from the transformer first, then deenergize the

cable from the source end last.

• For energization - Energize the cable from the source end first with the transformer

disconnected from the cable. Then, pick up the transformer by connecting the energized

cable to it.

If the transformer's internal capacitance is large enough, this procedure may not be enough. In this case,

you have two choices for avoiding ferroresonance:

• Switch all three phases simultaneously - This requires a three-phase switch. Sometimes,

primary three-phase switches are built into the transformer. There are also ganged switches

which can be installed in series with the cable or on the riser pole. If you do not have such a

switch you cannot use this option. Three men on three hotsticks pulling cutouts on all three

phases of a riser cutout together is not simultaneous enough.

• Add load to the secondary - A resistive load connected to each phase of the transformer

secondary can eliminate ferroresonance. The load must have a kW rating on each phase

greater than one percent of the transformer three-phase kVA rating. You should not depend

on the customer load. The customer's load may be tripped at his entrance panel, the load

may not be on all phases, or the customer may have some sensitive equipment which might

be damaged. The best way to provide the minimum load is portable load banks consisting of

resistance heaters.

The three-phase switching (at the riser or in series with the cable) and secondary loading solutions also

apply if you cannot switch at the transformer terminals and you must switch remotely. This can be the

case if the transformer is live-front and does not have an internal switch.
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Loading Practices for Distribution Transformers

Introduction

Distribution transformers collectively constitute a large portion of a utility’s distribution system

investment. Selecting the appropriate transformer kVA rating for an application and specifying proper

loading characteristics minimizes both capital and operating costs. Transformer sizing and loading is not

as simple as comparing the peak demand of a load against the list of available kVA sizes, however. This

is because a transformer can tolerate significant overloads, depending on the characteristics of the load

cycle, the environment, and the parameters of the transformer.

In most North American distribution utilities, transformer sizing and loading is inherently an engineering

art more than a rigorous science. Load demand characteristics are not well defined, nor are the acceptable

loading levels on transformers precisely defined thresholds. Distribution transformers are routinely sized

so that the peak estimated load is above the rated transformer capacity. A fixed overload factor, typically

100% to 140% of nameplate rating, is commonly used. However, experience suggests that the typical

overload factors are conservative as premature distribution transformer failures due to insulation thermal

degradation are relatively infrequent.

Transformer rating selections based solely on peak load do not adequately account for the true

relationships between transformer loading, ambient temperature, and expected insulation lifespan.

Transformer insulation thermal degradation is a cumulative function of winding temperature, and

winding temperature is a dynamic function of loading plus ambient temperature.  Overloading leads to

accelerated insulation aging, but operation of the transformer at less than rated load, or in reduced

ambient temperatures, causes aging to progress at a less than the nominal rate. Short periods of excessive

temperature rise due to overloading can be balanced with longer periods of under-loading such that the

net transformer life is acceptable.  

DSTAR commissioned a research project
a

to investigate transformer thermal behavior and insulation

aging in actual applications, thus yielding information crucial to improving transformer asset

management by its member utilities. In the investigation, actual transformer hourly loadings and ambient

temperature conditions have been applied to transformer thermal and aging models. This section

summarizes some key results from the investigation, as well as relevant information from other industry

sources.

DSTAR Software Applications

DSTAR has developed several applications for transformer loading assessment. The Transformer

Owning Cost Software (TOCS)
b

is a powerful application that uses hour-by-hour thermal modeling to

evaluate transformer total owning costs, including the economic effects of loading on transformer life.

By contrast, the Transformer Loading Analyzer (TLA)
c

is a relatively simple analysis tool used to

estimate the service life of up to three different transformer ratings for a particular loading and ambient

temperature scenario. These tools are accompanied by comprehensive application guides with

information on how to best use available data to obtain the best results.

a DSTAR Project 8-10, “Transformer Seasonal Loading Analysis Guidelines,” February 2004, http://www.dstar.org/reserach/project-desc/tx-seasonal-loading/ 
b DSTAR Project 6-4, Transformer Total Owning Cost Software (TOCS), http://www.dstar.org/reserach/project-desc/TOCS/ 
c DSTAR project 7-1, Transformer Loading Analyzer (TLA), http://www.dstar.org/reserach/project-desc/toolbox/#tla 

http://www.dstar.org/research/project-desc/tx-seasonal-loading/
http://www.dstar.org/research/project-desc/TOCS/
http://www.dstar.org/research/project-desc/toolbox/#tla
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Transformer Thermal Behavior
As discussed in several industry standards and research papers, [10] [11] [12], thermal life (insulation

aging) and instantaneous hot spot temperature are the two limiting factors restricting loading on

distribution transformers. 

The relationship between acceleration of aging and temperature, as specified in [10], is plotted in Figure

13.10. When the hottest spot on the transformer winding is at 110°C, the aging acceleration factor (FAA)

is 1.0, meaning that the transformer ages at a rate yielding a useful insulation life of 180,000 hours of

continuous exposure to this temperature. Every 7-8°C increase in temperature yields a doubling of the

rate at which the insulation deteriorates. Conversely, a decrease in temperature decreases the aging rate.  

Figure 13.10  Relationship between transformer insulation aging acceleration factor and winding hot-spot temperature

A change in loading does not result in an instantaneous change in winding temperature because it takes

an accumulation of thermal energy to heat the transformer’s windings, core, and oil. Reference [10]

provides a simplified thermal dynamic response model having two effective time constants: the hot-spot

time constant and the top-oil time constant. The hot-spot time constant refers to the rise of the winding

hot-spot above the temperature of the transformer’s oil, and is typically a few minutes. The top-oil time

constant refers to the rise of the transformer’s oil above the ambient temperature. This time constant is

several hours long for a typical distribution transformer, and has a large role in “smoothing” the effects

of loading spikes on the transformer temperature.

The total temperature rise of the winding hot-spot, above ambient, is due to the load placed on the

transformer. The absolute temperature that drives insulation aging is the sum of the load-caused

temperature rise and the ambient temperature. This means that when the ambient temperature is less than

the prescribed value on which nameplate rating is based (30°C), the transformer can tolerate heavier

loading.  

Due primarily to the significant heating and cooling component in most utility loads, there is some

observable correlation between kVA demand and the ambient temperature. A positive correlation, (such

as where electric cooling load is dominant), produces more severe transformer duty than a load that is

negatively correlated with ambient temperature, such as one dominated by space heating demand. A

transformer serving a load peaking in winter, with a lesser secondary summer peak, may actually have

its most severe thermal duty at the smaller summer peak.  
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Using the thermal model and the relationships between winding hottest-spot temperature and insulation

aging acceleration, the cumulative aging per year can be calculated given the loading and concurrent

ambient temperature histories. Transformer kVA rating can then be iteratively adjusted until the

calculated insulation life exceeds a desired value. There is a firm limit, however, to the peak transformer

overload. In addition to accelerated aging, very high winding temperatures can lead to gas evolution,

which can result in immediate failure. For this reason, [10] recommends that, independent of

accumulated aging considerations, loading of distribution transformers with 65°C rated winding rise

insulation should observe the following maximum limits:

• 300% of rated nameplate load 

• 120°C top oil temperature 

• 200°C winding hot-spot temperature

In addition to these thermal considerations, voltage drop considerations can be an important practical

limit to distribution transformer kVA rating.

Distribution Transformer Load Characteristics

Commercial and residential distribution loads exhibit very different characteristics. Within the

commercial category, load patterns differ widely depending on the nature of the enterprise served.

Figure 13.11 compares the peak-day load cycles for two commercial loads, a school and a health-care

facility, with a four-customer residential load. The obvious difference in the profiles driven by end-use

impacts the loading and accumulated aging of the transformers.

Figure 13.11  Peak day load profiles

Distribution transformer application practices also differ. Commercial loads typically have a dedicated

transformer, whereas multiple residences are typically served  by a single transformer, except in rural

areas. For these reasons, commercial and residential loads were characterized separately. 

Commercial and Institutional Loads
DSTAR project 8-10, Seasonal Loading Equivalents, was commissioned to develop guidelines for

determining how to divide the year into loading analysis periods, and how to represent the load and

ambient temperature cycles in each of these periods. Hourly integrated demand measurements were made

on a total of twelve loads in six categories and four locations with reasonably diverse climates in the

southeastern United States. Table 13.2 lists the loads along with their respective peak demands and

annual load factors. 

http://www.dstar.org/research/project-desc/tx-seasonal-loading/
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Table 13.2  Peak Demands and Load Factors of Commercial Loads in Project 8-10

Each of these load histories, along with concurrent hourly ambient temperatures for each location, were

applied to a   thermal model. The model yielded hour-by-hour transformer internal temperatures and the

cumulative transformer insulation aging. The kVA rating of the transformer was varied until the

cumulative aging in the one year modeled was equal to the aging the transformer would sustain if

continuously loaded to nameplate rating at a standard (30°C) ambient temperature for the one year (i.e.,

mean FAA = 1.0). For the purpose of this analysis, transformer kVA ratings were not limited to standard

values.

This thermal analysis yielded interesting results. One of the most significant findings is that, for most

loads, almost all of the insulation aging occurs during a relatively few days of the year.  Figure 13.12

plots the aging hours per day over one year, along with the ambient temperature and loading, for the

Atlanta nursing home load.  (Normal aging is equal to 24 aging hours per day.)  For this same load, Figure

13.13 shows a histogram of cumulative transformer aging plotted versus days, ranked by decreasing

average ambient temperature. For the summer-peaking nursing home load, over half of the aging

sustained by the transformer occurs in the thirty hottest days of the year. In the cooler half of the year,

almost no thermal aging takes place. For comparison, the aging histogram for the large office building

load is also plotted on the same curve. This load is less ambient-temperature-dependent, and transformer

aging is somewhat m ore evenly distributed through the year.

Figure 13.12  Daily aging hours for Atlanta nursing home load

Type of Load Peak kW Load Facor

Grocery, Panama City 642 0.678
Grocery, Atlanta 485 0.693
Grocery, Rome 474 0.633
Nursing Home, Atlanta 484 0.590
Small Office, Atlanta 17 0.317
Large Office, Atlanta 973 0.689 
Large Office, Rome 1583 0.572
Large Office, Savannah 387 0.490
High School, Atlanta 513 0.261
High School, Savannah 1509 0.328
High School, Rome 1343 0.266
Retail, Atlanta 509 0.475
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Figure 13.13  Comparison of transformer aging histograms

The ratio of peak load to transformer nameplate kVA yielding normal insulation aging (8760 aging hours

per year), was found to vary with the load profile. If summer and winter peaking loads are separated, it

was found that the allowable peak transformer overload is well correlated with the load factor. This is

clearly shown in Figure 13.14. A key conclusion reached in this research is that a fixed maximum

transformer overload factor does not yield best management of transformer assets; sizing must also

consider the characteristics of the load profile including the shape of the load profile and correlation

between peak load and ambient temperature.

Figure 13.14  Relationship of peak transformer overload  factor, yielding nominal insulation life, to load factor for commercial loads

Residential Loads
DSTAR project 8-10, Seasonal Loading Equivalents, also used hourly load and ambient temperature

recordings for twenty individual residences, ten with electric heat and ten without. Table 13.3 shows the

range of load factors of the individual all-electric loads and non-all-electric loads. These load factors are

substantially less than those of the commercial loads in this project.

http://www.dstar.org/research/project-desc/tx-seasonal-loading/
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Table 13.3  Range of Load factors for Residential Loads in Project 8-10

Although these residential loads are not physically adjacent, they were combined in Project 8-10 to

investigate the impacts of load coincidence on transformer insulation aging. A number of different

groupings of 2, 4, 6, and 8 services were studied as if each grouping was served by one distribution

transformer. Each grouping was applied to a transformer thermal model having typical residential

distribution transformer parameters. Figure 13.15 shows insulation aging histograms for typical non-all-

electric and all-electric groupings of four load services. It can be seen that a transformer serving the

composite load without electric heat sustains over half of its annual aging in only about the fifteen hottest

days of the year. A transformer serving the composite load with electric heat sustains aging in both the

summer and winter. For the example shown, about 20% of the annual aging occurs spread over about two

months, but about 60% of the aging occurs in the coldest few days of the winter. It should be noted that

heat pumps with electric resistance heat backup for very cold periods are common in the area where these

load data were acquired.

Figure 13.15  Aging histograms transformers serving typical four-residence loads, with and without electric space heating

A very significant difference between commercial and residential loads was observed in the transformer

thermal analysis. When the residential transformer kVA rating was selected so that the overall insulation

aging was normal (8760 aging hours per year), the peak winding hot-spot temperature exceeded 200°C

for many of the load groupings. Because residential load factors are so low, transformer rating on an

accumulated aging basis tends to lead to very high short-term overloads. This risk of failure from gas

evolution during these short-time high-temperature events becomes the dominant factor in transformer

size selection.

Implications for Transformer Loading
One of the more significant conclusions from Project 8-10 is that low load factor transformer

applications, such as for residential load service, should not be evaluated on a cumulative loss of life

basis, but rather on the basis of the hot-spot temperature reached during worst-case loading. When

transformers are selected based on aging alone, the peak hot-spot temperatures exceed the 200°C point

Classification Average Load Factor Minimum Load Factor Maximum Load Factor

All-Electric (AE) 0.185 0.088 0.260

Non-All-Electric (NAE) 0.198 0.134 0.311
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where gas evolution creates significant risk of immediate transformer failure. Also, the effective

coincidence factor for transformer rating, where one transformer serves multiple residences, is greater

than the usual coincidence factor based on peak load. Thus, the diversity benefits of supplying an

increased number of customers from one transformer may be less than have been commonly assumed.

For commercial loads, with load factors greater than typical of residential loads, extreme hotspot

temperatures are not constraining and cumulative loss of insulation life is an appropriate measure for

determining the appropriate transformer rating for an application. A methodology and algorithm was

developed to provide a reasonably accurate analysis of transformer insulation loss of life, usable with a

four-season transformer loading analysis tool. However, the impact of load demand forecasting

uncertainty makes transformer sizing on an insulation life basis very precarious. For even modest

amounts of load demand curve variation around the predicted hourly curve, upon which transformer

rating is based, the resulting transformer insulation life range can be large. The concept of economic

mean life is has been introduced as a way to add a calculated measure of conservatism to transformer life

calculations to account for load uncertainty.

Distribution Transformer Loading

Based on the thermal behavior of distribution transformers and load characteristics, size of distribution

transformer for serving certain load can be decided to minimize cost. According to IEEE Standard

C57.91, Guide for Loading Mineral-Oil-Immersed Transformers, there are four limiting factors for

transformer thermal behavior. These are listed in Table 13.4. Distribution transformers operating below

these limits do not have a substantial risk of failure due to thermal degradation.

Table 13.4  Suggested Limits of Temperature and Load for Loading Above Nameplate Distribution Transformers With 65°C Rise

For 200°C hot spot temperature, gas bubbles will start evolving at an accelerated rate, which greatly

increases the instantaneous failure risk. For short-term extremely high overloading, the top oil

temperature of 120°C can also be used as a limiting factor if the transformer characteristics are not

accurately known. 

Besides the risk of failure due to extremely high hot-spot temperature, transformers may also fail because

of continuous thermal aging from accumulated overloading activities. A hot-spot temperature greater

than 110°C accelerates the decomposition rate of C-H bonds in the transformer insulation, which greatly

reduces the electrical and mechanical strength of the insulation. At a certain reduction in strength, the

insulation is considered not capable of sustaining operational stresses.

Although load data for distribution transformers are not always available to use for such an analysis,

estimates can be made based on what is available. Load factor and peak load are normally obtainable for

distribution transformers. DSTAR Project 8-10, Seasonal Loading Equivalents, explored ways to extract

loading information from the load factor and peak demand. The goal of the project was to develop an

algorithm for performing transformer-loading analysis using tools that are limited to four-season

analysis. 

Based on the work in P8-10, the following general procedure can be applied to size residential and

commercial distribution transformers with respect to thermal limits.

Top-oil Temperature 120°C
Hottest-spot Conductor Temperature 200°C
Short-time Loading (1/2 h or less) 300%
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Step I: Determine Type of Load and Load Factor
As mentioned earlier, one of the findings from DSTAR P8-10 was the residential and commercial

transformers should be evaluated differently due to loading variances.

a. Low load factor transformers (residential applications) – should not be evaluated on a

cumulative loss of life basis, but rather on the basis of the hot-spot temperature reached

during worst-case loading. 

b. Higher load factor (Commercial loads) – extreme hotspot temperatures are not constraining,

and cumulative loss of insulation life is an appropriate measure for determining the

appropriate transformer rating for an application.

Step IIa: Residential Applications
Analytical results from P8-10 show that the sizing of distribution transformers based on accumulated

insulation aging results in sizes where the peak overloads drive the hot-spot temperature above, or

precariously close to the 200°C limit recommended by IEEE C57.91-1995. With even a small amount of

inaccuracy in load estimation, risks of premature failure are high. Therefore, it is concluded that selection

of residential distribution transformers based on thermal aging analysis is ill advised. Instead, sizing

should be based on having an acceptably low risk that the hot-spot temperature reaches 200°C under

worst-case conditions.

Summer-Peaking Loads

Use a transformer thermal loading tool such as DSTAR’s TLA or TOCS to simulate

transformer temperature response for the hottest day. Hourly load estimates should be

adjusted upward for estimation uncertainty. The adjustment should be such that the

probability of exceeding the estimated load is comparable to the acceptable probability of

the transformer failing in any one year. Select a transformer rating such that the peak hot-

spot temperature does not exceed 200°C.

Winter-Peaking Loads

In most cases, winter-peaking loads should be considered dual-peaking because the smaller

summer peak, when added to the higher ambient temperatures, may be more significant to

the transformer than the higher winter-peak load. Perform a one-day simulation for the

hottest day and another one-day simulation for the coldest day, adjusting hourly loads for

estimation uncertainty. After identifying which season is constraining, select a transformer

rating such that the peak hot-spot temperature does not exceed 200°C.

Step IIb: Commercial Applications
DSTAR P8-10 showed that the number of days contributing to insulation aging are correlated to load

factor and ambient temperature. This conclusion can be used together with seasonal load pattern and peak

load information to obtain estimated load profile for yearly thermal evaluation for commercial

distribution transformers. A general algorithm is presented in the P8-10 report based on analysis of

summer-peaking loads. For winter peaking loads, a modified approach is suggested in the report, but was

not be verified because the data used in the study contained one only load with a winter peak that created

more transformer aging than the summer peak.
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Step III: Check Worst-Case Temperature Limits
As with residential applications, a daily load curve for the worst case conditions should be analyzed using

a transformer loading analysis tool such as TLA or TOCS to determine the maximum hot-spot

temperature. The load and temperature curves should be adjusted to account for load and temperature

forecasting uncertainty. A minimum transformer rating should be determined such that the calculated

hotspot temperature does not exceed 200°C, and the top oil temperature does not exceed 120°C. This

minimum transformer rating should also be at least 50% of the worst-case peak load. For summer-

peaking and non-temperature-dependent loads, the peak load analysis should be at maximum load and

ambient temperature conditions. For winter peaking loads, the worst-case conditions are the maximum

load combined with the greatest temperature that could reasonably coincide with that load.

Step IV: Determine Daily Ambient Temperature and Loading Cycles
Use the methods outlined in P8-10, engineering judgment, other methods or data to determine the hourly

ambient temperature and loading points for periods of the year. These periods can be as small as an hour,

creating an 8760-hour yearly profile, if data allows, or 91-day periods representing seasons of the year. 

Step V: Perform Transformer Loading Analysis 
Having determined the ambient temperature and loading points for periods of the year, they can be fed

into any transformer loading analyzer for cumulative loss of life evaluation. The goal of this step is to

ensure the cumulative loss of life does not exceed the expected term of use. If cumulative loss of life is

exceeded, the size needs to adjusted and aging reevaluated until the thermal criterion is met. 

DSTAR has developed several tools to perform such a loading analysis based on standard calculations

presented in IEEE C57.91. The next section presents some of these standard calculations for cumulative

loss of life analysis.

Cumulative Loss of Life Calculations

Aging Acceleration Factor

If winding hottest spot temperature is known or computed using standard equations (such as in IEEE

C57.91), it can be used to calculate an aging acceleration factor (FAA) for a given load and

temperature or for a varying load and temperature profile over a time period. The rate of aging for

the insulation system during interval i, at a hot-spot temperature of ΘH, is calculated as:

(1)

Where
B is the Life Expectancy Constant, or the aging rate constant, usually 15,000

TREF is the reference temperature for aging, usually 110°C

The rate of aging for the insulation system during an interval, at a hot-spot temperature of ΘH, with

a reference temperature of 110 °C is calculated as:

(2)
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Aging Acceleration Factor (cont’d.)

Values of FAA corresponding to various hottest-spot temperatures for a 65°C rise insulation system

are tabulated in Table 13.5, and a plot of FAA versus hot spot temperature is shown in Figure 13.16.

FAA has a value greater than 1 for winding hottest-spot temperatures greater than the reference 

temperature 110°C and less than 1 for temperatures below 110°C.
d

Equivalent Aging Of The Transformer 

The aging acceleration factor, FAA, can be used to calculate the equivalent aging of the transformer,

FEQA, which is the equivalent life (in hours or days) at the reference temperature that will be

consumed in a given time period for the given temperature cycle. This is calculated as follows:

(3)

Where
i = index of the time interval, t

N = total number of time intervals

FAA,i = aging acceleration factor for temp which exists during the time interval Δti

Δti = time interval, hours

Percent Loss of Insulation Life

The equivalent aging, FEQA, can be used to calculate the percent loss of insulation life in a time

period, t, which is the equivalent hours life consumed divided by the definition of total normal

insulation life (hours) and multiplied by 100 This is shown in Equation (4) below. Normal insulation

life values can be selected from Table 13.5 (from IEEE C57.91-1995).

(4)

Basis Hours Years
50% retained tensile strength of insulation (former IEEE Std C57.92-1981 criterion) 65.000 7.42

25% retained tensile strength of insulation 135.000 15.41

200 retained deree of polymerization in insulation 140.000 17.12

Interpretation of distribution Transformer functional life test data (former IEEE Std C57.92-1981 criterion) 180.000 20.55

NOTES:
1 – Tensile strength or degree of polymerization (D.P.) retention values were determined by sealed tube againg on well-dried insluation samples

in oxygen-free oil.
2 – Refer to I.2 in annex I for discussion of the effect of higher values of water and exygen and also for the idscussion on the basis given above.

Table 13.5  Normal insulation life of a well-dried, oxygen-free 65 °C average winding 
temperature rise insulation system at the reference temperature of 110°Ce

d,e Reprinted (permission pending) from IEEE Standard C57.91 – 1995, Standard Transformer Committee of the IEEE Power Society, “Guide for loading Mineral-oil-
Immersed Transformers” 
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Table 13.6  Aging Acceleration Factors, FAA, for Various Hot Spot Temperaturesf

Temperature
°C

Age Factor
Temperature

°C
Age Factor

Temperature
°C

Age Factor

<37 0.0000 65 0.0054 94 0.1813

37 0.0001 66 0.0062 95 0.2026

38 0.0001 67 0.0071 96 0.2263

39 0.0001 68 0.0080 97 0.2526

40 0.0002 69 0.0091 98 0.2817

41 0.0002 70 0.0104 99 0.3141

42 0.0002 71 0.0118 100 0.3499

43 0.0002 72 0.0134 101 0.3897

44 0.0003 73 0.0152 102 0.4337

45 0.0003 74 0.0172 103 0.4823

46 0.0004 75 0.0195 104 0.5362

47 0.0004 76 0.0220 105 0.5957

48 0.0005 77 0.0249 106 0.6614

49 0.0006 78 0.0281 107 0.7340

50 0.0007 79 0.0318 108 0.8142

51 0.0008 80 0.0358 109 0.0926

52 0.0009 81 0.0404 110 1.0000

53 0.0011 82 0.0455 111 1.1074

54 0.0012 83 0.0513 112 1.2256

55 0.0014 84 0.0577 113 1.3558

56 0.0016 85 0.0649 114 1.4990

57 0.0019 86 0.0729 115 1.6565

58 0.0021 87 0.0819 116 1.8296

59 0.0024 88 0.0919 117 2.0197

60 0.0028 89 0.1031 118 2.2285

61 0.0032 90 0.1156 119 2.4576

62 0.0037 91 0.1295 120 2.7089

63 0.0042 92 0.1449 121 2.9845

64 0.0048 93 0.1622 122 3.2865

f Reprinted (permission pending) from IEEE Standard C57.91 – 1995, Standard Transformer Committee of the IEEE Power Society, “Guide for loading Mineral-oil-
Immersed Transformers” 
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Table 13.6  Aging Acceleration Factors, FAA, for Various Hot Spot Temperatures (Cont’d.)g

Temperature
°C

Age Factor
Temperature

°C
Age Factor

Temperature
°C

Age Factor

123 3.6172 149 37.3215 175 293.6417

124 3.9793 150 40.5915 176 316.3718

125 4.3756 151 44.1315 177 340.7518

126 4.8091 152 47.9615 178 366.8918

127 5.2830 153 52.1015 179 394.9118

128 5.8009 154 56.5815 180 424.9218

129 6.3665 155 61.4215 181 457.0718

130 6.9842 156 66.6516 182 491.5018

131 7.6582 157 72.3016 183 528.3518

132 8.3935 158 78.3916 184 567.7818

133 9.1952 159 84.9716 185 609.9618

134 10.0689 160 92.0616 186 655.0819

135 11.0208 161 99.7116 187 703.3119

136 12.0573 162 107.9616 188 754.8619

137 13.1856 163 116.8416 189 809.9419

138 14.4131 164 126.4116 190 868.7719

139 15.7481 165 136.7216 191 931.6019

140 17.1994 166 147.8117 192 998.6719

141 18.7765 167 159.7517 193 1070.2519

142 20.4895 168 172.5817 194 1146.6219

143 22.3493 169 186.3917 195 1228.0819

144 24.3679 170 201.2317 196 1314.9420

145 26.5578 171 217.1817 197 1407.5420

146 28.9315 172 234.3017 198 1506.2220

147 31.5115 173 252.7017 199 1611.3520

148 34.3015 174 272.4517 200 1723.3420

g Reprinted (permission pending) from IEEE Standard C57.91 – 1995, Standard Transformer Committee of the IEEE Power Society, “Guide for loading Mineral-oil-
Immersed Transformers” 
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Figure 13.16  Aging Acceleration Factor, FAA vs. Hottest Spot Temperature, �H, (relative to 110 °C)h

Example Calculation
Transformer loading and life-cycle evaluation tools such as DSTAR’s Transformer Owning Cost Software

(TOCS) use the standard calculations above along with hot-spot temperature calculations from IEEE

C57.91 to assess the aging impact of a loading cycle on the transformer insulation. For example, a

transformer with 65°C rise insulation is loaded over a 24-hour interval according to the profile in Figure

13.17 below. The winding hottest spot temperatures during each hour of loading are also shown on the plot.

Figure 13.17  Transformer daily load profile and hot-spot temperatures

h  Reprinted (permission pending) from IEEE Standard C57.91 – 1995, Standard Transformer Committee of the IEEE Power Society, “Guide for loading Mineral-oil-
Immersed Transformers” 
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Equation (2) can be used to calculate the aging acceleration factor FAA for each hour in the cycle based

on the hot-spot temperatures. The results of these calculations are shown in column 4 of Table 13.7below.

Equation (3) can be used to calculate the equivalent aging of the transformer, FEQA, based on the FAA

values for each one hour interval. Column 5 of Table 13.7 shows the cumulative aging over the 24-hour

period. The last value in this column gives the numerator of equation (3). Therefore the equivalent aging

of the transformer is

This is equivalent to aging of 1.0773 * 24 = 25.86 hours at 110°C.

Finally, the loss of life over this load cycle (based on 180,000 hours from Table 13.5) is calculated from

Equation (4).

Table 13.7  24-Hour Load Cycle Aging Calculation, 100 MVA Transformer (65 °C Rise)

Hour (t) Load (P.U.) Hot-spot Temp. °C Aging acel. factor FAA, i Cum. age hrs. ∑(∆FAA*∆t)

1 0.599 80 0.036 0.036

2 0.577 72.8 0.015 0.051

3 0.555 72.9 0.015 0.066

4 0.544 72.8 0.015 0.080

5 0.544 71.8 0.013 0.093

6 0.566 71.8 0.013 0.107

7 0.655 73 0.015 0.122

8 0.844 74.2 0.018 0.139

9 0.955 85.1 0.066 0.205

10 1.021 92.2 0.148 0.353

11 1.054 99.1 0.318 0.671

12 1.077 104.6 0.571 1.242

13 1.088 109.2 0.921 2.163

14 1.099 112.8 1.329 3.492

15 1.099 116 1.830 5.322

16 1.11 117.8 2.185 7.507

17 1.2 125 4.376 11.822

18 1.077 130 6.984 18.866

19 0.977 125 4.376 23.242

20 0.91 114 1.499 24.741

21 0.877 104.8 0.583 25.324

22 0.866 97.9 0.279 25.603

23 0.832 93.2 0.166 25.769

24 0.788 87.6 0.088 25.857
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NESC Ground Clearance Diagrams a

Figure 14.1  Clearance for Service Drop Cable at Point of Attachment to Residential Home

Minimum Clearance Requirements for a Triplex Conductor Attachment to a Residential Home

• Triplex conductors shall have a clearance of not less than 12’ from the ground or 10’ from

any platform or porch from which they might be reached. (See Figure 14.1 for the minimum

attachment height.)

Note: 16’ is required over driveways (see NESC Table 232-1 for exception)

• Triplex conductors shall have a clearance of not less than 3’ from windows, doors, porches,

fire escapes, or similar locations.

a Courtesy of Duke Power Company
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Figure 14.2  Clearances of Service Drop Cable Termination on Supporting Cable
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Figure 14.2 (continued)  Clearances of Service Drop Cable Termination on Supporting Cable
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Figure 14.3  Minimum Clearances of Poles and Supporting Structures from the Curb and Road

Notes:

1. NESC Rule 231B. Where there are curbs and where a governmental authority does NOT

exercise jurisdiction, the NESC requires supporting structures, supporting arms be 15’ above

the road surface.

2. NESC Rule 231B. Where there are curbs and where a governmental authority does NOT

exercise jurisdiction, the NESC requires a minimum set-back distance of 6’ from the curb to

the supporting structure to avoid contact by ordinary vehicles.
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Figure 14.4  Minimum Clearances of Poles from Fire Hydrants
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Figure 14.5  Minimum Clearances for a Swimming Pool

Notes:

1. The above clearances are with NO wind displacement.

2. NESC Rule 351C: Underground supply cables should NOT be installed within 5’ of a

swimming pool or its auxiliary equipment.
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Figure 14.6  Grain Bin (Portable Augers) Conductor Clearances Requirement
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Figure 14.7  Grain Bin (Permanently Installed Augers) Conductor Clearances Requirement
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Table 14.1  Guy Wire and Accesories Selection

Table 14.2  Characteristics of Alumoweld ® Type M Guy Strand

Multiple guys are required where the allowable working strength of one guy cable is not adequate for the

load. Use the table below to determine the appropriate guy wire combination when multiple guys are

required. Also, the DSTAR Guy Tension Analyzer (GTA) is an excellent software tool to determine the

appropriate guy and anchor arrangement for specific applications.

aAluminum Clad – Steel Conductor

Alumoweld M Guy Strand Characteristics

Material
Type

Nominal
Diameter 
of Strands 

in.

Number and
Diameter of
Individual 
Wires

Rated 
Breaking

Strength lbs.

Weight 
lbs./1000 ft

Ohms Per 
1000 ft

2.8M3 .174 3 x .081” 2,800 44 2.62

4M3 .220 3 x .102” 4,000 70 1.65

5M3 .247 3 x .114” 5,700 89 1.31

6M .242 7 x .081” 6,000 104 1.13

7M3 .277 3 x .128” 7,200 112 1.04

8M .272 7 x .091” 8,000 131 .89

10M .306 7 x .102” 10,000 165 .71

12.5M .343 7 x .114” 12,500 208 .56

14M .363 7 x .121” 14,000 232 .50

16M .386 7 x .128” 16,000 262 .45

18M .417 7 x .139” 18,000 306 .38

20M .444 7 x .148” 20,000 347 .34

25M .519 7 x .173” 25,000 475 .25

Guy Wire Physical Characteristics

Material Type Size Breaking Strength (lbs.)
Guy Wire 5/16” Extra high strength 9000

Guy Wire – Coastal 5/16” Alumoweld a 9000

Guy Wire 7/16” Utility Grade 15000

Guy Wire – Coastal 7/16” Alumoweld a 15000

Guy Grip 5/16” Utility Grade 100% of wire

Guy Grip 5/16” Alumoweld a 100% of wire

Guy Grip 7/16” Utility Grade 100% of wire

Guy Grip 7/16” Alumoweld a 100% of wire

Dead End, Automatic 5/16” Utility Grade 100% of wire

Dead End, Automatic 7/16” Utility Grade 100% of wire

Guy Wires and Poles

http://www.dstar.org/P_R_Software_TB_1.htm#Guy Tension Analyzer
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Table 14.3  Guy Wire Holding Capability

Table 14.4  Anchor Strength

Pole Material

Pole physical dimensions and strengths for various species of wood are specified in American National

Standards Institute (ANSI) Standard 05.1-1987, “American National Standard Specifications and

Dimensions for Wood Poles.” All manufactures of wood poles have adopted this standard and produce

product that meets the minimum requirements.

The dimensional and strength information contained within the ANSI 05.1 may be obtained through the

RUS Bulletin 1728F-700 via the RUS website.

Anchor Strength

Anchor Type
Class Soil – Strength (lbs)

2 3 4 5 6 7
8” Helix 26000 22000 18000 14000 10000 6000

10” Helix 28000 24000 20000 16000 12000 8000

12” Helix 30000 26000 22000 18000 14000 10000

14” Helix 32000 28000 24000 20000 16000 12000

8”/10”/12” Triple Helix - 50000 42000 34000 27000 20000

Expanding Anchor, 135 in2 - 26500 22000 18500 15000 10000

Guy Wire Holding Capability

Guy Combination Rating in lbs – De-rated to meet NESC
1-5/16” Guy Wire 9000 

1-7/16” Guy Wire 15000

2-7/16” Guy Wire 30000

3-7/16” Guy Wire 45000

4-7/16” Guy Wire 60000

5-7/16” Guy Wire 75000

6-7/16” Guy Wire 90000

http://www.rurdev.usda.gov/SupportDocuments/UEP_Bulletin_1728F-700.pdf
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Overhead Conductor Sag and Tension
Overhead distribution lines are constructed such that the conductors maintain safe clearances from

buildings, objects, roads, vehicles, and people. According to the National Electric Safety Code (NESC)

Handbook, clearances and spacings are intended to perform two functions, under the expected operating

conditions:

1. Limit the opportunity for contact by persons with circuits or equipment

2. Inhibit the covered utility facilities from coming into contact with other utility or public

facilities

Since overhead conductors elongate with time, temperature, loading, and tension, they tend to sag after

installation. When overhead lines sag, they tend to take the characteristic shape of a catenary between

two fixed points. The minimum electrical clearance is defined by the distance between the lowest point

on the catenary and ground level (or whatever object is below the line). This point changes with

temperature/loading as shown in Figure 14.8 below.

Figure 14.8  Catenary Curves for various conductor temperatures and loadings

Sag and tension calculations are performed to determine the behavior of the conductor based on

recommended tension limits under various load conditions. These tension limits are usually specified as

a percentage of the conductor’s rated breaking strength (RBS). Loading conditions along with the

physical and mechanical properties of the conductor material form a basis for assessing sag during instal-

lation and the long-term operation of the line. Initial sag limits are essential in the line design process.

Final sags and tensions depend on initial installed sags and tensions and on proper handling during instal-

lation. The initial and final sags for a loaded and unloaded conductor are shown in Figure 14.8. The final

sag shape of conductors is used to select support point heights and span lengths so that the minimum

clearances will be maintained over the life of the line.
a

a Southwire Company Overhead Conductor Manual, Second Edition, 2007
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Sag and tension calculations can be quite complex and are usually performed using a computer

application. There are several good programs commercially available that follow industry standards for

calculating sag and tension. In Program 7, DSTAR included sag and tension calculations in its Overhead

Conductor Suite (OCS) which was part of the Distribution Engineering Toolbox. OCS consists of four

tightly packed “mini-programs” that can be used to quickly and easily calculate ruling span, conductor

initial or construction sag, conductor blowout, and maximum conductor span length for a given wood-

pole wind loading condition. The calculations are based   on standard utility practices, ANSI 05.1-1992,

and the NESC guide. More information on the DSTAR Distribution Engineering Toolbox and OCS can

be obtained at http://www.dstar.org/research/project-desc/OCS/. 

Level Spans

Figure 14.9  Catenary curve for level spans

 Sag Calculation

For a level span (shown below) the sag D, or distance from the support to the low point in the center

of the catenary, is given by

The parabolic approximation for the catenary equation is

Where,

H = horizontal component of conductor tension, lb

w = conductor weight per unit length, lb/ft

S = horizontal span length of the conductor (distance between supports), ft

The ratio H/w is commonly referred to as the catenary constant. 

The parabolic approximation for D holds as long as the sag is less than 5% of the span length, S.

a Southwire Company Overhead Conductor Manual, Second Edition, 2007

http://www.dstar.org/research/project-desc/OCS/


Conductor Length

The catenary equation can be used to calculate the conductor length, L, as follows:

The parabolic approximation for this expression is

Or

Where,

D = Vertical conductor sag length in ft

H = horizontal component of conductor tension, lb

w = conductor weight per unit length, lb/ft

S = horizontal span length of the conductor (distance between supports), ft
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Tension Calculation

The horizontal portion of the tension, H, is equal to the total tension, T, at the lowest point on the

catenary curve (as shown in Figue 14.9). At any other point on the curve, including at the supports,

the tension, T, is greater than H. The total tension, T, in a span is given by:

With relation to the sag, the total tension is

Where,

D = Vertical conductor sag length in ft

H = horizontal component of conductor tension, lb

w = conductor weight per unit length, lb/ft

S = horizontal span length of the conductor (distance between supports), ft
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Inclined Spans

Figure 14.10  Catenary curve for inclined spans

Sag Calculation

In an inclined span, the lowest point is no longer in the center of the horizontal span. For each

support, the distance from the top of the support to the low point is given by:

Therefore, the parabolic approximations for sag, relative to the left (DL) and right (DR), are

Where,

and

H = horizontal component of conductor tension, lb

w = conductor weight per unit length, lb/ft

x = horizontal distance from the low point in either direction, ft

xL = horizontal distance from the low point to the left support, ft

xR = horizontal distance from the low point to the right support, ft

h = Difference between left and right elevations, ft

The parabolic approximation for D holds as long as the sag is less than 5% of the span length, S.
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Conductor Length

The parabolic approximation for the conductor length is

Where

S = horizontal distance between supports = xL + xR , ft

H = horizontal component of conductor tension, lb

w = conductor weight per unit length, lb/ft

Tension Calculation

The maximum tensions at the left support, TL, and the right support, TR, are:

Where

H = horizontal component of conductor tension, lb

w = conductor weight per unit length, lb/ft

DL = sag relative to the left support, ft

DR = sag relative to the left support, ft

The relationship between tension at the upper support point, Tu, and the lower support point, Tl, is:

   

Ruling Span
Overhead lines are normally supported by strain or suspension structures. Suspension structures support

the conductors vertically with longitudinal and transversal freedom of motion, while strain structures allow

only transversal motion with no longitudinal freedom of motion. Therefore tension is not transmitted to

the line beyond a strain structure. Line sections normally consist of multiple spans of suspension structures

with each end terminating at a strain structure. For such an overhead line section, sag-tension calculations

are normally performed for a single span called the ruling span for the line section. 
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Tension and Loading Limits
The most commonly accepted recommendations for conductor tension limits are given in the National

Electric Safety Code (NESC). The limits are specified as a percentage of rated breaking strength (RBS)

in each of the NESC loading zones shown in the Figure 14.11. Table 14.5 lists the NESC recommended

maximum tension limits in each loading zone. These are minimum design requirements. Many utilities

that adopt the NESC standard have more restrictive tension limits. Cooperatives typically adopt RUS

tension limits (found in RUS Bulletin 1724E), which tend to be more conservative than the NESC limits.

Figure 14.11  NESC ice and  wind loading zones in the U.S.

Ruling Span Calculation

The ruling span, RS, is defined as follows:

Where

S1, S2, …, Sn are the span lengths of the first, second, …, nth suspension span

For level spans, the sag in the ith suspension span, Di, is

Where

w = per unit weight of conductor, lbs/ft

Di = sag in the ith span, ft

Si = horizontal length of the ith span, ft

HRS = horizontal component of conductor tension of the ruling span, lbs

DRS = sag in the ruling span, ft

SRS = horizontal length of the ruling span, ft
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Table 14.5  NESC Recommended Maximum Tension Limits

Ice and Wind Loading
The NESC also provides guidelines for ice and wind loading of overhead conductors. Ice formation on

overhead lines results in

 • Increased vertical loads on structures and torque on the foundation

• Higher transverse loads due to the changes in the conductor profile to wind, and 

• Bigger maximum sags and permanent increase in sags. 

During heavy ice and/or wind loading, conductors and supports can fail if the additional tension is not

incorporated into the line design. The map in Figure 14.11 shows the areas of the country most

susceptible to heavy ice and wind loading on overhead lines.

Ice formation on overhead conductors can be of two types: glaze ice or rime ice. The difference in density

between the two affects the weight per unit length of the conductor (and the catenary constant) and,

hence, the resulting tension and sag.

NESC
Tension
Limits

Light Loading Medium Loading Heavy Loading

Temp °F
Tension
%RBS

Temp °F
Tension
%RBS

Temp °F
Tension
%RBS

Initial
Loaded

30 30 15 60 0 60

Initial
Unloaded

60 35 60 35 60 35

Final
Unloaded

60 25 60 25 60 25

Ice Loading Calculation

For glaze ice, the resultant weight of the ice (lbs/ft) is:  

Where

wi = resultant weight of ice, lbs/ft

Dc = conductor outside diameter, in

t = ice thickness, in

A density of 57 1bs/ft3 is assumed for glaze ice. For rime ice, the assumed density is 37 1bs/ft3,

making the coefficient in the expression above 0.808 for rime ice.
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Wind Loading Calculation

Wind loading is calculated in one of two ways depending on whether or not any part of the supporting

structure is 60 feet above ground level or water level. Wind loading for structures below 60 feet is

calculated as follows:

Where

ww = conductor wind load per unit length, lbs/ft

Pw = wind pressure load on the conductor, lbs/ft2

Vw = wind speed per NESC Section 25, mph

Dc = conductor diameter, in

t = ice thickness (if present) in

For structures that are 60 feet or more above ground or water level, additional NESC extreme wind

requirements are included:

Where

ww = conductor wind load per unit length, lbs/ft

Pw = wind pressure load on the conductor, lbs/ft2

kz = velocity pressure exposure coefficient.

GRF = gust response factor

I = importance factor

Cd = shape factor

Dc = conductor diameter, in

t = ice thickness (if present) in

Appropriate values for kz, V, GRF, I, and Cd are specified in the NESC, Section 25, Rule 250C 

and 252B2.
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Standard Equipment Sizes
The following tables are reprinted with permission from: IEEE Std C57.12.20-2005, "Standard for Overhead-
Type Distribution Transformers, 500 kVA and Smaller";  IEEE Std C57.12.34 -2004, "Requirements for Pad-
Mounted Compartmental-Type, Self-Cooled Three-Phase Distribution Transformers"; ANSI C57.12.21-1992,
"Standard Requirements for Pad-Mounted, Compartmental-Type Self-Cooled, Single-Phase Distribution Transformers
With High Voltage Bushings; High-Voltage, 34500 GRYD/19920 Volts and Below; Low-Voltage, 240/120 Volts; 167
kVA and Smaller"; ANSI/IEEE Std C37.60-1981, "Requirements for Overhead, Pad Mounted, Dry Vault, and
Submersible Automatic Circuit Reclosers and Fault Interrupters for AC Systems"; IEEE Std C57.15-1999, "Standard
Requirements, Terminology, and Test Code for Step-Voltage Regulators"; ANSI Std C37.42-1996, "Specification for
High-Voltage Expulsion Type Distribution Class Fuses, Cutouts, Fuse Disconnecting Switches and Fuse Links"; ANSI
Std C37.06-2000, "Standard for AC High-Voltage Circuit Breakers Rated on a Symmetrical Current Basis - Preferred
Ratings and Related Required Capabilities"; The IEEE disclaims any responsibility or liability resulting from
the placement and use in the described manner.

Overhead Distribution Transformer Ratings

Table 15.1  Ratings for Single-Phase Overhead Transformers (Single Ratio)1

a Low-voltage rating of 120/240 V is suitable for series, multiple, or three-wire service.
b Suitable for wye-connection on systems where ground connections permit the use of 18 kV arresters.
c Suitable for wye-connection on systems where ground connections permit the use of 27 kV arresters.
d When specifying 125 kV BIL, adequate grounding and surge protection studies should be made.

  
1 From IEEE Std C57.12.20-2005, Copyright 2005,  IEEE. All rights reserved.

Table 15.2  Ratings for Three-Phase Overhead Transformers1

Ratings for Single-Phase Overhead Transformers (Single Ratio)

Transformer 
high-voltage rating

BIL (kV)
Minimum kVA rating for low-voltage rating of:

120/240a 277 
or 240/480a

2400 or 4800
7200 or 4800 
or 7970

12470GrdY/7200 95 10 50 -

13200GrdY/7620 95 10 50 -

13800GrdY/7970 95 10 50 -

24940GrdY/14400b 125 10 50 50

34500GrdY/19920c,d 150 10 50 50

2400/4160Y 60 10 - -

4800/8320Y 75 10 - -

7200/12470Y 95 10 50 -

7620/13200Y 95 10 50 -

13200/22860Yb 125 10 50 50

13800/23900Yb 125 10 50 50

14400/24940Yb 125 10 50 50

12000 95 10 50 50

13200 95 10 50 50

13800 95 10 50 50

16340 95 10 50 50

34500 200 25 50 50
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a All transformers are delta-connected unless otherwise specified.

Pad-Mounted Distribution Transformer Ratings

Table 15.3  Ratings for Single-Phase Pad-Mounted Transformers2 

Kilovolt-ampere ratings shall be 25, 37.5, 50, 75, 100, 167

1 From IEEE Std C57.12.20-2005, Copyright 2005,  IEEE. All rights reserved.
2 From ANSI Std C57.12.21-1992, Copyright 2003,  IEEE. All rights reserved.

Ratings for Single-Phase Pad-Mounted Transformers 

High Voltage Rating (volts) Minimum BIL (kV)
4160 GrdY/2400 60

8320 GrdY/4800 75

12000 GrdY/6930 95

12470 GrdY/7200 95

13200 GrdY/7620 95

13800 GrdY/7970 95

16340 GrdY/9430 95

22860 GrdY/13200 125

23900 GrdY/13800 125

24940 GrdY/14400 125

34500 GrdY/19920 150

Ratings for Three-Phase Overhead Transformers (Single Ratio)

Transformer
high-voltage
ratinga

Minimum kVA rating for low-voltage rating of:
Minimum
BIL (kV)

208Y/120 240 or 480 240 x 480 480Y/277
2400 or 4160Y/2400 
or 4800 or 8320Y/4800

2400 45 30 30 30 30 -

4160 60 30 30 30 30 -

4800 60 30 30 30 30 -

7200 75 30 30 30 30 150

12000 95 30 30 30 30 150

132300 95 30 - 30 30 150

13800 95 30 30 30 30 150

4160Y 60 30 30 30 - -

8320Y 75 - 30 30 - -

12470Y 95 - 30 30 - -

13200Y 95 - 30 30 - -

4160Y/2400 60 30 - - 30 -

8320Y/4800 75 30 - - 30 -

12470Y/7200 95 30 - - 30 -

13200Y/7620 95 30 - - 30 -

13800GrdY/7970 95 30 - - 30 -

24940GrdY/14400 125 30 - - 30 -

34500GrdY/19920 150 30 - - 30 -
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Table 15.4  Ratings for Three-Phase Pad-Mounted Transformers1

a Unsymmetrical excitation or loading of Y-Y connected units may cause heating of their tanks in excess of that which would be produced by balanced conditions. To
reduce the probability of tank heating, such units shall be provided with a core construction that will not saturate when 33% zero-sequence voltage is applied.

b When specifying 125 kV BIL, adequate grounding and surge protection studies should be made.
c IEEE Std 386 should be consulted for complete connector ratings.

1 From IEEE Std C57.12.34-2004, Copyright 2004,  IEEE. All rights reserved.

Ratings for Three-Phase Pad-Mounted Transformers 

High-voltage rating
Delta or wyea (V)

Minimum BIL(kV)
Rating(kVA)

For low-voltage rating
208Y/120a or 240 volts

For low-voltage rating
480Y/277a or 480 volts

2400 45 75-750 75-750

4160c 60 75-1000 75-1500

4800c 60 75-1000 75-2000

7200c 75 75-1000 75-2500

12000 95 75-1000 75-2500

12470 95 75-1000 75-2500

13200 95 75-1000 75-2500

13800 95 75-1000 75-2500

16340 95 75-1000 75-2500

Grounded wyea

22860GrdY/13200 125 75-1000 75-2500

23900GrdY/13800 125 75-1000 75-2500

24940GrdY/14400 125 75-1000 75-2500

34500GrdY/19920b 150 75-1000 75-2500

NOTE - Kilovolt-ampere ratings separated by a dash indicate that all ratings covered in this range as shown in 4.1 of this standard are included.
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Recloser Ratings

Table 15.5   Voltage and Current Ratings for Oil Reclosers1

* These are performance characteristics specified as test requirements in this standard

** See Table 3 (of Std. C37.60) for complete data on rated interrupting currents for reclosers using smaller   coil sizes or reduced minimum trip settings

1 From ANSI/IEEE Std C37.60-1981, Copyright 1981,  IEEE. All rights reserved.

Voltage and Current Ratings for Oil Reclosers 

Nominal
System
Voltage
(kV rms)

Rated
Maximum
Voltage
(kV rms)

Rated
Impulse
Withstand
Voltage*
(kV crest)

Low-Frequency Insulation
Level Withstand Test*

(kV rms)

Current Ratings,
Amperes

1 min Dry 10 s Wet
Continuous
60 Hz

Symmetrical
Interrupting** at Rated

Maximum Volts

Single-Phase Reclosers
14.4 15.0 95 35 30 50 1250

14.4 15.5 110 50 45 100 2000

14.4 15.5 110 50 45 280 4000

14.4 15.5 110 50 45 560 10000

24.9 27.0 150 60 50 100 2500

24.9 27.0 150 60 50 280 4000

34.5 38.0 150 70 60 560 8000

Three-Phase Reclosers
14.4 15.0 95 35 30 50 1250

14.4 15.5 110 50 45 100 2000

14.4 15.5 110 50 45 280 4000

14.4 15.5 110 50 45 40 4000

14.4 15.5 110 50 45 560 8000

14.4 15.5 110 50 45 560 16000

14.4 15.5 110 50 45 560 16000

14.4 15.5 110 50 45 1120 16000

24.9 27.0 150 60 50 100 2500

24.9 27.0 150 60 50 560 8000

24.9 27.0 150 60 50 1120 8000

24.9 27.0 150 60 50 560 12000

34.5 38.0 150 70 60 400 6000

34.5 38.0 150 70 60 560 16000

34.5 38.0 150 70 60 1120 12000

46.0 48.3 250 105 95 560 10000

69.0 72.5 350 160 140 560 8000
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Table 15.6  Voltage and Current Ratings for Reclosers with Vacuum Interrupters1

* These are performance characteristics specified as test requirements in this standard
** See Table 5 (of Std. C57.60) For complete data on rated interrupting currents for reclosers using smaller series coil sizes or reduced minimum trip settings.
‡ These lines have been approved as Suggested Standard for Future Design

1 From ANSI/IEEE Std C37.60-1981, Copyright 1981,  IEEE. All rights reserved.

Voltage and Current Ratings for Reclosers with Vacuum Interrupters

Nominal
System
Voltage
(kV rms)

Rated
Maximum
Voltage
(kV rms)

Rated
Impulse
Withstand
Voltage*
(kV crest)

Low-Frequency Insulation
Level Withstand Test*

(kV rms)
Current Ratings,(A)

1 min Dry 10 sWet
Continuous
60 Hz

Symmetrical
Interrupting**
at Rated

Maximum Volts
Single-Phase Reclosers

14.4 15.5 110 50 45 200 2000

Three-Phase Reclosers
14.4 15.5 110 50 45 200 2000

14.4 15.5 110 50 45 400 6000

14.4 15.5 110 50 45 560 12000

14.4 15.5 110 50 45 800 12000

14.4 15.5 110 50 45 560 16000

14.4 15.5 110 50 45 800 16000

14.4‡ 15.5 110 50 45 1120 16000

24.9 27.0 125 60 50 560 10000

34.5‡ 38.0 150 70 60 560 12000
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Voltage Regulator Ratings

Table 15.7  Ratings for Single-Phase Oil-Immersed Step-Voltage Regulators1

1 From IEEE Std C57.15-1999, Copyright 1999,  IEEE. All rights reserved

Ratings for Single-Phase Oil-Immersed Step-Voltage Regulators

Nominal system voltage BIL(kV) kVA Line Amperes

2400/4160Y 60

50
75
100
125
167
250
333
416

200
300
400
500
668
1000
1332
1665

4800/8320Y 75

50
75
100
125
167
250
333
416

100
150
200
250
334
500
668
833

7620/13200Y 95 

38.1
57.2
76.2
114.3
167
250
333
416
500
667
833

50
75
100
150
219
328
438
546
656
875
1093

13800 95

69
138
207
276
414
552

50
100
150
200
300
400

14400/24940Y 150a 

72
144
216
288
333
432
576
667
833

50
100
150
200
231
300
400
463
578

19920/34500Y 150

100
200
333
400
667
833

50
100
167
201
334
418
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Table 15.8  Ratings for Three-Phase Oil-Immersed Step-Voltage Regulators1

1 From IEEE Std C57.15-1999, Copyright 1999,  IEEE. All rights reserved

Ratings for Three-Phase Oil-Immersed Step-Voltage Regulators

Nominal system
voltage

BIL (kV)
Self-cooled Self-cooled/forced-cooled

kVA Line Amperes kVA Line Amperes

2400 45
500
750
1000

1155
1732
2309

625
937
1250

1443
2165
2887

2400/4160Y 60
500
750
1000

667
1000
1334

625
937
1250

883
1250
1667

4800 60
500
750
1000

577
866
1155

625
937
1250

721
1082
1443

7620/13200Y 95

500
750
1000
1500
2000

219
328
437
656
874

625
937
1250
2000
2667

274
410
546
874
1166

7970/13800Y 95

500
750
1000
1500
2000
2500

209
313
418
628
837
1046

625
937
1250
2000
2667
3333

261
391
523
837
1116
1394

14400/24940Y 150

500
750
1000
1500
2000
2500

125.5
188.3
251
377
502
628

625
937
1250
2000
2667
3333

156.8
235.4
314
502
669
837

19920/34500Y 150

500
750
1000
1500
2000
2500

83.7
125.5
167
251
335
418

625
937
1250
2000
2667
3333

104.5
156.8
209
335
447
557

26560/46000Y 250

500
750
1000
1500
2000
2500

62.8
94.1
126
188
251
314

625
937
1250
2000
2667
3333

78.5
117.6
157
251
335
419

39840/69000Y 350

500
750
1000
1500
2000
2500

41.8
62.8
83.7
126
167
209

625
937
1250
2000
2667
3333

52.5
78.5
105
167
223
278
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Fuse Ratings

Table 15.9  Ratings for Open Type Distribution Fuse Cutouts1

* Interrupting Rating Nomenclature: ND-Normal duty; HD - heavy duty; EHD - extra heavy duty; UHD-Ultra Heavy Duty.

1 From ANSI Std C37.42-1996,  Copyright 2003, IEEE. All rights reserved.

Ratings for Open Type Distribution Fuse Cutouts

Rated Maximum Voltage (kV, rms)
Rated

Continuous
Current
(amps)

Rated Interrupting
Current (Ka, rms) Nom.*

Single Voltage Rated Slant Voltage Rated Sym Asym

8.3
8.3
8.3
8.3
8.3
8.3
8.3
15.5
15.5
15.5
15.5
15.5
15.5
15.5
27.0
27.0
27.0
38.0
38.0

7.8
7.8
7.8
7.8
7.8
7.8
7.8
15.0
15.0
15.0
15.0
15.0
15.0
15.0
27.0
27.0
27.0
38.0
38.0

--
--
--
--
--
--
--

8.3/15.5
8.3/15.5
8.3/15.5
8.3/15.5
8.3/15.5
8.3/15.5
8.3/15.5
15.5/27.0
15.5/27.0
15.5/27.0
27.0/38.0
27.0/38.0

--
--
--
--
--
--
--

7.8/15.0
7.8/15.0
7.8/15.0
7.8/15.0
7.8/15.0
7.8/15.0
7.8/15.0
15.0/27.0
15.0/27.0
15.0/27.0
27.0/38.0
27.0/38.0

100
100
100
200
200
200
200
100
100
100
200
200
200
200
100
100
100
100
100

3.55
7.1
13.2
2.8
8.6
13.2
15.0
2.8
5.6
10.6
2.8
7.1
10.6
13.2
2.5
4.0
8.0
1.3
5.0

5.0
10.0
20.0
4.0
12.0
20.0
22.5
4.0
8.0
16.0
4.0
10.0
16.0
20.0
3.5
6.0
12.0
2.0
8.0

HD
EHD
UHD
ND
HD
EHD
UHD
HD
EHD
UHD
ND
HD
EHD
UHD
HD
EHD
UHD
ND
HD
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Circuit Breaker Ratings

Table 15.10  Ratings for Indoor Circuit Breakers with Voltage Range Factor K=1.01

1 From ANSI Std C37.06-2000,  Copyright 2003, IEEE. All rights reserved.

Ratings for Indoor Circuit Breakers with Voltage Range Factor K=10

Rated
Max

Voltage
kV, rms

Rated
Voltage
Range
Factor K

Rated
Continuous
Current

Amperes, rms

Rated
Short-

Circuit and
Short-Time
Current,
kA, rms

Rated Transient
Recovery Voltage Rated

Interrupting
Time
ms

Maximum
Permissible
Tripping
Time Delay

Ys

Rated
Closing and
Latching
Current
kA, peak

Rated Peak
Voltage E2
kV, peak

Rated Time
to Peak T2

µs

4.76
4.76
4.76

8.25

15.0
15.0
15.0

15.0
15.0
15.0

27
27

38
38
38
38.0

1.0
1.0
1.0

1.0

1.0
1.0
1.0

1.0
1.0
1.0

1.0
1.0

1.0
1.0
1.0
1.0

1200, 2000
1200, 2000

1200, 2000, 3000

1200, 2000, 3000

1200, 2000
1200, 2000
1200, 2000

1200, 2000, 3000
1200, 2000, 3000
1200, 2000, 3000

1200
1200, 2000

1200
1200, 2000

1200, 2000, 3000
1200, 2000, 3000

31.5
40
50

40

20
25
31.5

40
50
63

16
25

16
25
31.5
40

8.9
8.9
8.9

15.5

28
28
28

28
28
28

51
51

71
71
71
71

50
50
50

60

75
75
75

75
75
75

105
105

125
125
125
125

83
83
83

83

83
83
83

83
83
83

83
83

83
83
83
83

2
2
2

2

2
2
2

2
2
2

2
2

2
2
2
2

82
104
130

104

52
65
82

104
130
164

42
65

42
65
82
104
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Table 15.11  Ratings for Outdoor Circuit Breakers 72.5 kV and Below1

1 From ANSI Std C37.06-2000,  Copyright 2003, IEEE. All rights reserved.

Ratings for Outdoor Circuit Breakers 72.5 kV and Below

Rated
Max

Voltage
kV, rms

Rated
Voltage
Range
Factor K

Rated
Continuous
Current

Amperes, rms

Rated
Short-

Circuit and
Short-Time
Current,
kA, rms

Rated Transient
Recovery Voltage

Rated
Interrupting
Timems

Maximum
Permissible
Tripping
Time Delay

Ys

Rated
Closing and
Latching
Current
kA, peak

Rated Peak
Voltage E2
kV, peak

Rated Time
to Peak T2

µs

15.50
15.50
15.50
15.50

25.8
25.8

38.0
38.0
38.0
38.0
38.0

48.3
48.3
48.3

72.5
72.5
72.5

1.0
1.0
1.0
1.0

1.0
1.0

1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0

1.0
1.0
1.0

600, 1200
1200, 2000
1200, 2000

1200, 2000, 3000

1200, 2000
1200, 2000

1200, 2000
1200, 2000
1200, 2000
1200, 2000

1200, 2000, 3000

1200, 2000
1200, 2000

1200, 2000, 3000

1200, 2000
1200, 2000

1200, 2000, 3000

12.5
20
25
40

12.5
25

16
20
25
31.5
40

20
31.5
40

20
31.5
40

29
29
29
29

48.5
48.5

71
71
71
71
71

91
91
91

136
136
136

36
36
36
36

52
52

63
63
63
63
63

80
80
80

106
106
106

83
83
83
83

83
83

83
83
83
83
83

83
83
83

83
83
83

2
2
2
2

2
2

2
2
2
2
2

2
2
2

2
2
2

33
52
65
104

33
65

42
52
65
82
104

52
82
104

52
82
104
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Introduction
The two main functions of outdoor insulators is to mechanically support overhead conductors and 

electrically isolate the conductors from support structure such as poles, towers and frames. This guide is

primarily concerned with the second function. At distribution voltages (34.5 kV and below), the Basic

Lightning Impulse Insulation Level (BIL) a and the Critical Flashover Voltage (CFO) b are the most

important criteria in insulator design. Generally, insulation designed for BIL or CFO requirements is also

sufficient for power-frequency voltage withstand in clean and even wet conditions. However, in

contaminated conditions where pollution and wetting are present, the strength of the insulation may

become compromised to the point where flashovers would occur in the absence lightning surges. The

performance of outdoor insulators at power-frequency is highly dependent on the level of insulator

contamination, but it also depends on the type of insulator and the characteristics of the dielectric

material.

Insulator Characteristics
Insulators are usually classified by the type of dielectric material used in their construction. The three

main classes of dielectrics used are porcelain, glass and polymer. Porcelain and glass insulators are often

called ceramic insulators while polymeric insulators are often called non-ceramic or composite

insulators. The most important characteristics in insulator design are the dry-arc (strike) distancec and the

leakage (creepage) distance.d The strike distance is important for protecting against flashover under

surge, but for protecting against flashover under contamination, the single most important parameter is

the leakage di   stance.

Ceramic Insulators
Ceramic insulators, porcelain and glass, have been used for over 100 years in Europe and North America.

Some of the characteristics and issues related to ceramics are

• High resistance to heat from electrical discharge

• Easily wettable by water

• Complex profiles are necessary to provide sufficient leakage distance

• High material stability and longevity

• High mechanical strength

• Attractive target for vandals and collectors

• Failure modes include contamination flashover, puncture and cracking

• Pin erosion and coupling hardware erosion

• Long term mechanical and electrical strength reduction

a Basic Lightning Impulse Insulation Level (BIL): The crest value of a standard lightning impulse for which the insulation exhibits a 90% probability of
withstand (10% probability of failure) under specified conditions applicable for self-restoring insulation.

b Critical Flashover Voltage (CFO): The crest value of the impulse wave that, under specified conditions, causes flashover through the surrounding medium on
50 percent of the applications. Most of the insulation community is going toward use of CFO because BIL is not seen as a true statistical measure but rather a
defined test result threshold.

c Dry-arc or Strike Distance: The shortest distance through the surrounding medium between the terminal electrodes or the sum of distances between
intermediate electrodes, whichever is smaller.

d Leakage or Strike Distance: The sum of the shorted distances measured along the insulating surfaces between the conductive parts.
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The most common type of ceramic insulator is the cap and pin type where several units or bells are

connected in series by metal fasteners as shown in Figure 16.1 below. The number of units or bells

increases the dry arc or strike distance of the insulator. The connection hardware tends to reduce the

leakage distance of cap and pin ceramic insulator units so they typically have complex corrugated shapes

to extend the leakage distance. The fog-type insulators shown in Figure 16.1 are typical examples of this

practice.

Figure 16.1  Schematic of the construction and dimensions of a porcelain/glass insulator.1

Because of the extensive field experience, high mechanical strength and longevity, ceramic insulators are

in very wide use worldwide especially at transmission voltages. At distribution voltages the trend has been

toward the use of non-ceramic insulators, which have demonstrated superior performance in contaminated

environments, at least in the short term. There are, however, still a significant number of utilities using

ceramic insulators at distribution voltages because of their high durability and high reliability. 

Non-ceramic Insulators

The widespread use of non-ceramic insulators did not begin in North America until the 1970s-1980s.

Some of the characteristics and issues related to non-ceramics as compared to ceramics are

• More prone to deterioration from heat and electrical discharge

• Hydrophobicity – higher water repellency

• Simpler profiles required for effective leakage distances

• More subject to aging, erosion chalking and mechanical separation

• More subject to tracking and formation of carbonaceous conducting path
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• Lighter and less brittle than ceramics, easier to handle and install

• Lower mechanical strength

• Less attractive to vandals and collectors

• Better short-term contamination performance

• Less dry-arcing distance for the same connection length

• More popular at distribution voltages

The basic components of a non- ceramic insulator are a fiberglass core, weathersheds covering the core

and coupling hardware attached to the core at both ends. Figure 16.2 shows the design of the typical line

post insulator. The fiberglass core is the main insulating member and the primary load bearer. The sheds,

which are necessary to increase the leakage distance, are usually composed of EPDM (ethylene-

propylene diene monomer) or high temperature vulcanizing (HTV) silicone. 

Figure 16.2  Schematic of the design of a line post non-ceramic insulator.2

Earlier in their development, non-ceramic insulators suffered from a number of problems such as tracking

and erosion, chalking and crazing, bonding failures, hardware separation and shed splitting. However,

today after extensive development and field and laboratory testing they have become more popular,

especially at distribution voltages. Due to their superior short-term contamination performance, they are

also being widely used in contaminated environments.

Contamination Causes and Effects
The most dramatic effect of contamination on insulator surfaces is power-frequency flashovers in the

absence of switching and lightning overvoltages. The main cause of contamination flashovers are

airborne particles that accumulate on the insulator surface and compromise the dielectric strength of the

material. The deposits do not necessarily reduce the insulation strength in dry conditions, but the presence

of moisture sets events in motion that may create leakage currents and can eventually lead to a flashover.

The main steps leading up to a contamination flashover are:
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1. Contaminants collect on insulator surface

2. Insulator becomes wet by dew, rain, fog, mist, snow, ice or other moisture

3. Conductive layer is formed on the surface and leakage current flows

4. Leakage current heating causes circular dry bands in high current density areas

5. High voltage stress across insulator causes dry band arcing

6. If surface resistance low enough, dry band arcs bridge terminals causing flashover

Contaminant Sources and Accumulation

There are many sources contamination on electric utility systems nationwide. Figure 16.3 summarizes

survey data from the 1972 IEEE Committee report on Insulator Contamination Problems in the U.S. and

Canada 3. The survey reports the number of flashovers on ceramic insulators caused by various types on

contaminants in different weather conditions. The results clearly d emonstrate that the mixed

contamination condition (a combination of various industrial pollutants and sea salt) causes the most

flashovers.

Figure 16.3  Insulator flashovers caused by various contaminants in all weather conditions.
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Insulator Wetting Process
From the flashover event flowchart steps above, it is clear that insulator wetting is a key ingredient for

leakage current promotion and contamination flashovers to occur. The combination of moisture and

pollutants forms a conductive layer that reduces the strength of the insulator dielectric material. The main

sources of moisture on outdoor T&D systems are rain/spray, snow, ice, fog, dew and mist. The presence

of wind may serve to increase the spread of moisture by spraying or it may inhibit the wetting process

by moving air around and reducing humidity. The 1972 IEEE Committee report on Insulator

Contamination Problems in the U.S. and Canada reported that the most troublesome condition for

contamination flashovers is drizzle/mist followed by fog, dew and rain. In fact, these four weather

conditions account for 83% of the flashovers in the study.

The insulator material can have a significant impact on the wetting process. Ceramic (porcelain and

glass) material has a higher affinity for water such that water adheres to its surface and easily forms a

film of moisture. Hence ceramic insulators tend to be more wettable and are said to be hydrophilic. Non-

ceramic (polymeric) material on the other hand is more resistant to the formation of a continuous water

layer. Water tends to bead up on the surface of non-ceramic insulators making them less wettable. Hence

they are said to exhibit hydrophobicity.

Leakage Current, Dry Band Arcing and Flashover

As the pollution layer becomes wet it dissolves and forms a conductive film on the insulator surface. As

the surface resistance decreases the leakage current increases accordingly. The density of the leakage

current varies with the surface area of the insulator, being higher at narrow parts. In some areas the

leakage current creates enough heat to evaporate moisture from the surface and form small annular bands

called dry bands. With the formation of dry bands the voltage profile along the insulator is altered so that

higher voltage stress is applied across the narrow dry bands. If the stress is high enough, it exceeds the

withstand value of the dry band and causes an arc to develop across the band. Normally, these dry band

arcs are self-limiting, but under certain conditions, low surface resistance, voltage surge, presence of

ionized gas, the dry band arcs can elongate enough to bridge the insulator terminals causing flashover.

The exact conditions for the dry band to cause flashover are not fully understood, but it is generally

accepted that flashover occurs if the dry band arc can bridge about 2/3 of the insulator length.4

Impact of Leakage Current and Flashover

Insulation contamination poses a serious threat to the reliable operation of power systems. Low levels of

leakage current can cause erosion of hardware, particularly the pin because of its higher leakage current

density. In highly contaminated areas, pin erosion on ceramic insulators has been severe enough to cause

lines to drop. Leakage current on non-ceramic insulators will cause erosion and possibly tracking of some

materials exposing the fiberglass core to moisture and voltage stress, which can lead to rapid failure of

the insulator. 

Flashovers can cause momentary interruptions of power flow on a circuit which may lead to a customer

momentary outage, depending on the circuit configuration. With the prevalence of electronic loads and

industrial plants on many systems, momentary outages can be quite disruptive and costly to the customer

and ultimately to the utility. In some situations, flashovers have resulted in an arc that sets the electric

pole ablaze causing prolonged interruptions and increasing O&M expenditure on the system.

Additionally, the leakage current itself can cause ignition of a pole due to ohmic heating from leakage



16 | 7Distribution Data e-Handbook | rev date 12/12

16 | Insulator Contamination

current in the wood. Often insulator pins in contaminated areas need to be bonded (grounded) which

greatly decreases the CFO of the pole for lightning because the impulse insulation provided by the wood

is lost. This can lead to an increased likelihood of momentary outages due to lightning surges.

Recognition and Testing
At present, there are no definitive ways to recognize, and test for the problem of severe contamination

nor is there is a simple way to predict the phenomenon of contamination flashover. This very complex

issue is the subject of much research. According to experts, some of the factors that affect the

contamination flashover mechanism include:5

• Type and severity of contamination

• Wetting conditions

• Material type

• Leakage distance

• Shed shape, size and spacing

• Insulator configuration

• Voltage stress

• Voltage stress distribution

• Material aging

• Insulator elevation above sea-level

Contamination Monitoring

Contamination monitoring essentially involves an assessment of the level of pollutants on the insulator

surface either by direct measurement or inference. This assessment can be done on-line (while the

equipment is energized) or off-line (while the equipment is de-energized). Since off-line monitoring

requires that the insulator be periodically removed from service, online monitoring is preferred. 

Currently one of the best available options for online measurement is the use a dust deposit gauge. This

is a basic device composed of four cylinders with slots exposed to each wind direction. The gauge is

installed in the same location as the insulator. The dust is collected periodically and the conductivity is

measured to determine the severity of contamination on the insulator surface. Infrared scanning can be

used to detect corona that precedes flashover or identify hotspots on insulator surface. This is typically a

periodic scanning process and is mostly used at transmission voltages.

Sophisticated online contamination monitors that utilize the electrical and physical properties of

contaminated insulators are being proposed and developed. One popular technique takes advantage of the

fact that an increase in contamination severity results in heightened levels of leakage current activity.6

Leakage current probes that can detect the rise in current levels in contaminated insulation under certain

conditions are commercially available. However, there is no evidence yet that this method has been

incorporated into a commercial diagnostic product. One promising venture is a joint project between

Arizona State University and Exelon. The researchers are attempting to develop a diagnostic tool for
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detecting insulators with contamination problems using surface resistance measurements.7 Some other

techniques that have been proposed include partial discharge analysis for non-ceramic insulators8 optical

monitoring of the insulator surface to determine the thickness of the contamination film.9

Contamination Severity

A parameter called the Equivalent Salt Deposition Density (ESDD) a has been established to characterize

the degree of contamination. The link between the degree of contamination and the severity of

contamination is provided by IEC publication 815, “Guide for the Selection of Insulators In Respect of

Polluted Conditions” (1986).10 Table 16.1 qualitatively shows the classification of contamination severity

levels based on the ESDD parameter.

Table 16.1  IEC Classification of Contamination Severity Levels

Contamination Tests

The first contamination tests were developed in the early 1960s in Europe. Since that time, there has been

considerable research activity focused on developing standard tests that can be reproduced at any site and

produce similar results. Currently there are two standard test methods that are recognized by the IEC and

IEEE/ANSI: The salt-fog test and the clean-fog test.11

Salt-Fog Test

The salt-fog test was jointly developed by three giant European utilities (CEGB in Britain, EDF in France

and ENEL in Italy) to simulate conditions existing on long transmission lines along their coasts that

experience ocean wetting. The major steps of the test are:

1. Dry, clean insulator is energized at rated voltage

2. Insulator is subjected to collision wetting by salt-water spray from nozzles

3. If no flashover after 1 hour, test is repeated with higher concentration of salt

The highest level of salt concentration for which there is no flashover, called the withstand salinity

(kg/m3), is correlated with the contamination severity ESDD (mg/cm2). The major limitation of this test

method is that the primary mode of wetting is by collision rather than condensation (more typical of rain

than fog) so the profile and orientation of the insulator has a significant impact on the test results.

IEC Classification of Contamination Severity Levels 

Contamination Severity ESDD (mg/cm2)
Clean or very light 0.03

Light 0.03 – 0.06

Moderate 0.06 – 0.10

Heavy > 0.10

a Equivalent Salt Deposition Density (ESDD): The surface of the insulator is washed in a known quantity of distilled water (say 100 cc) and the conductivity
of the water is measured. The degree of contamination is measured as the amount of salt (NaCl) needed to produce the measured conductivity in the known
quantity of pure water divided by the area washed. The value is given in mg/cm2.



16 | 9Distribution Data e-Handbook | rev date 12/12

16 | Insulator Contamination

Clean-Fog Test
The clean-fog test was developed by the IEEE Working Group on Insulator Contamination to more

closely simulate the conditions experienced by in-land transmission lines in North America. On these

lines, dry airborne contaminants typically accumulate on the lines during normal service and then become

wet during fog, dew, rain and other moisture. The major steps of the test are:

1. Clean insulator is pre-contaminated with a slurry (salt and kaolin) and dried

2. Insulator is energized at rated voltage

3. Insulator is subjected to condensation wetting by exposure to steam

4. If no flashover after 2 hours, test is repeated with higher concentration of salt

The highest level of salt concentration for which there is no flashover, called the withstand salinity

(kg/m3), is correlated with the contamination severity ESDD (mg/cm2). The major challenge of this test

method is the pre-contamination of the insulator, which requires some skill to achieve an even coating on

non-ceramic insulators.

Regardless of the test method, one of the clear outcomes is that AC withstand voltage is nearly

proportional to the leakage distance of the insulator. This has led to innovative insulator designs,

especially in glass and porcelain, with shapes specifically tailored to increase the leakage distance to

improve contamination flashover performance. 

Prevention and Mitigation
The impact of leakage current and contamination flashover on the reliable and economic operation of

power systems has been well recognized. The widespread use of high-tech manufacturing and

communication technology has tremendously increased the cost of a single interruption and utilities are

under increasing pressure to make their systems more reliable.17 Eliminating interruptions due to leakage

current corrosion and contamination flashover is proverbial “low-hanging fruit” in the on-going quest for

higher system reliability. The methods employed to prevent and mitigate against insulation contamination

failures in practice fall into three broad categories: over-insulating, coating and cleaning. These methods

were developed mainly for ceramic insulators because of the nature of these materials, and because the

majority of insulators installed in heavily contaminated areas (over 94%) are still glass or porcelain.

Some of the techniques do not apply to non-ceramic insulators, but others can be effectively used on these

materials.

Over-insulating

Over-insulation or increasing the leakage distance is the most common countermeasure against insulation

contamination. Composite or non-ceramic insulators have no intermediate electrodes like glass and

porcelain cap and pin insulators so the profiles required for effective leakage distances are generally

simpler than ceramics. For ceramics used at distribution voltages and transmission below 345 kV, over-

a EPRI estimates that “nine-nines” availability (99.9999999%) is necessary for 0.6% of the population containing critical loads that need to be served. This level of
reliability is based on the notion that sensitive electronic equipment cannot “ride through” service interruptions lasting longer than 1/5 of a cycle. “Six-nines”
availability (99.9999%) is necessary for between 8-10% of the population. From “Current of Change: the Future of US Electricity”, Steve Gehl and Brent Barker,
Power Industry Development, 2002, vol 2, page 11.
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insulating is achieved by increasing the number of insulators. Over 345 kV, fog-type ceramic insulators,

which have a leakage distance up to 150% of standard insulators, are usually employed. 

There are many designs that have emerged over the years to extend the leakage or creep distance of

ceramic insulators. Sometimes leakage or creep distance extenders (“booster sheds”) are applied to

insulators to increase the leakage distance. However, in general the best way to avoid flashovers in

contaminated conditions is to use longer insulator strings on overhead lines and taller posts on

substations. Of course, over-insulating does no come without additional costs. Careful consideration of

the installation area is needed to select an optimal design basis.

Coating

Non-ceramic insulators are naturally hydrophobic so they generally do not require coating to increase the

surface resistance. Ceramic insulators, however, often need to be coated to increase their water repellency.

The two main types of coatings that are generally applied on ceramic insulator surfaces are grease

coatings and solid coatings. Additionally, ceramic insulators can be manufactured with a semi-conducting

glazed coating to prevent against wetting by condensation. These coatings are particularly useful in fog

environments, but rapid corrosion of the semi-conductive glaze is a problem that has not been solved.

Since the semi-conducting glazed coating is a design consideration rather than an application or

maintenance issue, it will not be discussed further here. 

Grease Coatings
Insulator greasing is normally done with hydrocarbon grease or silicone grease. Hydrocarbon greases are

made from hydrocarbon oils such as petroleum with various additives for property enhancement. These

greases work well to increase the surface resistivity of insulators, but tend to soften or melt at high

temperatures and slide off the insulator surface. Silicone greases increasingly have become more popular

for insulator coating than hydrocarbon greases primarily due to the fact that they do not melt at high

temperatures. According to some experts, “their principle disadvantage … is that discharge activity

exposes fillers, which then act as a contaminant.” 12 The same can be said of hydrocarbon greases.

However, there is ongoing development on silicone grease products to increase the life and eliminate

some of the limitations.

Regardless of the type of grease applied, the main purpose for the application is to increase the

hydrophobicity (water repellency) of the insulator surface, and to bury contaminants preventing them

from dissolving in water and creating a conductive layer. Typically both hydrocarbon and silicon grease

do an excellent job in this respect. However, the primary drawback of greases, beside the obvious cost,

is that they eventually become loaded with contaminants and have to be removed and replaced with new

grease. This is a tedious, messy, time-consuming task that adds significantly to the cost of maintenance

greasing. The life-expectancy (time to saturation or breakdown) of grease depends on its application, the

environment and weather, but can range from a few weeks to five years.13
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Solid Coatings
In order to reduce the maintenance cost associated with greasing, solid coating products have been

developed and commercialized over the last 25 years. These coatings significantly enhance the

hydrophobicity of insulator surfaces, resist leakage current development and dry band arcing, have a

much longer life than grease and are a lot less messy to deal with. The most popular of these products is

RTV (room temperature vulcanizing) silicone rubber coatings, which have been the focus of substantial

R&D activity in the last 25 years. An alternate product is fluorouethane coatings but they have generated

little interest due to poor long-term performance. 

Commercially available RTV coatings vary significantly in the solids content. The coating material is

typically dissolved in a solvent to allow application by spray, dip or brush methods. Studies and

experience has shown that there several key factors and activities that affect the cost and effectiveness of

an insulator coating project. These include insulator preparation, coating material preparation, application

method, and whether or not the equipment is energized.14

There are several variants of coatings available from manufacturers with differing amounts of fillers,

promoters, adders and pigments used to enhance properties such as pot life, adhesion, thickness,

flowability and color. Care must be taken to select the material best suited for the application. Currently

there is no definitive guide or standard for the application of RTV coatings on insulators.

Cleaning

Periodic cleaning is a common and effective way to remove contaminant build-up from both non-ceramic

and ceramic insulator surfaces. Common methods of cleaning range from manual wiping or hand

cleaning of de-energized equipment to sophisticated high pressure purified water systems that can be

used on energized equipment. The IEEE Guide for Cleaning Insulators, Std 957-1995 is a comprehensive

guide that “documents procedures used for cleaning contaminated insulators (exclud-ing nuclear, toxic,

and hazardous chemical contaminant), of all types, using various equipment and techniques.”15

Water Washing
Water washing is an effective way to remove contaminants from the insulator surface, especially

contamination that is not tightly bound to the surface, such as road salt and sea salt. Water washing is

especially suited for insulators on energized equipment; however, care must be taken so as not to cause

flashovers in crowded areas like substations. The modes of water washing include: high-pressure - which

can be hand-held, remote-controlled or helicopter mounted, medium pressure - which is still effective but

less expensive, and low pressure - which is typically used for loosely bound contaminants.

Compressed Air/Dry Cleaning
This method of cleaning uses compressed air and a dry abrasive agent such as ground walnut, ground

corncob, pecan shells and powdered limestone. The compressed air and the abrasive agent literally “sand-

blast” the insulator surface through a specially designed applicator wand. This process is very effective

at removing hard deposits such as cement and fertilizer and soft, hard to remove material such as grease.

Even though this process is effective for use on energized equipment, the material can create a fire hazard

in a station yard and so must be cleaned up. This cleaning method must be used carefully as, excessive

use of dry abrasive cleaners can irreparably damage non-ceramic insulators, cause porcelain insulators to

lose their glaze and shatter glass insulators.
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Hot Wiping/Hand Cleaning
The IEEE Guide for Cleaning Insulators documents a procedure for hot cleaning of insulators on

equipment operating at voltages from 4-69 kV. The procedure uses a hot stick and a special hammock

made from burlap. Since there is some level of risk associated with this technique, the guide points out

that, “the need for this type of cleaning on energized equipment depends on the level of contamination

and the risk of flashover during washing.”16. Cleaning insulators by hand is thorough and effective, but

is also tedious, time consuming, expensive and requires the equipment to be de-energized. 

Dry Ice Cleaning
Insulator cleaning with dry ice or solid carbon dioxide (CO2) is a relatively new technique that has proven

to be effective at removing contaminants without leaving the residue of air blast with dry abrasives.

Because the dry ice sublimes into CO2 gas, no damage is done to the insulator glaze and there is no

requirement to mask or shield nearby equipment as with other methods. This cleaning method is best

suited for cleaning apparatus like pad-mounted switchgear where there is restricted access and

conventional water washing or dry abrasive cleaning is impractical. The main drawback is that the dry

ice and the application equipment is quite expensive. 17

Summary and Conclusions
The most widely used insulators in T&D systems are still ceramic (glass and porcelain) insulators.

Utilities have had over 100 years of experience with these insulators and they still remain popular due to

their mechanical strength, durable and reliable. However, at distribution voltages, non-ceramic (polymer)

insulators are steadily gaining more popularity because of their relatively low initial cost, ease on

installation and superior contamination performance, at least in the short-term. 

Non-ceramic or composite insulators have no intermediate electrodes like glass and porcelain cap and pin

insulators so the profiles required for effective leakage distances are generally simpler than ceramics. In

addition, they are naturally hydrophobic and so generally do not require coating to increase the surface

resistance. Because of the long leakage distance and water repellency, it was assumed quite early on that

non-ceramic insulators would perform better in polluted environments than glass and porcelain

insulators. As a result, they were heavily applied in contaminated environments. Over time, laboratory

tests and short-term field experience demonstrated that they performed better than ceramics with regard

to flashovers. However, long-term field experience showed that they experienced a large number of

insulation failures. The primary cause of the failures was the heat produced by leakage current, and dry-

band arcing which, if severe enough, actually destroyed the weathershed material and caused a failure of

the insulation to the core, which lead to flashover or mechanical separation. Since that time, there has

been extensive development and field and laboratory testing to eliminate some of these shortcomings.

Distribution engineers are now using non-ceramic insulators at a much higher rate than ceramics today. 

Many utilities tend to suspend their maintenance washing and cleaning programs when they install non-

ceramic insulators. One reason is that the maintenance standards developed for ceramic insulators can

damage non-ceramic insulators. Another reason is that the short-term contamination performance of non-

ceramics have lead some to believe that little or no maintenance is necessary. The truth is, even after 30

years, experience with composite insulators is too limited to know the long-term effect of such practices.

Designs and materials have been changing over the last 30 years and the field is only lately tending to

equilibrium. Some have speculated that in the long-term, the life-cycle cost of non-ceramic insulators may

be higher than ceramics at distribution voltages when one considers the frequent change-outs, monitoring
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needs and de-energized maintenance. The performance of outdoor insulators in contaminated conditions

depends on many things including the insulator characteristics, pollutant type and severity, climatic

conditions, location, voltage level, and maintenance practices. There is no definitive wrong or right answer

for each situation, but each decision is ultimately a trade-off between reliability and economics.

Distribution utilities be aware of the mechanism and modes of contamination failure to understand the

implications of their choices on the reliability, longevity and durability of the insulators and systems they

support.
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Overview of Overvoltages and Lightning Phenomena
Abnormal distribution system disturbances cause overvoltages on distribution equipment. Distribution

equipment and structures should be designed and applied in a manner that allows them to withstand these

overvoltages without causing damage or flashover of equipment insulation. Some of the common causes

of system overvoltages are:

• Induced or direct lightning strokes

• Neutral displacement during line-to-ground faults

• Operation of switching and overcurrent protective devices

• Resonance effects associated with a series inductance and capacitance

• Forced current-zero interruptions

• Accidental contact with high voltage systems

Although each of these factors is an important design and application consideration, lightning-caused

overvoltages are the focus of this discussion. Distribution systems are extremely vulnerable to lightning

strokes because they cover a wide geographic region and are often the tallest objects within a given area.

Essentially, lightning is a very large electrical discharge that results from a large potential difference

within clouds, between clouds, or between clouds and the earth. When the potential difference exceeds

the breakdown voltage of the air gap, a lightning stroke will form. The voltage of a lightning stroke may

be on the order of hundreds of millions of volts between the cloud and earth. Although these values may

not reach earth, millions of volts can be delivered to the building, tree, or distribution line that is struck.  

Lightning may cause insulation flashovers from direct strikes or induced voltages from nearby strikes.

Lightning strokes terminating on the phase conductors are called direct strokes. Lightning strokes

terminating on the ground, or on a grounded object, which induce a surge on a nearby energized line, are

called induced strokes. Direct lightning strikes on power distribution lines cause insulation flashover in

the great majority of cases.   A direct lightning stroke with a relatively low discharge current of 10kA can

produce a 2000 kV overvoltage, which far exceeds the practical insulation level of distribution lines.

Although there are measures that can be taken to minimize direct stokes to distribution equipment and

lines, it generally is not economically justifiable to design distribution lines to resist flashovers due to

direct lightning strikes. A significant portion of distribution line lightning flashovers is due to the induced

stroke phenomenon. Unlike a direct stroke, which appears as a current source through the line surge

impedance, the electromagnetic fields from a nearby lightning stroke appears as a voltage induced on all

phases. The magnitude of the induced voltage is rarely more than a few hundred kV. Insulation of distri-

bution lines against voltage impulses in this voltage range is entirely practical; many tangent pole designs

inherently provide sufficient protection against induced voltages.

A quantitative analysis of static wire performance requires consideration of the stochastic behavior of

lightning. A lightning flash may consist of one or more "strokes" of current. About 55% of all flashes

have more than one stroke, with an average of three strokes per flash. The individual strokes are spaced

out at intervals on the order of tens of milliseconds. The first stroke usually has the highest current

magnitude, with subsequent strokes having crest currents  averaging about 40% of the initial stroke

magnitude. Although these subsequent strokes tend to have faster rise-times , the initial stroke usually

tends to be the most critical with respect to line performance. For this reason, analysis is usually

performed using the first-stroke statistics.
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The Anderson-Eriksson curves, which are based on a large number of observations, are widely used in

the industry to describe the stochastic nature of lightning. The curves approximate the probability, P, of

exceeding a lightning stroke current, I, as:

Figure 17.1  Probability of exceeding a lightning stroke current magnitude.

a Crest current is the highest magnitude of current reached by an impulse
b Rise-time is a measure of the time it takes an impulse to reach its highest magnitude.
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Distribution Line Lightning Performance
Unlike transmission lines, which can tolerate low-current direct strokes without flashover, distribution

lines nearly always flashover as a result of direct strokes. The lightning stroke is essentially an injection

of current, which results in a transient voltage across the line’s surge impedance. Distribution lines

typically have surge impedance on the order of 500 ohms. Because the current injected by a direct stroke

can generally go in both directions along a line, the effective impedance seen by the stroke is 250 ohms.

Ninety-nine percent of all lightning strokes exceed 5 kA (as shown in Figure 17.1), so virtually all strokes

will increase the voltage of the struck phase to greater than 1,250 kV. This far exceeds the typical

insulation level of a distribution line, which is on the order of a few hundred kV.

Voltages induced on a distribution line by lightning striking the ground near the line are a function of

many parameters including the magnitude of the lightning current, the distance between the struck

location and the line, and the height of the distribution line. There is general agreement in the technical

community regarding the maximum probable induced voltage magnitude from nearby lightning strokes.

Yokoyama predicts maximum induced voltage crests on the order of 200-300 kV 4. Others have

recommended a distribution line design CFO of 300 kV to avoid induced lightning flashovers. 5

McDermott 6, et al, suggest that a distribution line with a critical flashover voltage (CFO) a on the order

of 250 kV or less is susceptible to flashover from this phenomenon. Distribution lines can have sufficient

insulation to avoid this type of flashover, but careful attention is required particularly for pole design

because of additional pole attachments such as guys, cutouts, transformers, etc. These additional

attachments may reduce the overall CFO level of the structure. By comparison, transmission line CFO’s

are much higher than 250 kV, and therefore induced-stroke flashovers are not a consideration. 

Static Wire Shielding

A static wire installed at a height above the phase conductors equal to one-half the cross-arm width

virtually eliminates direct lightning strokes to phase conductors. Lightning strokes, which would have

otherwise terminated on the phase conductors, terminate on the static wire. The current injected into the

static wire propagates in both directions and a portion passes through the downlead connecting the static

wire to the ground electrode at each pole. Because the downlead and the neutral conductor are normally

bonded, a portion of the current propagates in both directions along the neutral. The majority of the

downlead current, however, goes to the pole ground.

Elevation of the static wire and ground downlead voltage to a level far above that of the phase conductors

can result in “backflashover”. The voltage, with respect to true earth, to which the ground lead is elevated

is given by:

Where,

Vlead = ground download voltage level (volts)

I = current impulse magnitude (amps)

Rpole = pole grounding resistance (ohms)

Llead = downlead inductance (henries)

a CFO is defined as the crest voltage of a 1.2/50µs wave where the insulation flashes over 50% of the time; it is not the BIL
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Although electromagnetic coupling between the static wire and the phase conductors causes the phase

conductors to be raised to a fraction of the static wire voltage, the voltage between the phase conductors

and the downlead at the point where it passes near the conductors tends to be very large. Because the

insulation level of static wire is inherently low, and the pole ground resistance is typically high, the

backflashover phenomenon is the major limitation to static wire application on distribution lines.

Static wires are strategically located to minimize the probability of a lightning stroke missing the shield

and terminating on a phase conductor — a shielding failure. Lab testing and field experience has shown

that shielding angles of 40-50 degrees minimize the probability of direct lightning strokes to phase

conductors. To achieve a 45-degree shield angle, the static wire must be at a height above the phase

conductors equal to the distance from the pole center to the outside phase conductor.

Figure 17.2  Optimal shield angle for minimizing lightning strikes on conductors.
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Calculation of Pole Structure CFO
The critical flashover voltage or CFO is a measure of an insulation system’s tolerance to lightning voltage

surges. CFO is defined as the crest voltage of a 1.2/50 µs a wave where the insulation flashes over 50%

of the time; it is not the BIL. Basic Lightning Impulse Insulation Level (BIL) is defined as a withstand

level, not as a probability of withstand. Because the insulation systems considered here behave stochas-

tically, the concept of BIL is not directly applicable and it has become standard practice to perform

lightning performance calculations using CFO. Although wood poles provide relatively little 60Hz

insulation, they do provide a significant increase in structure lightning insulation strength above that

provided by the porcelain, glass or polymer line insulators. It has been demonstrated through testing, that

total structure CFO does not equal the sum of the insulator CFO and the wood CFO. Rather, the total

CFO is something less than the sum of the individual CFO levels.

According to IEEE Standard 1410 7, the following factors affect the lightning flashover levels of distri-

bution lines:

• Atmospheric conditions that affect air dielectric strength

• Polarity and rate of rise of the voltage

• Shape, material and configuration of pole attachments

• Soil resistivity and grounding configurations

A method called “CFO Added” 8 has been developed for estimating the lightning insulation of overhead

distribution lines. Essentially, this method assesses the integrity of the insulation system by considering

the CFO values of individual equipment and their orientation to each other and ground. Individual and

composite CFO values can be determined by testing under wet and dry conditions using an impulse

generator. The paper describing the CFO Added method provides test results for a variety of individual

and composite insulator/crossarm configurations. Tables listing the CFO of components and

combinations of components have been developed based on laboratory testing and can be used to

estimate the combined system insulation level. The total CFO of an insulation system consisting of three

or more components may be estimated as follows:

Where,

If second and third component CFO values cannot be found in the tables within the references, then it is

suggested that they may be estimated as follows:

a A 1.2/50 µs wave is a surge with a rise time of 1.2 µs and a 50% decay time of 50 µs.
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A comprehensive discussion of the CFO added method, values for typical equipment combinations, and

examples may be found in references 1 and 2 listed at the end of this section.

Distribution Arrester Fundamentals
Distribution arresters are very effective overvoltage protection devices for distribution equipment such

as transformers, voltage regulators, and capacitors. These arresters function as a high impedance path at

normal operating voltages and become low impedances during lightning-surge conditions. The arresters

conduct surge current to ground while limiting the voltage that appears across the insulation of the

protected equipment. The ideal arrester characteristics are as follows:

Instantaneously enter into conduction mode at a specific voltage level above rated voltage 

• Hold the voltage level during the overvoltage

• Cease conduction at the same voltage that the conduction started

• Operate repetitively without degradation of these characteristics

Figure 17.3  Typical polymer-housed distribution arrester.9

This arrester would conduct only the current required to reduce the surge voltage to the arrester protective

level, and therefore dissipate only the minimum energy required. Modern metal-oxide arresters are highly

non-linear impedances that closely match these ideal characteristics. Under normal operating conditions,

zinc-oxide arresters conduct very small currents and, therefore, contribute very little to system losses.

When a voltage surge is present, the arrester impedance is greatly reduced and the surge current is

conducted to ground while the voltage across the arrester is held at the protective level. For a typical

arrester, a 100,000:1 increase in surge current may only result in a 50% increase in voltage. Some typical

distribution arrester characteristics are shown in Table 17.1. The voltage-current characteristics of the

metal-oxide elements within the arrester define the protective levels for the complete arrester. The

arrester protective levels represent the maximum voltage that will appear across the arrester for the given

current impulse. These protective levels help distribution engineers coordinate the arrester characteristics

with the protected equipment insulation level.
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Table 17.1  Typical Heavy Duty Distribution Arrester Characteristics

Rating
Voltage
(kV rms)

MCOV
(kV rms)

0.5 µsec
10 kA

(kVcrest)

Switching
Surge

(kVcrest)

8/20 µs Maximum Discharge Voltage (kVcrest)

1.5 kA 3 kA 5 kA 10 kA 20 kA 40 kA

3 2.55 12.5 8 9.5 10 10.5 11 13 15.3

6 5.1 25 16 19 20 21 22 26 30.5

9 7.65 34 22.5 24.5 26 27.5 30 35 41

10 8.4 36.5 23.5 26 28 29.5 32 37.5 43.5

12 10.2 43.5 28.2 38 32.9 34.8 38.5 43.8 51.5

15 12.7 54.2 35 38.4 41 43.4 48 54.6 64.2

18 15.3 65 42.1 46 49.1 52 57.5 65.4 76.9

21 17 69.5 44.9 49.2 52.5 55.7 61.5 69.9 82.2

24 19.5 87 56.4 61.6 65.8 69.6 77 87.6 103

27 22 97.7 63.2 69.2 73.9 78.2 86.5 98.4 115.7

30 24.4 108.4 70 76.8 82 86.8 96 109.2 128.4

36 29 130 84.2 92 98.2 104 115 130.8 153.8

The objective of arrester application is to select the lowest rated arrester that will have a satisfactory

service life while providing adequate protection of equipment insulation. An arrester with the minimum

practical rating is preferred because it provides the greatest margin of protection for equipment. The use

of higher arrester ratings increases the capability of the arrester to survive energy events, but reduces the

margin of protection it provides. The art of proper selection is striking a balance between arrester survival

and equipment protection.

Arrester Selection

Distribution arresters are selected based on the steady-state operating voltage, energy requirements, 

and the insulation level of the equipment being protected. The arrester rated voltage or maximum

continuous operating voltage (MCOV) is determined by the system line-to-ground operating voltage and

the expected temporary overvoltage that may exist during abnormal system conditions. For most 

distribution applications, an arrester selected based on this criteria will provide a more than adequate

protective margin. Protective margin is defined as the ratio of equipment insulation level (normally BIL)

and the arrester protective level at 10 kA, 8/20 µs a (the shape of a 10 kA, 8/20 µs surge is shown in 

Figure 17.4). 

a 8/20µs (or 8x20µs) is an industry standard current impulse waveshape. The 8µs represents 1.25 times the time between 10% and 90% of the peak current. 20µs is
the time from virtual zero to 50% of the waveshape tail.

Typical Heavy Duty Distribution Arrester Characteristics
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Figure 17.4  Standard 8/20 µs current impulse waveshape.

IEEE Standard C62.22-1997 recommends that the protective margin ratio be greater than or equal to 1.2 a

to assure proper equipment protection.10 Higher protective margins may be necessary in applications

where arrester lead lengths and separation distances are present. On distribution systems, arrester lead

lengths can have a significant impact on the voltage that appears across the protected insulation. The

following example demonstrates the potential impact of lead length.

A 12 kV rated arrester is chosen to protect a 60 kV BIL transformer. Assuming no lead length between

the arrester and the transformer, the protective margin is calculated as 60 kV/38.6 kV (8/20 µs discharge

voltage for 12 kV rated arrester from Table 17.1) = 1.56. If we assume 10 feet of lead length, the

additional lead voltage can be calculated as:

If this is added to the arrester protective level, the new protective margin is 1.34, a value far lower than

the calculated margin assuming no lead length. Based on field measurements, typical di/dt values are

around 12 kA/µs, which translates to a Vlead of 36 kV, or almost a doubling of the voltage across the

protected insulation. Additionally, the arrester discharge voltage increases as the rate of rise of the surge

increases. This causes further protective margin reduction. This highlights the fact that distribution

arresters should be mounted as close as physically possible to the protected equipment with minimum

lead lengths to ground.

The practical capability of arresters is limited by the amount of energy that can be absorbed and

dissipated by the arrester thermal system. The electrical energy discharged by the arrester is converted to

a This assumes negligible lead length and separation distance between the arrester and protected equipment
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thermal energy and dissipated through the arrester housing to the outside environment. This energy

absorption capability limits the arrester’s ability to withstand long duration surges and sustained 60 Hz

temporary overvoltages (TOV). Proper selection of an arrester rating should include consideration of the

potential arrester energy capability.

Arrester Application and Equipment Protective Margin
Once an arrester has been selected, the protection it provides to the equipment insulation can be

determined. This protection depends on the protective characteristics of the arrester and its lead length,

the lightning and switching surges expected on the system, and the insulation characteristics of the

protected equipment. The amount of protection is quantified in terms of the protective ratio, which is the

ratio of the equipment insulation withstand to the arrester protective level.  An alternate measure is the

percent protective margin, which is the protective ratio minus one times 100%. The calculation of

protective ratio or margin is generally performed on transmission systems where switching surges are an

issue and ratios tend to be lower. For distribution systems, protective ratios tend to be large and much

less of a consideration. The system operating voltage, system grounding, and expected temporary

overvoltages generally are the major factors in the selection of arrester rating.

The two protective ratios typically calculated for distribution equipment are:

Where,

CCW = Chopped wave withstand for the protected equipment (kVcrest)

FOW = The arrester front-of-wave protective level (0.5µs front) (kVcrest)

BIL = The basic insulation level for the protected equipment (kVcrest)

LPL = The arrester lightning impulse protective level (8/20µs) (kVcrest)

L = lead inductance (0.4µH/ft)

di/dt = rate of change of current with respect to time
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Table 17.2 below shows the recommended minimum protective ratios for three measures of insulation

withstand. It should be noted that switching surges are usually not an issue with distribution systems and,

therefore, generally not considered.  

Table 17.2  Recommended Minimum Protective Ratios

In order to calculate the protective margins shown above, the coordinating current for the arrester

protective levels (CCW and FOW) must be chosen. Typically the value chosen is 10 kA crest, but higher

current levels, such as 20 kA crest, can be chosen for applications in high flash density areas. The most

conservative approach would be to choose a higher coordinating current that will result in a higher

arrester protective level and, therefore, a lower protective margin. Although a protective margin

calculation is useful, the historical performance of arresters in the field should also be significant consid-

eration. Unique environmental circumstances are difficult to assess with a simple protective margin

calculation.

The discharge voltage for a given current impulse (coordinating current) defines the protective charac-

teristics of distribution arresters. Manufacturers publish (as shown in Table 17.1) protective character-

istics that can be used by engineers to determine the amount of protection an arrester is actually providing

to equipment.  Table 17.3 shows the generally accepted methods for calculating equipment withstand

levels. This table is taken from ANSI C62.22-1997, page 30.

Table 17.3  Equipment Withstand Levels
a Includes air blast and SF6 circuit breakers; the BIL given in the table is for the circuit breaker in the closed position. The BIL across the open contacts of the circuit
breakers in the opened position is 9-10% greater.

b Time to chop.

The following is an example calculation that helps to illustrate the concept of protective margin.

Equipment Withstand Levels

Type of equipment Impluse duration Withstand voltage
Transformers and reactors Front of wave (0.5 µs) 1.30 to 1.50 x BIL

Breakers 15.5 kV and abovea Chopped wave (2 µs)b 1.29 x BIL

Transformers and reactorsa Chopped wave (3 µs)b 1.10 to 1.15 x BIL

Breakers 15.5 kV and above Chopped wave (3 µs)b 1.15 x BIL

Transformer and reactor windings Full wave (1.2/50 µs) 1.00 x BIL

Transformer and reactor windings Switching surge - 250/2500 µs wave 0.83 x BIL

Bushings Switching surge - 250/2500 µs wave 0.63 to 0.69 x BIL

Breakers 362-800 kVa Switching surge - 250/2500 µs wave BSL 0.63 to 0.69 x BIL

Recommended Minimum Protective Ratios

Switching Surge Withstand/Switching Surge
Protective Level

>=1.15

Full Wave Withstand (BIL)/Impulse Protective Level >=1.20

Chopped Wave Withstand/Front-of-wave
Protective Level

>=1.20
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Protective Margin Calculation Example

The circuit in  represents any system subjected to fast transient current impulse. A cable
(surge impedance of 35 ohms) is terminated at its endpoint by a 95 kV BIL transformer and
a 10 kV Metal Oxide (ZnO) arrester.  The arrester has 2-foot leads from the high voltage
terminal to the transformer and to ground.  Use the information provided to estimate the
protective margin provided by the selected arrester for a 0.5 µs front-of-wave current impulse.

Figure 17.5  Typical system subjected to fast transient current impulse

1. First, we will determine the arrester protective level from . The 10 kA front-of-wave

protective level (FOW) for a 10 kV rated arrester is 36.5 kV. The 10 kA coordinating

current is the only value provided in this table. FOW for other coordinating currents may be

obtained by contacting the arrester manufacturer. For this example, we will assume that a

10 kA coordinating current is reasonable.

2. The equipment front-of-wave insulation withstand voltage level is calculated based upon.

The transformer BIL is 95 kV and, thus, the CWW (chopped wave withstand) for the

transformer is 1.10*95 kV = 104.5 kV crest.

3. Finally, we calculate the voltage drop across the additional lead length in the circuit.  The

total lead length is 4 feet.  Assuming the current reached in 0.5 µs is 10 kA, the lead voltage

is calculated as:

4. The protective margin can now be calculated:

   

             

     
  

                

   

             

     
  

                

   

             

     
  

                



Although the voltage across the leads is nearly as large as the arrester

protective level, the protective margin exceeds the minimum 20%

shown in. This example, demonstrates the importance of keeping

connecting leads as short a possible to maximize the protective margin.

Tables 17.4, 17.5, and 17.6 show the typical protective margins for

distribution equipment. These tables are based upon available

standards information on the application of surge arresters and typical

protective characteristics from major supplier of arresters. In all but a

few cases, the protective margin is well above the suggested

minimums. Riser Pole arresters provide the best protective margin and

normal duty arresters provide the least margin. As mentioned

previously factors other than protective margins, such as temporary

overvoltage capability and energy handling capability, may drive the

arrester selection process.
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Table 17.4  Typical protective margins for distribution equipment - heavy duty

Typical Protective Margins for Distribution Equipment - Heavy Duty

Heavy Duty

Nominal
System
L-L

Voltage
(kVrms)

Typical
Equipment

BIL

Estimated
Equipment

FOW

Typical
Arrester
Rating for
Grounded
Neutral
Systems

Max.
Arrester
10kA,
8/20us

Protective
Margin

Max.
10kA,
FOW

Protective
Margin

Typical Arrester
Rating for High
Impedance
Grounded,

Ungrounded, or
Temporarily
Ungrounded

Max.
Arrester
10kA,
8/20us

Protective
Margin

Max.
10kA,
FOW

Protective
Margin

2.4
45
60

58.5
78

3
3

16
16

181%
275%

17
17

244%
359%

3
3

16
16

181%
275%

17
17

244%
359%

4.16
60
75

78
97.5

3
3

16
16

275%
369%

17
17

359%
474%

6
6

25
25

140%
200%

35.3
35.3

121%
176%

4.8
60
75

78
97.5

6
6

25
25

140%
200%

35.3
35.3

121%
176%

6
6

25
25

140%
200%

35.3
35.3

121%
176%

6.9
75
95

97.5
123.5

6
6

25
25

200%
280%

35.3
35.3

176%
250%

9
9

31.5
31.5

138%
202%

35.3
35.3

176%
250%

12.47
95

110
123.5
143

9
10

31.5
35

202%
214%

35.3
39.2

250%
265%

12
15

44
52

116%
112%

50
59

147%
142%

13.2/13.8
95

110
123.5
143

10
12

35
44

171%
150%

39.2
50

215%
186%

15
18

52
61

83%
80%

59
68

109%
110%

23/24.94
150
150
150

195
195
195

18
21
24

61
75
83

146%
100%
81%

68
81
93

187%
141%
110%

24
27

83
91

81%
65%

93
102

110%
91%

34.5
200
200

260
260

27
30

91
99

120%
102%

102
109.5

155%
137%

36
39

125 60% 136 91%
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Table 17.5  Typical protective margins for distribution equipment - normal duty

Typical Protective Margins for Distribution Equipment - Normal Duty

Normal Duty

Nominal
System
L-L

Voltage
(kVrms)

Typical
Equipment

BIL

Estimated
Equipment

FOW

Typical
Arrester
Rating for
Grounded
Neutral
Systems

Est.
Arrester
10kA,
8/20us

Protective
Margin

Est.
10kA,
FOW

Protective
Margin

Typical Arrester
Rating for High
Impedance
Grounded,

Ungrounded, or
Temporarily
Ungrounded

Est.
Arrester
10kA,
8/20us

Protective
Margin

Est.
10kA,
FOW

Protective
Margin

2.4
45
60

58.5
78

3
3

19.9
19.9

126%
202%

22.3
22.3

162%
249%

3
3

19.9
19.9

126%
202%

22.3
22.3

162%
249%

4.16
60
75

78
97.5

3
3

19.9
19.9

202%
277%

22.3
22.3

249%
336%

6
6

30.9
30.9

94%
142%

34.9
34.9

123%
179%

4.8
60
75

78
97.5

6
6

30.9
30.9

94%
142%

34.9
34.9

123%
179%

6
6

30.9
30.9

94%
142%

34.9
34.9

123%
179%

6.9
75
95

97.5
123.5

6
6

30.9
30.9

142%
207%

34.9
34.9

179%
253%

9
9

35.8
35.8

109%
165%

40.5
40.5

141%
205%

12.47
95

110
123.5
143

9
10

35.8
39.9

165%
176%

40.5
45.0

205%
217%

12
15

50.1
59.2

90%
86%

56.5
58.5

119%
144%

13.2/13.8
95

110
123.5
143

10
12

39.9
50.1

138%
120%

45.0
56.5

174%
153%

15
18

59.2
68.5

61%
61%

66.8
77.2

85%
85%

23/24.94
150
150
150

195
195
195

18
21
24

68.5
81.4
93.1

119%
84%
61%

77.2
91.9

109.7

152%
112%
78%

24
27

93.1
103.5

61%
45%

109.7
116.8

78%
67%

34.5
200
200

260
260

27
30

103.5
111.7

93%
79%

116.8
126.1

123%
106%

36 146.1 37% 165.0 58%
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Table 17.6  Typical protective margins for rise poles

Typical Protective Margins for Rise Poles

Riser Pole

Nominal
System
L-L

Voltage
(kVrms)

Typical
Equipment

BIL

Estimated
Equipment

FOW

Typical
Arrester
Rating for
Grounded
Neutral
Systems

Max.
Arrester
10kA,
8/20us

Protective
Margin

Max.
10kA,
FOW

Protective
Margin

Typical Arrester
Rating for High
Impedance
Grounded,

Ungrounded, or
Temporarily
Ungrounded

Max.
Arrester
10kA,
8/20us

Protective
Margin

Max.
10kA,
FOW

Protective
Margin

2.4
45
60

58.5
78

3
3

8.2
8.2

449%
632%

10.4
10.4

463%
650%

3
3

8.2
8.2

449%
632%

10.4
10.4

463%
650%

4.16
60
75

78
97.5

3
3

8.2
8.2

632%
815%

10.4
10.4

650%
838%

6
6

16.2
16.2

270%
363%

18
18

333%
442%

4.8
60
75

78
97.5

6
6

16.2
16.2

270%
363%

18
18

333%
442%

6
6

16.2
16.2

270%
363%

18
18

333%
442%

6.9
75
95

97.5
123.5

6
6

16.2
16.2

363%
486%

18
18

442%
586%

9
9

24.9
24.9

201%
282%

36
36

171%
243%

12.47
95

110
123.5
143

9
10

24.9
26.6

282%
314%

36
36

243%
297%

12
15

32.4
40.2

193%
174%

37.5
54

229%
165%

13.2/13.8
95

110
123.5
143

10
12

26.6
32.4

257%
240%

36
37.5

243%
281%

15
18

40.2
48

136%
129%

54
63

129%
127%

23/24.94
150
150
150

195
195
195

18
21
24

48
56.1
64.7

213%
167%
132%

63
63.1
72.5

210%
209%
169%

24
27

64.7
72.1

132%
108%

72.5
81.9

169%
138%

34.5
200
200

260
260

27
30

72.1
79.5

177%
152%

81.9
85.1

217%
206%

36 96 108% 102.8 153%
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Arrester Protection of Overhead Lines

Most overhead primary distribution lines do not have any specific lightning protection other than that
provided by arresters protecting distribution transformers. As discussed earlier, some utilities have used
shield wires or overhead ground wires as a protective measure against direct strokes to phase conductors.
However, the effectiveness of the shield wire is highly dependent upon achieving low ground footing
resistance at the poles, and poor grounding may result in backflashovers. According to IEEE Standard
1410-2004 11, for a shield wire design to be effective, ground resistances must be less than 40 ohms if the
CFO is less than 300 kV. Line mounted distribution arresters on each phase and every span can help
mitigate the backflashover phenomena. This, however, is a costly solution and is only reserved for areas
with severe lightning-related reliability issues.

The 250-kV to 300-kV maximum probable induced voltage value (that was discussed earlier) is based on
a long homogenous run of distribution line without taps, open points, and arresters. A typical distribution
line, however, has numerous such discontinuities. Because the induced voltage transients propagate on
the line as traveling waves, the reflection and refraction caused by these discontinuities can be expected
to modify or possibly increase the voltage magnitude beyond 300 kV. Therefore, distribution systems
designed for 300-kV CFO may still be vulnerable to induced voltage flashovers. Distribution arresters
located at discontinuity points, such as normally open points where voltage doubling occurs, help to
reduce overvoltages and minimize flashover potential.

As with most arrester applications, the probability of flashover and consequences of flashover will dictate
the number of arresters used for line protection. In some areas of the US, such as the west coast of Florida,
arresters are often used for line protection due to the high incidence of lightning. Where lightning is
infrequent, arrester equipment application may be sufficient to provide the necessary line protection.

Arrester Protection of Underground Cables

Many of the issues associated with overvoltage protection of underground residential distribution (URD)
systems are related to the fact that arresters cannot be physically located close to the protected equipment
or discontinuity. Advances in under oil and “elbow” surge arrester devices have helped to alleviate the
separation distance problem, but many older systems continue to suffer from this issue.  

URD systems are generally configured to operate as open loop with a normally open tie switch near the
center of the loop. Distribution transformers are connected to the loop along its entire length, and primary
service typically comes from an overhead circuit via a riser pole. At the transition from overhead to
underground on the riser pole, the high capacitance of underground cable results in a relatively low surge
impedance, on the order of 50 ohms, and reduction of incoming voltage surges. However, the surge
reduction is generally not sufficient to protect downstream equipment and cable. Research has shown that
voltage surges degrade cable insulation systems over time. The cost of preventing this degradation
through the application of arresters is far lower than the replacement cost of prematurely failed cable.
Therefore, a distribution class or riser pole class (high energy/lower protective level) arrester should be
applied at the overhead-underground junction. The stored energy of the cable increases proportionally
with the square of the system voltage, and determines which class of arrester will provide sufficient
protection. According to IEEE Standard C62.22-199712, for system voltages of 15 kV and less, and where
arrester lead lengths are small, distribution class arresters are acceptable. For 25-kV system voltages, a
riser pole arrester with lower protective levels and higher energy absorption capability is recommended.
At 35 kV, riser pole arresters alone will not provide sufficient protection; equipment mounted arresters,
such as elbow-type padmount transformer arresters, are recommended. It may also be necessary to apply
arresters at the normally open tie point where voltage doubling may occur.
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Summary of Guidelines
The highlights of this guide to BIL and lightning protection are:

• Direct strokes or lightning terminating on phase conductors can be minimized by shielding
overhead lines. The application of arresters on all phases at every span can help minimize
flashovers due to direct strokes. However, this is generally cost prohibitive in all, but the
highest isokeraunic areas. Careful consideration of pole grounding and groundlead routing
is necessary to achieve an effectively shielded design that minimizes backflashover.

• Induced voltages from nearby strokes can be minimized by applying distribution arresters
and designing insulation systems to a CFO of 300 kV or greater. Distribution arresters
protecting transformers and other equipment inherently provide some level of protection
against induced voltages.

• Reducing the number of spans between arresters can effectively reduce the frequency of
insulation flashovers. There are many parameters affecting flashover results and each
situation should be analyzed using guidelines provided in IEEE Standard 1410.

• Arrester lead length is an important consideration in calculating protective margin. Overall
protective margin can be significantly reduced when long lead lengths are used.

• Lower voltage URD systems (15 to 25 kV) may be protected at the riser with either a riser
pole arrester or a distribution class arrester. For higher voltages, a riser pole arrester on the
riser and arrester protection at equipment location and discontinuities is recommended.
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Introduction
With snakes in substations, squirrels on transformers, and eagles on transmission lines, animal-caused

outages have been a concern for electric utilities since the first line was constructed. As recently as 15-

20 years ago, it was thought that the rural areas served by electric cooperatives suffered the most from

animal-caused outages. However, a survey conducted during the preparing of NRECA’s 1996 Animal-

Caused Outages manual reported a significantly higher number of animal-caused outages in urban and

residential areas. The NRECA manual was updated in 2005 by DSTAR in Project 10-3 Wildlife Control

and Protection. 

The results of the NRECA study suggested that animal-caused outages are more common and widespread

than generally believed. With so many utilities and state regulators placing a premium on distribution

reliability, information on how to protect distribution facilities from wildlife (and how to protect wildlife

from facilities in some cases) is extremely useful to DSTAR members. The purpose of this eHandbook

primer is to provide a summary of basic information on wildlife control and protection, including raptor

protection, and effective preventive and mitigation measures and practices. DSTAR P10-3 is the basis for

all information in this primer.

According to the manual, the four most effective things all utilities can do to reduce or eliminate animal-

caused outages are:

1. Implement an aggressive right-of-way clearing and tree-trimming program.

2. Maintain a regularly scheduled inspection program.

3. Become familiar with the animals in the area. It is impossible to effectively and econom-

ically reduce or eliminate animal-caused outages without knowing something about the

animals that are causing the problem. Different animals cause different types of outages that

require different solutions.

4. Develop standards for animal/bird protection which include designs and material to

minimize animal-caused outages.

The Problem
The essence of the animal-caused outage problem is how do birds and animals cause distribution outages

and where are outages most likely to occur.

How Outages Occur

Most animal-caused outages on distribution systems are a result of overcurrent protection acting to

interrupt and isolate a fault caused by energized conductors in contact with each other and/or with

electrical ground. This could be via a fuse blowing, a recloser operating or locking out, or in some cases,

a breaker tripping. In most U.S. overhead construction, conductors are typically bare or uninsulated. Dry

air has excellent dielectric properties, at least 20 kV/inch. This implies that on a 7.2 kV distribution

system, the typical clearance of 6-8 inches between the grounded top of a service transformer tank and

the bare primary lead is enough to prevent current from flowing between the two. A short-circuit (or line-

to-ground fault) occurs when an animal, sitting or standing on the grounded transformer tank touches the

bare primary lead wire. Since the animal’s body has a much lower impedance than air, fault current will

http://www.dstar.org/research/project-desc/Wildlife-Control/
http://www.dstar.org/research/project-desc/Wildlife-Control/
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flow from the energized phase conductor to ground through the animal’s body. Fuses or reclosers will

sense this sudden increase in current and operate, causing an outage. This can happen, for example, when

a squirrel stands on a tank and makes contact with the bushing. Also, birds, flying in and out of

substations, can accidentally touch a grounded surface with one wing and an energized conductor with

the other, causing a short circuit. The figures below illustrate examples of common places on utility

equipment where birds and animals can cause short circuits.

Figure 18.1  Three-phase transformer bank showing animal contact points
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Narrow-Profile Construction Voltage Regulator

Figure 18.2  Animal contact points on OH narrow-profile construction and a line voltage regulator

Where Outages Occur

For the original NRECA Animal-Caused Outages manual, a nationwide survey was conducted on the

location of outages and the recommendations for prevention. Data were collected from over 560 utilities,

ranging from a 1-substation municipal system to a 230-substation investor-owned utility. Based on the

survey results, Figure 18.3 and Figure 18.4 show the five animal groups that cause the most outages on

overhead and underground distribution in each region of the country. For overhead construction, squirrels

and birds were reported as the chief offenders. For underground distribution, it was mice, snakes and

gophers. Figure 18.5 and Figure 18.6 show the percentage of outages due to squirrels and raptors in each

region. Squirrels are a bigger issue in the east, and raptors account for a much larger percentage of

outages in the west. 
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Figure 18.3  Animal-caused outages on overhead distribution (from survey)

Figure 18.4  Animal-caused outages on underground distribution (from survey)
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Figure 18.5  Percentage of animal-caused outages due to squirrels in each region

Figure 18.6  Percentage of animal-caused outages due to raptors in each region
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Squirrels

Tree squirrel incidents are one of the most common causes of animal-related power outages. These

bright-eyed, nimble-footed creatures are responsible for millions of dollars of equipment damage and

thousands of angry consumers. High in the trees, squirrels devise elaborate routes through their territory.

With single-minded determination, they follow the same routes, even when shorter or safer ways are

available. A squirrel’s teeth grow continuously, between 6 and 10 inches a year, and they chew on almost

anything, including insulation on conductors and aluminum connectors (see below).

Figure 18.7  Aluminum conductor chewed by a squirrel

Every 20 to 30 years, for unknown reasons, huge populations of squirrels migrate. On the East Coast in

1968, an estimated 20 million squirrels migrated toward the South, ignoring every obstacle in their path.

From timid, wary animals, they became totally fearless and completely unaware of danger. Hundreds of

thousands were drowned while trying to cross rivers and lakes; even more died along highways and

railroad tracks. Fifty-five tons of drowned squirrels were removed from a reservoir in New York. In the

late 1980s, utilities in the Northeast reported an "explosion" in the number of tree squirrel contacts.

Utilities experiencing a sudden increase in the number of squirrel-caused outages for no obvious reason

may well be in the path of a migration.

Trouble occurs when squirrels use utility poles and substations as part of their overhead routes.

Eventually, a squirrel sitting on a transformer or climbing through a substation is going to cause an

outage. They can cause numerous outages in some

areas of a system but not in others. Some consumers

who suffer most from repeated outages actually

contribute to them by feeding squirrels. In cities where

utilities have limited or no rights-of-way, trees have

grown around and over poles as shown to the right. The

same may be true in residential areas where yards are

small and houses close together. Those types of

cramped quarters ensure that squirrels will use utility

poles as part of their routes. Once squirrels have

established their routes, virtually nothing will force

them to change.
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Squirrels are usually less of a problem in areas where utilities have adequate rights-of-way and an active

tree-trimming program. Since squirrels are reluctant to cross open ground, poles that are well away from

trees are not very appealing. These poles may be used as emergency retreats in time of danger, but they

do not provide overhead cover from hawks and owls.

Utilities planning on installing barrier devices along with tree trimming and right-of-way maintenance

should keep in mind the “5-7-9” rule. Generally, tree squirrels cannot jump higher than 5 feet, cannot

jump horizontally more than 7 feet, and are reluctant to drop more than 9 feet. Where possible, adding 6

inches to each of these distances will provide sufficient clearances to deter most squirrels.

Raptors

Raptors include eagles, hawks, osprey, falcons, and owls. Vultures, commonly called buzzards, are

usually included as raptors although they do not kill their own food. All raptors are protected by federal

and state laws and several species are still on the list of threatened and endangered species.

Studies and research programs designed to prevent the accidental electrocution of raptors on power lines

have been in effect for more than 40 years. The Rural Electrification Administration first issued Bulletin

61-10, Powerline Contacts by Large Birds, in 1972. Most of the studies have been conducted in the West,

and most western utilities are familiar with the necessary procedures and design modifications required

to prevent raptor contacts. In recent years, however, several types of raptors have begun to re-establish

populations in the East, and some eastern utilities are now reporting raptor contacts for the first time.

Like many birds of prey, bald eagles spend much of their time perching

motionless, taking in every movement within their wide range of vision. This

technique, called still-hunting, is frequently used by bald eagles because it is

more “energy efficient” than hunting from the air. Unfortunately, it is also the

technique that brings bald eagles into conflict with utilities. When still-hunting,

bald eagles will usually seek the highest structure for perching and, in some

places, the highest structure will be a utility pole. Eagles will also perch on

lower portions of poles to get in the shade on hot days.

Golden eagles use the still-hunting technique from utility poles far more often than bald eagles. The

largest population of golden eagles lives in mostly treeless areas where utility poles are the highest points

and offer the best view of the surrounding countryside. The large size (wingspan of nearly 8 feet) and

abundance of golden eagles make them the most commonly reported electrocuted raptor. Several studies

done in the deserts and flat valleys of the West report approximately 80% of the dead birds in the study

sites were golden eagles.

The power lines most often responsible for raptor contacts are 69 kV and less. Some raptors are large

enough for phase-to-ground contacts on lines of these voltages, and eagles are large enough for phase-

to-phase contacts. On transmission lines with voltages higher than 69 kV, the separation of the phase

conductors is greater than the wingspan of an eagle so there is no danger of wing contacts. Eagles have

a habit of spreading their wings to dry after rain or snowstorms. Dry feathers are good insulators but wet

feathers will cause and sustain arcing at less than 5 kV. If perched on a utility pole, the eagle’s wingspan

combined with wet feathers can easily cause a fatal contact.
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Hawks are medium-sized raptors, smaller than eagles but large enough to be electrocuted and cause

outages on power lines. Hawks are found all over the country with the largest types in the western plains.

Red-tailed hawks, for example, can adapt to a wide range of territories but are usually found in open

country. Many types of hawks have habits similar to eagles, such as long-term mating, returning to the

same nesting site, and using utility poles for perching.

Owls are found throughout the country and range from the tiny elf owl, less than 6 inches long, to the

massive great grey owl with its 5-foot wingspan. The great horned owl is one of the most feared predators

in the wild. Many utilities have tried to take advantage of the fear inspired by this bird by mounting fake

owls in their substations to keep other birds and squirrels away. Great Horned and Barn Owls are the two

most commonly reported owls in outage records.

Vultures can have wingspans of up to 6 feet and are a serious problem for some utilities, causing

numerous transmission outages. Like other raptors, vultures will usually select the highest point in the

area for perching. Vultures, however,

will perch and roost in large groups,

something most other raptors do not

do. This perching site is often a

utility pole, and because of their

greater height, usually a

transmission pole. Although the

energized conductors are far enough

apart to prevent vulture contacts, the

perching vultures can cause

extensive contamination of the

insulators with their droppings.

Eventually, the contamination can

result in arcing, tracking, flashover,

and an outage.

The osprey has a wingspan of 5 feet,

larger than a hawk but smaller than

an eagle. Unlike other raptors,

ospreys are comfortable living near

humans and will frequently build

their nests on utility poles and other

manmade structures. These very

large, bulky nests made from sticks

(see figure to the right) have caused

numerous outages. Sticks work their

way loose from the nest and fall onto

conductors and transformers or are

dropped by the osprey. Outages can

also be caused by accidental wing

contacts as the birds fly to and from the nest. After severe population decline, the osprey is reestablishing

a population in the East and increasing in numbers throughout much of its range.

Osprey nest stretching from phase wire to phase wire



18 | 10Distribution Data e-Handbook | rev date 12/12

18 | Wildlife Control and Protection

The Plan
Electric utilities are constantly working to achieve the ideal balance between the cost of providing

electric power and what the customer perceives as acceptable or satisfactory service. The term

"reliability" is most often used to describe how well a utility supplies continuous service that meets a

certain standard (internal or external). With rising costs, aging assets, regulatory uncertainty, environ-

mental concerns, and social pressure, utilities have had to confront the natural tradeoff between the cost

of system improvements to reduce outages and the value of increased reliability. With careful record-

keeping and some analytical rigor, it is possible to evaluate the benefit-cost of reliability improvement

projects such as deploying wildlife deterrrents and determine whether they are cost-effective. However,

most utilities, when pressed, admit that installing system improvements to reduce outages on distribution

systems is prompted by the number of customer complaints and not necessarily the result of an economic

or cost/benefit analysis.

Keep Good Records

If utility decides to take a comprehensive look at animal-caused outages, three steps will be helpful in

deciding how to take action:

1. Establish a test period of at least a year for collecting data. Some outages, particularly those

caused by birds, may vary considerably from season to season.

2. Review the current outage reporting form. Animal-caused outage reports should include the

location and time of day, the device involved, the damage involved, the specific animal

involved (squirrels, raccoons, small birds, large birds, snakes, etc.), what action was taken,

and the length of time to restore power. Any existing animal protection should also be noted

in order to evaluate its effectiveness.

3. Use a wall map of the system, specific structure numbering system, or a GIS application to

mark the locations of animal-caused outages. In addition to identifying where these outages

are occurring, it will also alert personnel if the problem is getting worse or shifting to new

locations.

Track Down Causes

The single largest category of outages is almost always “Unknown/Unexplained,” and finding the cause

of an outage can be a frustrating ordeal. Usually, when an outage has been caused by an animal, there

will be some evidence left behind. Many times, however, the animal may survive the contact and leave

the scene or be carried away by scavengers before line crews arrive. In these cases, if line crews suspect

an animal caused the outage, they can only guess what animal was involved. It is very probable that some

“Unknown/Unexplained” outages were actually caused by animals. In some cases this could well be a

significant number.

The best example was sent in by one of the utilities in the Study Group. For years, this utility had suffered

chronic outages on a particular primary distribution line. The line had been inspected many times, but no

explanation for the outages had been found. Just by chance a lineman happened to be driving by one day

and saw a large flock of birds, perching on the line, suddenly fly off. He noticed that the force made by

these birds flying off at the same time pushed the phase conductor into the neutral and the mystery of the

outages was solved.
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There are two underlying principles in reducing animal-caused outages:

1. It is impossible to economically and effectively reduce or eliminate animal-caused outages

without first knowing something about the animals.

2. Different animals tend to cause different types of outages that require different solutions.

Test Alternative Solutions

Once a utility has made the decision to reduce animal-caused outages, the next step is to select the most

effective policies, procedures, and products. There are many different commercial and home-made

remedies for reducing animal-caused outages, as well as effective design modifications. Every utility is

unique in some respect, and what might work well for one might not be effective for another. Therefore,

before making a substantial investment, utilities should perform their own comparison tests. Target the

area of the system with the worst record of animal-caused outages, install the most promising deterrents,

and evaluate the results. Select a test period long enough to account for any seasonal differences in the

number or types of outages.

There are approximately 120 different products used to mitigate animal-caused outages manufactured to

various standards. As a result the IEEE has developed a guide to promote standardized methods for the

evaluation of the electrical, mechanical, and material aspects of wildlife guards and deterrents. The

testing standards include flammability, wet and dry withstand, wet and dry flashover, UV aging,

temperature impact, radio interference, salt/fog aging, and wind tunnel testing. These standards should

help utilities select products that would not fail prematurely or cause future performance problems. The

guidelines are documented in IEEE Std 1656-2010, “IEEE Guide for Testing the Electrical, Mechanical,

and Durability Performance of Wildlife Protective Devices on Overhead Power Distribution Systems

Rated up to 38 kV.”

The Rural Utilities Service (RUS) publishes a list of materials acceptable for use on their borrower’s

systems. This list includes some animal deterrents that have been accepted by their Technical Standards

Committees. In order to get on the list a manufacturer needs to provide a product description, drawings,

and a sample. If there are appropriate standards, certified test results are required. RUS does not test

products, only product materials.

Avian Protection Plans

Bird electrocutions can not only result in outages but also in federal fines. In response to this, many

utilities have developed Avian Protection Plans (APPs). An APP provides a way of gathering and

organizing information on bird activity within a utility’s service territory and discusses various

management options for dealing with bird mortalities.

The APP describes how to set up corporate policy to track bird issues and what federal permits and

reporting are required. Additionally it discusses how to retrofit existing power lines and how to construct

new facilities in a bird-safe manner. An APP can also include a risk assessment of existing facilities to

identify areas that should be retrofitted first. Guidelines for developing APPs were developed and

published by the U.S. Fish and Wildlife Service (USFWS) and the Avian Power Line Interaction

Committee (APLIC) in April 2005. These Guidelines are intended to provide utilities with a toolbox to

use in the development of their own APPs and are available at both the USFWS (www.fws.gov) and

APLIC (www.aplic.org) web sites.

http://www.aplic.org
http://www.fws.gov
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The Solutions
Solutions to animal-caused outage problems can be broadly classified as deterrents, behavior modifi-

cation measures, and system design alternatives. The first subsection is a general description of the most

widely used commercial products, and selected “home remedies.” The second subsection is a brief

discussion on animal behavior modification techniques that some utilities have found to be very effective.

It is possible, under certain circumstances, to train some animals to stay away from utility equipment.

The third subsection contains a general discussion of design and construction alternatives that can be

used to reduce the possibility of animal electrocutions and outages. The final subsection focuses on

system design modifications specifically for raptor protection.

Deterrents

Deterrents generally fall into the following categories: barriers, coverings, coatings, or repellents.

Barriers
These include any sort of device that can be used to block an animal’s access to energized utility

equipment. Barriers are generally more successful against large animals, medium climbing animals like

raccoons and cats, snakes, and in some cases, birds. Unfortunately, not all barriers are effective against

squirrels, the animal responsible for the majority of all animal-caused outages on overhead distribution

devices.

Some of the more common examples of barriers are rotating disks, stationary disks, tubes, spiny

cylinders, and cones on conductors and guy wires; fences; screening; perching guards; and climbing

guards. An assortment of these devices is shown in Figure 18.8.

Figure 18.8  Assortment of animal deterrent barriers
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Coverings
These include any sort of device that can be used to cover all or part of exposed energized equipment.

Although they provide protection for/from animals, they should not be generally considered insulation

for humans. Common coverings include wildlife guards, stinger covers, electrostatic guards, arrester

caps, heat-shrink insulation, and vinyl pole wraps. Wildlife guards, also known as squirrel or bird guards

have been in use since the early 1960s. These guards are insulating covers or boots that fit on the tops of

transformer or arrester bushings. Since it is difficult to keep squirrels off overhead devices with conven-

tional means, protecting the bushing and other contact points usually results in a significant reduction in

squirrel and bird contacts. Some of these devices are shown in Figure 18.9.

Figure 18.9  Assortment of animal deterrent coverings
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Coatings
These include sprays, paints, greases, and sticky gels. Insulating sprays and paints are applied to

equipment to increase the insulation to the point where an outage will not occur during an animal contact.

Although the additional insulation may not prevent a fatality, it should be sufficient to keep the fault

currents low enough to avoid blowing the fuse. (This is not a viable alternative for protected species like

raptors). Coatings are most often used where the arrangement of equipment makes it impossible to use

wildlife guards.

Greases are applied to areas where birds perch to prevent them from gaining a secure grip. Sticky gels,

applied to perching areas, will cause birds so much discomfort that they will avoid the area. Some utilities

have applied greases to substation structures as a snake deterrent since the greasy surface will not provide

enough traction for a climbing snake. However, some of these chemicals will dry out, harden, and

eventually become brittle, thus requiring periodic recoating. These coatings can also be messy to apply

and can collect blowing debris.

Repellents
These include chemicals, sonics, ultrasonics, and fake predators. Chemicals include those with a noxious

odor, those with a bitter taste, and poisons. Chemical repellents are most effective in pad-mounted

equipment and cabinets. There are several chemical products on the market for use as snake repellents.

These repellents, applied to the ground, produce an odor that snakes with their keen sense of “taste-smell”

find very distressing. However, treating open ground with chemicals is not always advisable, especially

in areas where there are pets and small children.

Modern electronics are used in units to produce sonics and ultrasonics to repel animals. The correct

settings for frequency and intensity are especially important when using ultra-sonic devices (those over

20,000 Hertz). Animals’ range of hearing vary widely depending on the species, and some do not hear

into the ultrasonic range. Other devices produce random “noises” intended to confuse and annoy the

animal until they find the area too unpleasant to stay. Others generate the sounds of loud bird-distress

calls or the calls of hawks and owls. These are most effective when used inside pad-mounted equipment,

cabinets, and control houses.

Plastic or inflatable figures that resemble owls (see Figure 18.10), hawks, falcons, and snakes are used

on poles and in substations to frighten birds and small animals. Like sound, these are effective at first,

but most animals soon learn there is no real danger.

Figure 18.10  Plastic owl on a pole
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Perch Management
Perch guards are the most commonly used method for preventing raptor electrocutions although little

testing has been done on their effectiveness. Perch guards discourage birds from landing in hazardous

pole areas and keep birds from defecating on suspension insulators and equipment. Perch guards come

in a variety of shapes and materials. Some perch guards can be installed on energized equipment while

others require an outage to install. Triangular perch guards  (Figure 18.11) often are used by utilities when

retrofitting lines in rural areas because they are economical and quickly installed.

Figure 18.11  Home-made triangle perching guard 

The goal of a perch guard is to discourage a bird from roosting in a certain area. This is most successful

if safer portions of the pole are still available to the bird. It is important to note that perch guards do not

always keep birds off structures and are simply a way to manage where birds can land on a structure.

Perch guards can also simply shift problems onto other dangerous line segments and must be sized

properly to discourage perching under or next to the guards.

Elevated perches are designed to attract birds to the highest point on the structure. When elevated perches

are used, they should be designed so birds cannot get under the perch during the heat of the day or during

bad weather. Elevated perches should be no more than 8 to 12 inches above a crossarm to prevent large

raptors from sitting under the perch. They should be installed on poles located at the highest point in areas

where the raptors normally hunt. Perching deterrents used with elevated perches can be a very effective

combination for retrofitting poles (Figure 18.12).

Figure 18.12  Raptor-safe elevated perch 
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Behavior Modification

Indirect behavior modification resulting from changes in the environment around and near the utility

equipment can significantly reduce some types of animal contacts. An active tree trimming program is

always the best first step. Removing bird's nests in substations will discourage roaming snakes and other

animals hunting for eggs and young birds. Keeping the area around substations cut, cleared, and cleaned

will reduce the number of raptors hunting for rodents. Removing ornamental fruit-bearing trees and

shrubs will eliminate a possible source of food that will attract birds. Covering the washer refined gravel

that birds find attractive with large gravel has significantly reduced bird contacts for several utilities.

These types of changes are practical and economical and can be very effective.

The non-lethal shock from electrostatic guards (see Figure 18.9) and electric fences can be a useful

“teaching” tool for cats, raccoons, and the occasional squirrel. Cattle and horses are creatures of habit

and, with the right deterrent can be trained to stay away from guy wires (see Figure 18.13). If they never

develop the habit of using guy wires as back scratchers, they will usually leave even unprotected wires

alone.

Figure 18.13  Behavior modification measures for large animals

There are a number of electronic devices that hold promise to modify behavior. Work is under way to

develop a smart sensor to use as a woodpecker deterrent. The tapping of the woodpecker triggers a call

that tells the bird the territory is already occupied. The goal is to trick the woodpecker into leaving the

utility corridor. Additionally some of the more sophisticated fake predators now incorporate random

movement and sound.
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Design Alternatives

Over the years, utilities have devised certain design and construction alternatives that can reduce the

chances of an animal-caused outage. Some of them are:

1. Substation and distribution design engineers can identify where it may be possible to

modify design when planning new facilities to increase clearances or distances between

phases and between phases and grounded parts. The next subsection shows some examples

of this for raptor protection.

2. Modifying overhead distribution devices such as transformers, regulators, and reclosers can

be difficult since they are built to national and international standards. The height of the

bushings can be increased to prevent phase-to-ground contacts, but increased separation

between bushings is limited to the size of the top of the equipment.

3. Increased insulation or insulating rods can be added to poles to increase the distance from

the pole top or crossarm to the energized conductor (see Figure 18.14).

4. Extension brackets can be used to either raise the insulator and conductor or offset them.

5. Fiberglass crossarms and brackets can be used in many places. Fiberglass has a very

smooth, hard, slippery surface that makes climbing almost impossible.

6. Steel or concrete poles can be used where woodpeckers and bears are a problem, but should

be designed to protect against electrocutions.

7. Overhead lines can be routed away from areas that attract birds, such as orchards or

marshes.

8. One of the most effective design alternatives is careful landscaping and maintenance around

substations and an active right-of-way clearing program.

9. A well-designed and properly installed substation fence can be an effective large animal

deterrent.

10. Most utilities have a policy of not routing distribution lines through pastures if at all

possible. In some areas, where the utility has limited right-of-way, poles can be installed

along roads, but guy wires have to extend into pastures. If the utility cannot purchase

enough additional right-of-way to clear pastures, an alternative may be to reroute the line.

Where lines cannot be rerouted, self-supporting (i.e., unguyed) concrete, steel, or laminated

wood poles can be used.

11. Protect guy wires and discourage large animal contact using barriers, tires, pvc tubes, stub

poles attached to the guy wires, and other measures (see Figure 18.13).

12. Utilities plagued with insect, frog, and bat contacts on completely self-protected (CSP)

transformers with external gapped arresters have replaced the units with conventional

transformers.
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Figure 18.14  Osprey nest, insulating rod, and offset insulator

Raptor Protection

This subsection describes some typical single-phase and three-phase constructions that have proven

deadly to raptors and suggestions for what can be done to make these constructions safe. For a compre-

hensive discussion of the raptor contact issue and mitigation practices, utilities should refer to the

publications listed in the Useful References section. The following construction examples are based on

designs presented in Suggested Practices for Raptor Protection on Power Lines and the RUS 1991, 1992,

1996, 1998, 2000, 2001 and 2002 Summary of Items of Engineering Interest.

Two three-phase constructions that can be hazardous to raptors are shown in Figure 18.15. The design on

the left has the center phase on an insulator on top of the pole, and the design on the right has the center

phase on one side of the crossarm between the outside phase and the pole. In both cases, the conductors

are close enough for a large raptor to touch two energized conductors. In some parts of the country, this

type of construction often has grounded metal crossarm braces, creating a phase-to-ground hazard as

well. If ground clearances allow, it is recommended to lower the crossarms as shown in Figure 18.16 to

achieve 60 inches of separation in eagle habitat. Another option is to use 10-foot crossarms instead of the

8-foot arms shown in Figure 18.16.

When retrofitting, an option is to install a perching guard on this type of construction to prevent raptors

from perching between phase wires. 
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If the conductor cannot be raised and the crossarm cannot be lowered, the center phase can be covered.

In favorable habitats, covering the center phase can be preferable, as using perch deterrents will simply

shift birds to other structures. It is a good practice to use a combination of perch deterrents and conductor

covers.

Transformer poles are particularly hazardous because of the amount of grounded and closely spaced

energized equipment on the pole. These types of poles are especially dangerous for hawks and other small

raptors that sometimes perch on transformers. Installing the arresters and cutouts on a second crossarm,

as shown in Figure 18.17, and using covered or insulated primary lead wires will allow the upper

crossarm to be used as a safer place to perch. If the top arm does not have 60 inches of separation in eagle

habitat, additional cover up material or perch deterrents may be necessary. Arresters, cutouts, and

transformer bushing should all be protected with covers.

Utilities having a problem with raptors (usually ospreys) nesting on poles can install another pole and

construct a nesting platform. Basic designs can be found in Suggested Practices for Raptor Protection

(APLIC 1996). The platform can also be used on transmission structures. It is critical to make sure the

nearby poles are retrofitted to prevent electrocutions of fledgling birds.

Figure 18.15  Lethal Three-phase construction for raptors
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Figure 18.16  Lowered crossarms to achieve 60 inches of separation for eagles
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Figure 18.17  Transformer bank with arresters on second crossarm for raptor protection
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Useful References

DSTAR project 10-3, Wildlife Control and Protection, is a comprehensive manual covering all aspects of

the subject (http://www.dstar.org/research/project-desc/Wildlife-Control/). There are several other useful

references to address animal-caused outages. These references include the “IEEE Guide for Preventing

Bird Related Outages.” This guide was prepared by the Task Force on Preventing Bird Outages of the

Transmission and Distribution Committee of the IEEE Power Engineering Society. The IEEE also has

published the IEEE Guide for Animal Deterrents for Electric Power Supply Substations. The Avian

Power Line Interaction Committee, (APLIC) Raptor Research Foundation, and Edison Electric Institute

(EEI) document, Suggested Practices for Mitigating Bird Electrocutions on Power Lines: The State of

the Art in 1996 and the APLIC document, Mitigating Bird Collisions with Power Lines: The State of the

Art in 1994 (or the most current editions of these documents) are widely used to address raptor/power

line interactions, including electrocutions, collisions, and nests. EPRI has also published a document

entitled, Distribution Wildlife and Pest Control, which addresses distribution overhead, substation, and

underground wildlife problems. The California Energy Commission—Public Interest Energy Research

Program (PIER) in partnership with the Santa Cruz Predatory Bird Research Group and EDM

International, Inc. have developed an interactive website to address raptor electrocutions on distribution

power lines. This project was conducted as part of the PIER Avian-Transmission System Mitigation

Program. This site describes typical problems associated with avian electrocution and provides potential

solutions and products. These solutions include various options such as perch management, isolation and

insulation. For each retrofit a list of products are provided along with photos and interactive links to

manufacturers. The secure website is located at: http://bems.edmlink.com.

http://bems.edmlink.com
http://www.dstar.org/research/project-desc/Wildlife-Control/
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Introduction
Distributed generation (DG) is generally considered to be small-scale generation (less than 10 MW)

connected at the distribution level (34.5 kV and below) scattered throughout the power system.  Some

widely used definitions of DG from a few industry sources are given below:

IEEE – the generation of electricity by facilities sufficiently smaller than central plants,
usually 10 MW or less, so as to allow interconnection at nearly any point in the power
system

CIGRE – generation that is not centrally planned, centrally dispatched at present, usually
connected to the distribution network, and smaller than 50-100 MW.

International Energy Agency (IEA) – generating plant serving a customer on-site or
providing support to a distribution network, connected to the grid at distribution level
voltages

EPRI – generation from a few kilowatts up to 50 MW

Other terms sometimes used to refer to distributed generation include dispersed generation, distributed

power (DP), distributed resources (DR), distributed energy resources (DER), and decentralized energy

(DE). Often there are implicit assumptions in the use of the terms, with regard to technology and

connection. For example, dispersed generation generally includes DG plus wind power and other

generation connected to, or off the grid. DER includes DG and demand side management (DSM)

resources. DP includes DG plus energy storage technologies. Dispersed generation is often seen as a

subset of DG, referring to smaller units at customer locations. 

According to IEEE Standard 1547, DG is electric generation facilities connected to an area electric

power system through a point of common coupling (PCC); DR are sources of electric power that are not

directly connected to a bulk power transmission system. DR includes both generators and energy storage

technologies. DG is a subset of DR.

At the present time, overall penetration of DG in the North American power system is still relatively

small, and system issues presented by DG are localized to those few feeders where DG penetration has

become significant. DG capacity costs and operating costs are generally not competitive with grid power

for most applications at this time. Additional factors, however, sway the balance in favor of DG for

certain niche applications.  Some of these applications include:

• Combined heat and power (CHP), or combined cooling, heat and power (CCHP)

applications where DG waste heat is recovered.

• High reliability installations where generation is installed primarily for backup purposes, but

also used to offset peak demand or participate in the energy market.

• Recovery of “free” fuel, such as landfill gas, or renewable energy sources such as solar

power, wind power, or small hydro installations.

The application of DG is being encouraged by various forms of subsidy such as demonstration project

grants, tax credits, and regulatory policies such as net metering. There are forecasts of DG becoming

much more widespread in the future. This will be heavily influenced by changes in the economic viability

of DG, including technical developments reducing DG costs, increased central generation costs, or

constraints on delivering remotely-generated power.  
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In any case, the penetration of a significant amount of DG in the distribution system challenges a

fundamental assumption inherent in the design most U.S. distribution systems: power moves

“downstream” on the feeder, from the substation to the end user. When this assumption of downstream

power flow is no longer valid, several technical issues must be addressed for the safe and secure

operation of the power system. IEEE Standard 1547, Standard for Interconnecting Distributed Resources

with Electric Power Systems, lays out a comprehensive set of criteria and requirements for the

interconnection of distributed generation resources into the power grid. This document briefly

summarizes distribution impact issues, of particular interest to DSTAR member utilities.

Power Conversion Types and System Connection

The energy source that powers the DG is not so important to the distribution system as is the device used

to convert this energy to ac power at the distribution level. This conversion is typically performed by

rotating machines (synchronous generators or induction generators) or dc-ac power inverter. The type of

device utilized dictates the interconnection issues that will be present in the interaction between the

system and the DG.

Rotating Machines

Synchronous generators
These are ac machines that rotate in synchronism with the electrical power system to which they are

connected. This means that the synchronous generator’s frequency/power angle, and phase sequence are

locked to the power system it is connected to.

They are designed to produce their own magnetic field and, therefore, their own excitation in order to

supply needed reactive power to the system. The more current is supplied to the field winding circuit,

usually the rotor, the greater the magnetic field and, thus, the greater the voltage produced at the

synchronous machine terminals. This is seen by the power system as an increase in reactive power

injection and also as a slight increase in voltage.

Induction generators
These are ac machines that rotate at speed close

to that of the power system they are connected to.

As their name suggests, induction machines are

constructed in such a way that, when in the

presence of an externally rotating magnetic field,

namely the electric power system through its

stator, a magnetic field is in turn induced in its

rotor, allowing it to transfer power between its

rotor and its stator. For this reason, most

induction motors (except for the wound rotor

induction machine) draw reactive power

(overexcited).

As shown in Figure 19.1, the power output (and torque) will depend on the speed of the rotor with respect

to the speed of rotation of the power system. 

Figure 19.1  Induction machine speed-power curve
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Power Inverters: DC-AC Conversion
The DC-AC power conversion is achieved with power inverters which are typically one of two very

different types: Line-Commutated Inverters or Voltage Source Inverters.

Line-Commutated Inverter
A basic line-commutated inverter (LCI) uses a 6-pulse thyristor bridge (see Figure 19.2, left side). The

thyristors are used to cyclically connect the appropriate ac phase to the appropriate dc polarity. A thyristor

allows one-way flow of current, like a diode, but forward conduction does not begin until the thyristor is

“gated” (energized) by a control circuit. Once gated, however, the thyristor continues to conduct until its

current is forced to zero.

The inversion process of an LCI is totally dependent on the external source of ac voltage. For this reason,

a line-commutated inverter is never used on a DG which is expected to operate isolated from the power

grid. Moreover, the output it produces carries significant distortion (as shown in Figure 19.2, right side).

The impact of this deviation from the ideal sine will be further discussed in the Harmonics section.

Figure 19.2  Line commutated inverter bridge and phase current

Voltage-Source Inverters
A voltage-source inverter (VSI) is not dependent on an external ac voltage source for operation. A single-

phase VSI is shown in Figure 19.3 on the left side. Most voltage-sourced inverters (VSI) used today are

based on pulse-width modulated (PWM) technology. A PWM inverter uses transistors to connect the ac

line to the dc source for varied periods of time such that the smoothed value of the on- and off-times

approximate a 60 Hz sine wave (Figure 19-3, right side). This is useful when a DG is used to provide

power when isolated from the grid. The inversion process

is also much less sensitive to grid voltage disturbances than

a line-commutated inverter.

Figure 19.3  Single-phase VSI and generated voltage
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Table 19-1  Summary of DG Electrical Power “Converters”

System Protection and Fault Performance Issues
A significant focus of distribution system design is related to fault performance, including the following

aspects:

• rating equipment to withstand fault current

• design of system grounding to avoid overvoltages during fault and to allow ground faults to

be detected

• detection and isolation of faults (i.e., relaying and fusing)

• schemes to reestablish the system after faults are cleared 

DG interconnected to a distribution feeder has the potential to substantially affect each of these aspects

of fault performance. Whether or not there is such an impact is dependent on the nature and design of the

DG power converting device (generator or inverter), the number and rating of DG devices, the location

of the DG on the distribution system, and the characteristics of the distribution system itself.

Type
Synchronous
Generator

Induction
Generator

Load Commutated
Inverter

Voltage Source
Inverter

Fault Contribution
5x to 10x rated
generator current

4x to 6x rated current
for approximately one
cycle.

None 1x to 2x load current

Requires
Synchronization

Yes No Inherent to control Inherent to control

Capable of Standalone
Operation

Yes

Not usually. Once
started can operate,
but needs VAR source
and a means of
voltage regulation

No
Yes (requires control
mode shift)

Reactive Power Supply or absorb Absorb Absorb Supply or Absorb

Controllability

Real power controlled
by prime move,
reactive power
controlled by
excitation. Relatively
slow response 500 ms
– 2 sec.

Real power controlled
by prime mover speed.
Generator requires
reactive power.
Switched capacitors
compensating
generator may provide
reactive control.

Fast control, on the
order of tens of
milliseconds response.
Consumes reactive
power, limited reactive
power control.

Very fast control.
Current control
responds in
milliseconds. Prime
mover may limit
practical power control
response. 

Harmonics
Low injections, except
for low quality designs

Very low injection
Substantial harmonic
currents. Filtering is
usually needed.

Depends on design.
Can create high
frequency harmonics.
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Short-Circuit Contribution Issues
Distributed generation out on the feeder can introduce a short-circuit source which can change both the

magnitude and direction of short-circuit currents in the system. Maximum short-circuit contribution

impact is for DG using synchronous generators, with lesser impact from DG using induction generators.

Short-circuit current impact from inverter-based DG is practically insignificant.  

The increase in fault current due to DG can have the following impacts on equipment overcurrent

withstand:

• The increase the fault currents to which equipment is subjected could require increases in

utility equipment ratings in order to withstand the currents; this affects thermal, mechanical,

and interruption duties.

• Fault durations can be lengthened due to desensitization of protective relays by the DG fault

current contribution.

• Since the X/R ratio of a generator is generally greater than that of a distribution system,

particularly further away from the substation, fault currents will decay slower, affecting the

ability of protection devices to clear faults.

Short circuit current contributions from DG on a distribution system can upset overcurrent protection

coordination in the following ways:

• DG fault current on the feeder can decrease the short-circuit contribution from the

substation, desensitizing relays so that they may not as reliable. 

• DG fault current contributions can change the short circuit currents through fuses and

recloser into downstream faults and complicate/disrupt protection coordination.

• Depending on distribution transformer and DG neutral connection, the DG installation can

provide a grounding source on the distribution system, which can desensitize ground fault

detection.

• The change in short-circuit contribution through a fuse can result in the fuse melting prior

to the breaker operating, which defeats fuse-saving schemes.

• Fuse saving can be further defeated by DG short-circuit current contributions that continue

beyond the time when the substation breaker or recloser clears

• DG fault current contribution can cause nuisance fuse and recloser operations on laterals

causing unnecessary customer outages.

The primary source for short-circuit currents in the grid are conventional synchronous generators. Since

PV inverters provide very little short-circuit current, increased PV penetration, and the resulting de-

commitment of conventional synchronous generators, will result in a decrease of available short-circuit

capacity on the grid.  There are many consequences of this, including:

• Short circuit current decrease can adversely affect system relaying schemes, making

selective and dependable fault detection more difficult.

• Faults will cause voltage dips to be more severe and more geographically widespread.
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• The “grid interactive” PV inverters themselves rely on the grid’s short-circuit strength in

order to operate correctly.  Too low of a short-circuit strength can cause the controls of

inverters, as well as other equipment in the grid, to become unstable.

• Resonant frequencies of the grid will decrease, with increased likelihood of severe power

quality issues.

The problems of inadequate short-circuit strength are not likely to become widely evident unless the

penetration of PV and other inverter-interfaced generation becomes very high on a regional basis. If this

level of penetration is reached, however, either there will need to be direct mitigation in the form of

synchronous condensers installed throughout the grid, or the fundamental design paradigms of the power

system will need to be reconsidered.

Primary Grounding Issues

Four-wire multigrounded wye is the most common primary distribution configuration used among U.S.

utilities. For the majority of  these systems, the dominant source of grounding is the primary substation.

Operation of a breaker, recloser, or fuse can isolate a portion of a distribution system from the substation.

If one or more DGs are operating on the isolated subsystem, the DGs may continue to energize the

“islanded” subsystem. Depending on the connection configuration of the DG generator or inverter, and

the distribution transformer winding configurations used with the DG, the islanded subsystem may or

may not be adequately grounded.  Failure to provide adequate grounding can result in high overvoltages

in the event of ground faults combined with subsystem islanding. These overvoltages, even if present

only for the short time until DG protection detects the island and shuts down, can result in failure or

damage of utility equipment (e.g., lightning arresters) and to load equipment at the same and other

customer locations.

An effectively grounded system, by definition, is one where the ratio of zero-sequence reactance to

positive sequence reactance is less than or equal to three (X0/X1 ≤ 3) at any location on the system. The

necessary grounding source can be provided in the following ways:

• A transformer with a grounded-wye primary (distribution system side) and a delta

secondary (low-voltage, or customer side) can be used. 

• A wye-delta transformer can be used which has the primary neutral grounded through an

impedance. 

• A transformer with a grounded-wye primary and a grounded-wye secondary can be used, as

long as the DG generator or inverter has a grounded neutral.  

• A separate grounding transformer (zig-zag or grounded-wye delta), of the appropriate

impedance to provide effective grounding, can be connected to the primary side.  

• A transformer providing the necessary grounding can be connected to the secondary side of

a grounded-wye grounded-wye distribution transformer connecting the DG to the

distribution system, allowing the generator or inverter to be ungrounded.  

Circuit Reclosing Issues

DG connected to the distribution system can affect performance during reclosing operations. If an

islanded subsystem drifts too far out of synchronism with the grid while the switchgear is open, the
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reclosing operation can have significant impact on the DG equipment, utility system equipment, and the

equipment of other customers connected to the subsystem downstream of the reclosing switchgear. This

could occur in situations where: the real and reactive power output of the DG is not in reasonable balance

with the real and reactive power demand of the subsystem to which it is connected; there are long (several

tens of seconds) reclosing delays; or the phase-shifting effects of active anti-islanding controls (used in

some DG) cause the voltage phase angle in the islanded system to be out-of-phase with the utility system

at the time of reclose.  

IEEE Standard 1547 requires that a DG cease to energize the electrical system for faults on the circuit to

which it is connected. Therefore the DG should trip for faults on its feeder or lateral, or soon thereafter

when the upstream breaker or recloser opens. When reclosing occurs, the load previously carried by the

DG must now be picked up by the system, as the DG is normally not allowed to come back on line until

after the utility system has been reenergized without further tripping for some period. The additional load

increases the pickup current seen by the recloser or substation relays, and this may cause undesired

tripping if the protection settings are based on the net load with DG in operation.

Power Quality Issues
The presence of DG on a feeder can affect the power quality experienced by other customers on the same

circuit. This includes impacts on voltage regulation, flicker, and harmonics. The impacts are dependent

on the characteristics and operation of the

DG, as well as the number, size and

location on the circuit.  

Steady-state Voltage Regulation 

IEEE 1547 requires that the DG not

actively regulate voltage at the point of

common coupling, nor cause the service

voltage to go outside ANSI C84.1, Range A

(see Figure 19.4 at right). The existence of

DG on a circuit, which is not under control

of the utility and which may not follow

predictable patterns, complicates the

design and operation of the feeder circuit

with respect to voltage regulation.

Voltage Drop
The impact of DG on voltage drop depends on the amount of nearby load. If the net DG export is small

compared to the local load, the voltage rise may have no significant impact, or the impact may be limited

to the secondary system to which the DG is connected. However, DG power export which is large

compared to the local system load can have significant impact on the overall feeder voltage regulation.  

The impact of DG export on feeder voltage regulation depends on the location of the DG on the system,

and on the design of the feeder. The examples on the following page show the impact of uniformly

distributed and lumped DG on voltage profiles for light load conditions (30% of peak load) and heavy

load (100% of peak load).

Figure 19.4  ANSI C84-1 Voltage profile Range A limits
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Figure 19.5  Voltage profiles in a typical feeder with 30% DG penetration

In the first example (top left portion of Figure 19.5), light load is assumed to be 30% of the peak load,

and this feeder has no capacitive compensation or voltage regulators. The substation bus voltage is held

constant. Voltage regulation is acceptable over the feeder length for the full load range (top charts, pink

trace). Now assume that there is a DG penetration of 30%, relative to the peak feeder load, and this DG

penetration is uniformly distributed over the feeder. The feeder voltage profile remains acceptable over

the load range, as shown in the two graphs at the top of Figure 19.5 (blue trace). In fact, regulation is

improved because the DG provides support during peak load conditions. If the DG, however, is lumped

at the end of the feeder, excessive voltage occurs during light load toward the end of the feeder. This is

illustrated in the two bottom graphs in Figure 19.5, particularly the blue trace in the bottom left chart.

Interaction with Voltage Regulation Devices
When current is high, heavy feeder loading is inferred, and a capacitor bank under current control may

be switched in to supply the reactive power requirements and support voltage. If a is DG located

downstream of the capacitor control, it will cause the local flow to be reduced when the overall feeder

loading is at the peak. Consequently, the capacitor may not switch in as desired, and undervoltages can

appear toward the end of the feeder. With a larger DG, power flow at the capacitor bank may be reversed

during light load demand conditions. Current-based capacitor controls are non-directional and the reverse

flow may be interpreted as heavy feeder loading. As a result, the capacitor may switch in when the

voltage is already high, due to the combination of light load demand and reverse flow caused by the DG.

Excessive service voltages may result.
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Voltage regulators use line drop compensation (LDC) to control voltage at a point downstream, of the

devices location. A key assumption is that the local current is reflective of the load current profile over

the distance to the remote point. Localized changes in power flow patterns on a feeder, due to DG, can

cause the LDC to inappropriately affect the voltage regulating device output voltage. As a result, service

voltages can fall out of bounds at both heavy and light load conditions.

Figure 19.6 below (left) shows voltage profile performance for a DG exporting power equal to 100% of

the feeder peak demand at a time when the feeder is heavily loaded. The DG in this example is located

immediately downstream of the voltage regulator location. Because the real power flow at the regulator

is reversed, the LDC does not boost the voltage enough to support adequate voltage at the end of the

feeder.  Figure 19.6 below (right) shows the same system with loads at 30% of peak, and the DG

exporting the same level of power as in the previous figure. This results in a net reverse flow for the entire

feeder, which is a severe example but one which could occur if a fairly large DG is connected. The strong

reverse flow in this case cause the LDC to set the regulator to buck voltage. As a result, voltage upstream

of the regulator is excessively high, and the voltage at the end of the feeder is low.

Figure 19.6  Interaction of reverse power flow with regulator LDC. 
100% DG penetration, DG lumped immediately downstream of regulator.

A common control feature on many regulators is a “reverse power sensing” function which automatically

reverses the regulator’s control logic if the real power flow reverses. This function assumes that the

power flow is in the same direction as the short-circuit capacity. A DG can reverse the power flow locally

at the regulator location, without providing a strong enough source to reverse the direction of short-circuit

capacity. This can cause the regulator control to go unstable because voltage on the wrong side of the

regulator is sensed.  

Post-disturbance Voltage Regulation

Present interconnection standards generally require that DG trip for any fault on the utility system to

which it is connected, and for any voltage or frequency disturbance outside of a defined magnitude-time

characteristic. If the DG penetration is sufficiently large to significantly affect the feeder voltage profile,

it can lead to periods of abnormal voltage which compound the impact of system disturbances. Prior to

the disturbance, the output of the DG will have biased the settings of voltage control devices such as

LTCs, regulators, and switched capacitor banks.  System disturbances can cause all DG on a feeder to

trip, leaving the system to operate with the voltage control devices not set for maintaining a good voltage

Sudden return of the DG to the system can cause an additional voltage excursion.
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The following charts in Figure 19.7 illustrate this sequence with the voltage profiles on a feeder with a

DG at the end and switched capacitor banks. (It should be noted that the example here has a high

penetration of DG to illustrate the phenomenon.)

1. Prior to a disturbance tripping the DG, the voltage support provided by the DG caused all

capacitor banks to be switched off (left chart, blue trace). 

2. After the disturbance, the DG trips and the voltage at the end of the feeder is very low due

to lack of support from the switched-off caps (left chart, magenta trace). 

3. After some delay, the capacitor bank controls respond to the undervoltage and switch in

reactive support (right chart, magenta trace).  

4. Finally, the DG returns suddenly while the capacitor banks are on, causing a serious

overvoltage until the capacitor banks are switched off (right chart, blue trace).  

Figure 19.7  Extremes of voltage caused by DG tripping due to a fault. Penetration 100%, load at 100% of peak.

Flicker

In some cases, DG power output variations can be the cause of voltage variations leading to flickering of

lights. IEEE 1547, clause 4.3.2, requires that the DR shall not create objectionable flicker for other

customers on the Area EPS. DG may cause voltage flicker due to synchronization and power source

(prime mover) variations.

Closing in of a synchronous generator can cause a voltage disturbance if the machine’s voltage,

frequency, and phase angle are not sufficiently matched to the system. IEEE 1547, clause 4.1.3, states

that the DR unit shall parallel with the Area EPS without causing a voltage fluctuation at the PCC

greater than ±5% of the prevailing voltage level of the Area EPS at the PCC, and meet the flicker

requirements of 4.3.2. The disturbance can usually be avoided by appropriate synchronization controls

and synchro-check relays. Induction generators cannot be synchronized like a synchronous generator,

because the induction generator does not produce voltage prior to system connection. Voltage transients

can be minimized, but not eliminated by bringing the induction generator to near synchronous speed

before closing in its breaker. These startup transients for both types of rotating machines are one-time,

and a larger voltage deviation can usually be tolerated than for a repetitive variation.

DG power source variations can cause repetitive fluctuations in DG output, possibly leading to voltage

flicker. This can be caused by switching events, such as starting, stopping, or switching between a small
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and large generator. Reciprocating engine prime movers can cause fluctuations due to misfiring. This is

more likely to occur where low-quality fuel is used in the engine, such as landfill gas. Wind generators

have a small variation in output when the turbine blades pass by a pylon (the so-called 3P effect for three-

bladed turbines). This small variation may be objectionable due to the fast repetition (three pulses per

revolution). Variation from small wind turbines could be considerable if they are connected through

induction machines. Photovoltaic systems output can vary significantly in response to cloud cover

changes. Though wind and solar output variations tend to be smoother than generator fluctuations, they

can interact with upstream regulators, causing them to hunt, and produce flicker.

Flicker is more likely to be produced by loads than by DG. Some types of DG will reduce load-induced

voltage variations. Synchronous generators, and to a less extent induction generators, stiffen the system

and minimize flicker. Inverters will not normally mitigate load-induced flicker, but special controls can

be implemented to achieve this function.

Harmonic Distortion

IEEE 1547, clause 4.3.3 requires that when the DR is serving balanced linear loads, harmonic current

injection into the Area EPS at the PCC shall not exceed the limits stated in the table below. The harmonic

current injections shall be exclusive of any harmonic currents due to harmonic voltage distortion present

in the Area EPS without the DR connected.

Table 19-2  Maximum harmonic current distortion in percent of current (I)a

a I = the greater of the Local EPS maximum load current integrated demand (15 or 30 minutes) without the DR unit, or the DR unit rated current capacity
(transformed to the PCC when a transformer exists between the DR unit and the PCC).

b Even harmonics are limited to 25% of the odd harmonic limits above.

Harmonic distortion can cause misoperation of sensitive loads, capacitor unit overload and nuisance fuse

operation, rotor heating of generators and motors, and increased heating of current-carrying equipment

such as transformers. Both rotating generator DG and inverter-interfaced DG can inject harmonics into

the utility system, increasing distortion levels. The type and severity of harmonic contributions depends

on the power conversion technology, filtering and connection configuration.

Load-Commutated Inverter Harmonics
Inverters convert dc to ac by sequentially switching the

positive and negative side of the dc source to the ac phases.

The switching action inherently produces distortion, which

can be limited by various techniques in the inverter design.

Load-commutated inverters produce a stair-stepped

current (such as illustrated in Figure 19.8 at right) for a 6-

pulse converter (six thyristor switching units, sequentially

Individual 
harmonic order h 
(odd harmonics)b

h < 11 11 ≤ h < 17 17 ≤ h < 23 23 ≤ h < 35 35 ≤ h
Total demand
distortion (TDD)

Percent (%) 4.0 2.0 1.5 0.6 0.3 5.0

Figure 19.8  Six-pulse load-commutated inverter bridge
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fired every 30°). The harmonic content of such an inverter’s current is high, typically 20% - 25% total

harmonic distortion (THD). Ideally the harmonic orders are 5, 7, 11, 13, 17, 19, etc., or: 

h = 6n±1, where n = 1, 2, 3…

Voltage-Source Inverter Harmonics
Most inverter-based DG use voltage-source inverters.

These devices create a 60 Hz source by switching on and

off voltage pulses of varying widths. This is known as

pulse-width modulation (PWM). The voltage generated by

a single-phase voltage source inverter is shown in Figure

19.9 at right. The current distortion depends on the

switching rate, the series inductance, and other design

parameters. With a high switching rate, low distortion can

be achieved, and these inverters can be designed to meet

harmonic requirements without filters other than the series

inductor. The dominant harmonics are clustered around the

PWM switching frequency, and multiples of that

frequency. Harmonics of high order (frequency), but with

low magnitude, can be created which can potentially cause

telecommunication system interference.

Harmonics from Rotating Generators
Rotating machines can also be a source of harmonics mostly due to the imperfect distribution of a

generator’s windings. This is a function of the machine winding parameter known as pitch factor. Unless

a 2/3 pitch factor is used in a three-phase configuration, the generator will create zero-sequence third-

harmonic voltages which need to be blocked by a suitable transformer connection (e.g., delta-wye).

Network Issues

IEEE 1547, clause 4.1.4.2, states (in part) that any DR installation connected to a spot network shall not

cause operation or prevent reclosing of any network protectors installed on the spot network. … The DR

output shall not cause any cycling of network protectors. … The network equipment loading and fault

interrupting capacity shall not be exceeded with the addition of DR. 

When a DG is connected to a secondary grid or spot network, it creates inherent conflict with the

fundamental assumptions for network design and protection: there are no sources on the network, other

than the primary substation; and reverse power is indicative of a faulted or dropped feeder. DG provides

a source of power and short-circuit capacity (inverters are possible exceptions) on the secondary system

which can cause reverse power through a network transformer while its primary feeder is normal and

energized. If DG output exceeds the load on the network, all protectors may open and leave the network

islanded.

The events which can cause undesired operation of network protectors with DG include:

• Secondary loadflow patterns reversing power on one or more network transformer. If DG

output exceeds the demand of loads in close proximity to the DG’s location on a secondary

Figure 19.9  Voltage from a single-phase VSI. 
Sinusoid is fundamental frequency component 

of pulse-width-modulated pattern.
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grid network, the flow on some network transformers can be reversed and cause the

network protectors to open. As long as only a few protectors are open and the DG continues

to operate, this may not present an immediate problem.  However, as load and DG output

fluctuates, the network protectors may cycle frequently, leading to accelerated wear of the

interrupting contacts and actuating mechanism.  Operation with some protectors open

decreases network security.  

• Sudden drop of load, leaving DG output in excess of local load demand. A large load, or a

facility’s secondary feeder serving substantial load, may trip, leaving a connected load

demand less than the DG output. The consequences of network power demand dropping

below DG output are serious because all network protectors can open, leaving the network

islanded from the primary system. In most cases, the DG will trip, leaving the secondary

network outaged. Even if the DG were to maintain stable operation of the islanded network,

failure of the network protectors could result due to attempted reclosing when the systems

are out of phase (especially if their relative angles are changing rapidly).  

• Faults on the transmission system or on another feeder. A fault on the transmission system

or on an adjacent feeder can result in short-circuit contribution from the DG via all of the

network transformers. If the real component of the fault contribution exceeds the net

demand on the network (which may be reduced due to the low voltage during the fault),

then it is possible for all network protectors to operate. As explained above, this could lead

to outage of the network or to network protector failure.

It is possible to safely interconnect DG onto a secondary network without significantly compromising

network security. However, the application needs to be carefully studied and designed on an individual

basis. The study should include: 

• Network flow patterns, and the possibility of network protector cycling

• Comparison of DG rating and maximum power output to the minimum network load,

including load under unusual or contingency situations.

• Short-circuit flow into external faults.

• Stability studies, if needed to confirm that power swings will not cause the network to

become isolated

The settings of network protectors may also be adjusted to avoid operation for low-magnitude, transient

power reversals. The instantaneous setting of the protector relay can be set to a reverse power level higher

than the DG can produce, and the time setting have longer delays at lower pickup. This may be

accomplished in many cases without compromising the network protector function of quickly operating

for feeder faults, and slower operation for a dropped feeder.

Inadvertent Islanding

The possibility of a DG sustaining energization of some portion of a system, while that subsystem is

disconnected from the remainder of the utility system, is a major concern to the utility industry. IEEE

Standard 1547 (Section 4.4.1) states that 

Inadvertent islanding can have a number of undesirable consequences, including the following:
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• Public safety is the utility’s responsibility, but a part of the power system being energized is

out of the utility’s control of the utility. The utility cannot deenergize the subsystem or

control its voltage, frequency, or power quality.

• Maintenance and restoration can be impeded by a DG keeping a subsystem energized after

the subsystem is dropped. Safety grounds should not be applied to a line testing hot, and

considerable time can be lost in locating the source of energization and isolating it.

• Circuit reclosing is the greatest area of concern. If DG keeps the system downstream of an

automatic recloser or reclosing circuit breaker energized, the subsystem is likely to slip out

of phase with the main system. Reclosing out of phase is widely understood to be

potentially damaging to the DG. However, it can also cause widespread nuisance outages

and damage of utility and customer equipment as well.

System Reliability Issues
Enhancement of reliability is widely claimed by DG proponents as a significant benefit compared to

conventional centralized generation. On the surface, it would appear that generating power close to the

load would inherently provide greater reliability. This, however, glosses over the complexities of an

interconnected power system and may be a greatly overstated claim in the present context.  The pivotal

issues are:

• Can the DGs be relied upon to be supporting the system under the critical conditions?

• Do interconnection requirements which force the DGs to trip generate system problems?

• Will the dynamic characteristics of DG integrate with the power system so that the system

will remain stable through disturbances?

At low levels of penetration, DG is not likely to adversely affect system reliability and in some cases may

contribute to system reliability. DG can offset load demand to reduce failures due to overloads and relieve

capacity constraints to allow reconfiguration. At higher levels of penetration, the system behavior of DG

can adversely affect reliability by: slowing restoration response due to lockout requirements; nuisance

outages from short-circuit current contribution; over-tripping for faults on other circuits; network outages

from protectors opening on backfeed. 

Whether the net impact of DG on system reliability is positive or negative depends on how the DG is

interconnected, controlled, and protected. Current interconnection requirements, such as IEEE 1547 and

most state requirements do not address the DG performance requirements necessary for DG to provide

system reliability benefit.

Large-scale penetration of DG across the bulk power system will affect system steady-state and dynamic

behavior. Generally, DG will be near the load and will decrease transmission system loading. In systems

constrained by steady-state considerations, such as thermal loading or voltage limitations, the DG will

tend to improve system performance. Decreased transmission system loading, due to the DG output, will

also benefit system stability. However, certain DG characteristics, which have been intentionally added

to the DG for the purpose of islanding protection, can create an adverse impact on the bulk system

protection schemes.



19 | 16Distribution Data e-Handbook | rev date 12/12

19 | Distributed Generation Impact and Interconnection Issues

References

• IEEE Standard 1547-2003, IEEE Standard for Interconnecting Distributed Resources with Electric

Power Systems

• IEEE Application Guide for IEEE Std 1547™, IEEE Standard for Interconnecting Distributed

Resources with Electric Power Systems

• The NRECA Guide to IEEE 1547, Application Guide for Distributed generation Interconnection:

2006 Update, Resource Dynamics Corporation, March 2006

• R. A. Walling and N. W. Miller, DSTAR Program 8-8: Distributed Generation Impact on Distribution

Systems, July 2002

• ANSI C84.1-2006, American National Standard for Electric Power Systems and Equipment -Voltage

Ratings (60 Hertz)

• IEEE 519-1992 IEEE Recommended Practices and Requirements for Harmonic Control in Electronic

Power Systems


	Distribution Data e-Handbook
	Preparation Credits
	Legal Notice
	Foreword
	Distribution System Hyper-Image
	Table of Contents 
	1 | Related DSTAR Projects and Software
	Underground Distribution
	Overhead Distribution
	Distribution Engineering Software
	Distribution Transformer Application
	Overcurrent Protection Coordination
	System Design and Planning 

	2 | Bus Bar Physical and Electrical Characteristics
	Areas, Weights and Impedance
	Aluminum Rectangular Bus Bar Area, Weight and Impedance

	Ampacity Tables
	Copper Rectangular Bus Bar Current Ratings
	Aluminum Vertical Rectangular Bus Bar Current Ratings
	Aluminum Horizontal Rectangular Bus Bar Current Ratings

	References

	3 | Primary Underground Cable
	Cable Construction and Performance
	Phase Conductors
	Common Conductor Strand Types 

	Neutral Conductors
	Insulation
	Characteristics of Common Insulation Materials

	Insulation Properties
	Common Properties of Thermoplastic and Thermoset Insulation Materials 
	ICEA Nominal Insulation Thicknesses for Shielded Power Cable	

	Shielding and Screening
	Jacketing
	Jacket Materials Thermal/Mechanical Performance Characteristics
	Jacket Materials Environmental Performance Characteristics

	Field Testing
	Receiving, Handling and Storage

	Conductor Physical Properties
	Diameters for Copper and Aluminum Conductors
	Solid Copper and Aluminum Areas, Diameters and Weights
	Concentric Stranded and Aluminum Diameters and Weights

	Conductor Electrical Properties 
	DC Resistance at 25°C
	DC Resistance at Other Temperatures
	AC/DC Resistance Ratio
	Resistance Ratio Due to Skin Effect 
	Impedance Tables
	Single Phase at 10ºC - Concentric neutral
	Single Phase at 90ºC - Concentric neutral
	Three Phase at 10ºC - Equilateral Spacing
	Three Phase at 90ºC - Equilateral Spacing
	Three Phase at 10ºC - Random Lay with 12" Trench Width
	Three Phase at 90ºC - Random Lay with 12" Trench Width
	Three Phase at 10ºC - Flat Arrangement with 7.5" Spacing between Adjacent Phases
	Three Phase at 90ºC - Flat Arrangement with 7.5" Spacing between Adjacent Phases

	Ampacity Tables
	Ampacity of Single-phase Medium Voltage Cable - Concentric Neutral
	Ampacity of Three-phase Medium Voltage Cable

	Riser Pole Ampacity
	Impact of Soil Thermal Characteristics
	Typical Thermal Resistivity of Various Soil Types


	Underground Construction
	Conduit Data
	Rigid Conduit Information in Inches
	Maximum Percent Internal Area of Conduit (%)
	Maximum Percent Diameter of Conduit (%)
	Maximum Allowable Diameter of Individual Cables Given Size of Conduit

	Coefficient of Friction	
	Typical Coefficients of Dynamic Friction (μ)

	Cable Mechanical Parameters
	Physical Characteristics of Underground Cable
	Maximum Pulling Tension


	Insulated Conductor Short Circuit Withstand
	Maximum Short Circult Temperatures for Insulation Types

	Applicable Cable Standards
	References

	4 | Primary Overhead Conductors
	Physical and Electrical Characteristics of Conductors
	References

	5 | Primary Electrical Calculations
	Equivalent Spacing Calculations for Various Conductor Arrangements
	O/H Line Impedance Calculations
	Load Calculations - kW, pf, V to Amps
	Transformer Rated Primary Current
	References

	6 | Overhead and Underground Secondaries
	Overhead Secondary and Service Cables
	Physical Data and Ampacities for OH Triplex 600V Cables with ACSR Neutral
	Impedance Data for Overhead Triplex AL 600V Service Cables

	Underground Secondary and Service Cables
	Physical Data and Ampacity for UG Triplex AL 600V Cables with XLPE Insulation
	Ampacity of Multiple Triplex 600V AL Cables in Underground Duct Bank
	Ampacity of Multiple Single-Conductor 600V Copper Cables in Duct Bank
	Impedance Data for Underground Triplex AL 600V Service Cables 

	References

	7 | Secondary Electrical Calculations
	Secondary Load and Voltage Drop Computation
	Load Calculations - kW, pf, V to Amps 
	Motor Load Calculation - HP to kVA
	Secondary Voltage Drop Calculation

	Secondary Short-Circuit Computation
	Motor Starting
	Induction Motor Design
	NEMA Standard Motor Designs
	Motor Nameplate Information
	Motor Starting Characteristics 
	Motor Starting Current Calculation

	Reduced Voltage Starters for Squirrel-Cage Motors
	NEMA Locked Rotor Current Data for Medium Squirrel-Cage Induction Motors
	60-Hz Design B, C, D Motors at 230 Volts
	60-Hz Design E Motors at 230 Volts

	Single-Phase Written-Pole Motors
	Single-Phase Written-pole Motor Specifications



	8 | Metering
	Meter Connections
	ANSI Standard Meter Forms
	Commonly Used Meter Forms
	Common Meter Connections for Single-Phase 2-wire Service
	Common Meter Connections for Single-Phase 3-wire Service
	Common Meter Connections for Three-Phase 3-wire Service
	Common Meter Connections for Three-Phase 4-wire Service


	9 | System Planning and Reliability
	Engineering Economic Analysis
	Payback Period�
	Present Worth Analysis
	Discount Rate
	Net Present Value and Internal Rate of Return
	Annualized Cost
	Fixed Charge Rate
	Total Owning Cost
	Benefit-to-Cost Ratio

	Economic Conductor Sizing
	Coincidence Factor
	Economic Cable Size Selection Curves

	System Reliability
	Basic Reliability Concepts
	Series Connectivity
	Parallel Connectivity

	Distribution Reliability
	Terms and Definitions

	Measuring Reliability
	Definitions of Indices
	Sustained versus Momentary Interruptions
	Use/Misuse of Indices
	Benchmarking Data

	IEEE 1366 Major Event Day Definition
	Reliability Targets
	Cost of Interruption
	Costs for Some Industrial and Commercial  Customers

	Causes of Interruptions
	Assessing Reliability
	Typical Component Reliability Data
	Predictive Reliability Assessment Tools

	Improving Reliability

	Useful Charts and Tables
	Galvanic Series
	Engineering Notation
	Weights and Measures Conversion
	Power, Energy and Temperature Conversion
	English to Metric Conductor Sizes
	Celsius-Fahrenheit Temperature Equivalents
	Fractional, Decimal and Circular Equivalents of an Inch
	Bolts and Screws Information
	US Wood Screw Sizes
	US Sheet Metal Screw Sizes
	Machine Screw Sizes with Tapping and Clearance Drills
	US Bolt Sizes
	Metric Bolt Sizes
	US Nut Sizes
	Metric Nut Sizes



	10 | System Operation and Safety
	Common Engineering Codes and Standards
	Standards and Specifications Organizations
	National Electric Safety Code (NEC)
	National Electric Code (NEC)
	IEEE Color Books - Recommended Practice for Industrial/Commercial Power Systems
	Power Quality and Reliability 
	Health and Safety
	Power Equipment
	Motors and Generators
	Transformers and Regulators
	Capacitors and Reactors
	Power Switchgear, Circuits and Fuses
	Lines and Cable Systems

	Protection and Relaying
	Materials and Testing
	RUS/REA Bulletins

	Arc-Flash Hazard Calculations
	Model  for Incident Energy Calculation (from IEEE 1584)
	Incident Energy Calculation (from IEEE 1584)
	Flash-Protection Boundary Calculation (from IEEE 1584)
	Factors for Equipment Voltage and Classes

	Level of PPE
	Personal Protective Equipment Class, Rating and Description


	System Grounding Principles
	Neutral-to-Earth Impedance
	Types of Grounding Electrodes
	Substation Grounds
	Distribution System Neutral Grounds
	Equipment Grounding Electrodes
	Pole Grounds
	Customer Grounds
	URD Cable with Bare Concentric Neutral and Counterpoise Conductors in Direct Contact with Earth
	Metallic Water Distribution Systems

	Neutral-To-Earth Voltage Sources
	Steady-State 60 Hz Voltage
	Electrical Faults on Customer Wiring
	Faults on Utility Primary System
	High Resistance Splice

	Surge Dissipation
	Equipment Protection
	Line Protection
	Underground Protection
	Grounding System Surge Impedance

	Bonding Between Primary System Neutral, Telephone, CATV, and Water Systems
	Code Requirements
	NESC [A1] - Utility Grounding and Bonding
	NEC [A2] - User Grounding and Bonding

	Conclusions
	Bibliography

	System Voltage Regulation
	Service Voltage Standards and Requirements
	ANSI Standard C84 Service Voltage Ranges

	Impact of Voltage Variation on Utilization Equipment
	Voltage Drop Caculation
	Voltage Regulation Calculation

	Techniques for Improving Voltage Regulation
	Types of Voltage Regulating Equipment 
	Function Performed by Regulators and Capacitors


	Voltage Regulator Control Setting
	Voltage Setpoint
	Voltage Bandwidth
	Time Delay
	Line Drop Compensation
	LDC Settings - Express Feeder
	LDC Settings – Local Feeder


	Capacitor Size Required to Change Power Factor
	Correction Factors for Desired Power Factor in Percent (80-90%)
	Correction Factors for Desired Power Factor in Percent (91-100%)

	References

	11 | Overcurrent Protection and Coordination
	Overview
	Faults
	Fault Types

	Fault Calculations
	Available Short Circuit Current

	Overcurrent Protection Devices
	Fuses
	Reclosers
	Sectionalizers
	Relays and Circuit Breakers

	Device Coordination
	Inrush Current/Cold Load Pickup
	Fuse to Fuse Coordination
	Expulsion Fuse-to-Current-Limiting Fuse
	Current-Limiting Fuse-to-Current-Limiting Fuse
	Backup Current-Limiting Fuse

	Recloser to Fuse Coordination
	Fuse-Clearing and Fuse-Saving Schemes

	Recloser to Sectionalizer Coordination
	Breaker/Relay to Fuse Coordination
	Breaker/Relay to Recloser Coordination

	Transformer Protection
	Capacitor Protection
	Overhead Conductor Damage Charts
	References

	12 | Shunt Capacitor Application
	Released Capacity Due To Application of Shunt Capacitors
	Voltage Rise Due to Application of Shunt Capacitors
	Capacitor Placement
	Capacitor Fusing Guidelines
	Summary of Shunt Capacitor Fusing Criteria
	Individual Capacitor Fusing
	I2t of Inrush Current

	Group Capacitor Fusing
	Fault Current Limitations
	Group Fusing Recommendation


	Capacitor Switching Transients
	Isolated Capacitor Switching
	Back-to-back Capacitor Switching

	System Harmonics
	Harmonic Resonant Frequency
	Harmonic Current Required to Exceed Fuse Capability

	References

	13 | Transformer Application
	Impedances and Loss Loss Ranges
	Calculation of X and R from %Z and Losses
	Transformer Rated Secondary Currents

	Three-phase Transformer Connections
	Characteristics of Transformer Three-phase Connnections
	Transformer Polarity
	Connection Diagrams

	Load Equations for Symmetrical and Un-symmetrical Transformer Banks
	Open Wye – Open Delta (Lagging)
	Open Wye – Open Delta (Leading)
	Open Delta-Open Delta Bank (Leading or Lagging)
	Floating Wye - Delta
	Delta-Delta
	Delta-Delta with Equal Leg Impedance
	Delta-Delta, Three-phase load, Same Impedance angle for ZP and ZL

	Allowable Impedance Mismatch Between Banked Transformers
	Voltage Unbalance From Open Banks
	Overload Capability
	Overcurrent and Fault Protection for Transformers
	Guidelines for Fuse Selection
	Load Ability of Fuse Elements
	Transient Magnetizing Current – Inrush
	Transient Demand Current – Cold Load
	Transformer Loading
	Fuse Selection for 1-phase Transformer
	Fuse Selection for 3-phase Transformer

	Current Limiting Fuse Coordination

	Ferroresonance
	What is ferroresonance?
	What must happen to create ferroresonance?
	What can ferroresonance do?
	How do I know if I have ferroresonance?
	How can I prevent ferroresonance?

	Loading Practices for Distribution Transformers
	Introduction
	DSTAR Software Applications
	Transformer Thermal Behavior
	Distribution Transformer Load Characteristics
	Commercial and Institutional Loads
	Residential Loads
	Implications for Transformer Loading
	Distribution Transformer Loading
	Step I
	Step IIa
	Step IIb
	Step III
	Step IV
	Step V

	Cumulative Loss of Life Calcuations
	Aging Acceleration Factor
	Equivalent Aging of the Transformer
	Percent Loss of Insulation Life
	Example Calculation



	References

	14 | Overhead Construction
	NESC Ground Clearance Diagrams
	Minimum Clearance Requirements for a Triplex Conductor Attachment to a Residential Home
	Minimum Clearances of Poles and Supporting Structures from the Curb and Road
	Minimum Clearances of Poles from Fire Hydrants
	Minimum Clearances for a Swimming Pool
	Grain Bin Conductor Clearances Requirement

	Guy Wires and Poles
	Guy Wire Physical Characteristics
	Alumoweld M Guy Strand Characteristics
	Guy Wire Holding Capability
	Anchor Strength
	Pole Material

	Overhead Conductor Sag and Tension
	Level Spans
	Sag Calculation
	Conductor Length
	Tension Calculation

	Inclined Spans
	Sag Calculation
	Conductor Length
	Tension Calculation

	Ruling Span
	Ruling Span Calculation

	Tension and Loading Limits
	Ice and Wind Loading
	Ice Loading Calculation
	Wind Loading Calculation

	References

	15 | Distribution Equipment Ratings
	Standard Equipment Sizes
	Overhead Distribution Transformer Ratings
	Ratings for Single-Phase Overhead Transformers (Single Ratio)
	Ratings for Three-Phase Overhead Transformers (Single Ratio)

	Pad-Mounted Distribution Transformer Ratings
	Ratings for Single-Phase Pad-Mounted Transformers 
	Ratings for Three-Phase Pad-Mounted Transformers

	Recloser Ratings
	Voltage and Current Ratings for Oil Reclosers
	Voltage and Current Ratings for Reclosers with Vacuum Interrupters

	Voltage Regulator Ratings
	Ratings for Single-Phase Oil-Immersed Step-Voltage Regulators
	Ratings for Three-Phase Oil-Immersed Step-Voltage Regulators

	Fuse Ratings
	Ratings for Open Type Distribution Fuse Cutouts

	Circuit Breaker Ratings
	Ratings for Indoor Circuit Breakers with Voltage Range Factor K=10
	Ratings for Outdoor Circuit Breakers 72.5 kV and Below



	16 | Insulator Contamination
	Introduction
	Insulator Characteristics
	Ceramic Insulators
	Non-ceramic Insulators

	Contamination Causes and Effects
	Contaminant Sources and Accumulation
	Insulator Wetting Process
	Leakage Current, Dry Band Arcing and Flashover
	Impact of Leakage Current and Flashover

	Recognition and Testing
	Contamination Monitoring
	Contamination Severity
	IEC Classification of Contamination Severity Levels 

	Contamination Tests
	Salt-Fog Test
	Clean-Fog Test


	Prevention and Mitigation
	Over-insulating
	Coating
	Grease Coatings
	Solid Coatings

	Cleaning
	Water Washing
	Compressed Air/Dry Cleaning
	Hot Wiping / Hand Cleaning
	Dry Ice Cleaning


	Summary and Conclusions
	References

	17 | BIL and Lightning Protection
	Overview of Overvoltages and Lightning Phenomena
	Distribution Line Lightning Performance
	Static Wire Shielding

	Calculation of Pole Structure CFO
	Distribution Arrester Fundamentals
	Typical Heavy Duty Distribution Arrester Characteristics
	Arrester Selection

	Arrester Application and Equipment Protective Margin
	Recommended Minimum Protective Ratios
	Equipment Withstand Levels
	Protective Margin Calculation Example
	Typical Protective Margins for Distribution Equipment - Heavy Duty
	Typical Protective Margins for Distribution Equipment - Normal Duty
	Typical Protective Margins for Rise Poles
	Arrester Protection of Overhead Lines
	Arrester Protection of Underground Cables

	Summary of Guidelines
	References

	18 | Wildlife Control and Projection
	Introduction
	The Problem
	How Outages Occur
	Where Outages Occur
	Squirrels
	Raptors

	The Plan
	Keep Good Records 
	Track Down Causes
	Test Alternative Solutions
	Avian Protection Plans

	The Solutions
	Deterrents
	Barriers
	Coverings
	Coatings
	Repellents
	Perch Management

	Behavior Modification
	Design Alternatives
	Raptor Protection

	Useful References

	19 | Distributed Generation Impact and Interconnection Issues 
	Introduction
	Power Converstion Types and System Connection
	Rotating Machines
	Synchronous generators
	Induction generators

	:ower Inverters: DC-AC Conversion
	Line-Commutated Inverter
	Voltage-Source Inverters


	System protection and fault performance issues 
	Short-Circuit Contribution Issues
	Primary Grounding Issues
	Circuit Reclosing Issues

	Power Quality Issues
	Steady-state Voltage Regulation
	Voltage Drop
	Interaction with Voltage Regulation Devices

	Post-disturbance Voltage Regulation
	Flicker
	Harmonic Distortion
	Load-Commutated Inverter Harmonics
	Voltage-Source Inverter Harmonics
	Harmonics from Rotating Generators

	Network Issues
	Inadvertent Islanding 

	System Reliabiltiy Issues
	References


	image: Typical U.S. Distribution System Layout (clickable)
	c: c


