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PREFACE 

The purpose of this publication is to promote the use of sound engineering 
principles in the design of electric systems for industrial plants. It explains what 
is good electrical practice today, but is not a handbook of design data. Because there 
are a great number of different types of industrial plants, it is impractical to cover 
in detail all the varied electric systems required. This publication treats those fea­
tures of the electric distribution system which are applicable to most types and sizes 
of industrial plants. 

The first edition of Electric Power Distribution for Industrial Plants was pub­
lished in 1945 by the American Institute of Electrical Engineers. It was widely 
accepted by the engineering profession. The second edition was published in 1956, 
and represented substantial additions and revisions. The third edition brought up to 
date the practice resulting from technical developments since publication of the 
second edition. The present edition, the fourth, incorporates minor modifications. 

It is anticipated that in addition to its usefulness to electrical engineers this 
publication will be informative to others involved in the design of industrial plants; 
the process engineers, architects and managers who are responsible for decisions 
affecting the electric system. 

Comments, corrections and suggestions for future revision of this publication 
are welcome. They should be submitted to the Industrial and Commercial Power 
Systems Committee of The Institute of Electrical and Electronics Engineers, 345 
East 47th Street, New York, N. Y. 10017. 

Industrial Plants Power Systems Subcommittee 
of the Industrial and Commercial Power Systems Committee 
of the IEEE Industry and General Applications Group 

© Copyright 1969 by The Institute of Electrical and Electronics Engineers, Inc. 

This publication may be reproduced, without change, in part or in its entirety, 
provided that notice of its copyright by the IEEE is included. 
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ELECTRIC POWER DISTRIBUTION FOR 
INDUSTRIAL PLANTS 

CHAPTER I 

SYSTEM PLANNING 

An industrial plant is only as good as its electric dis­
tribution system. For this reason, careful system planning 
for an industrial power system is very important. This 
chapter outlines the procedures of system planning and 
presents a guide which will make the details of succeed­
ing chapters more useful and understandable. As has 
been often quoted, "If you can see the problem in your 
'mind's eye', the rest is A, B, C." 

A standard electric distribution system is not adaptable 
to all industrial plants because no two plants have identical 
requirements. Methods must be used to analyze the 
specific requirements of the industrial plant qualitatively 
and quantitatively, and design the system which will most 
adequately meet the electrical requirements of the par­
ticular plant, with consideration given to both present 
and future operating conditions. 

BASIC DESIGN CONSIDERATIONS 

Any approach to the problems must include several 
basic considerations which will affect the overall design. 
They are: 

1. Safety—Safety takes two forms; safety to per­
sonnel and safety to materials, buildings and electric 
equipments. 
Safety to personnel involves no compromise; only 
the safest system can be considered. 
Safety to materials, buildings and electric equip­
ments may involve some compromise where safety 
of personnel is not jeopardized. 

2. Reliability—The continuity of service required is 
dependent on the type of manufacturing or process 
operation of the plant. Some plants can easily toler­
ate momentary outages while others require a very 
high degree of service continuity. In view of this, 
the system should be designed to isolate faults with 
a minimum disturbance to the system and should 
have features to give the maximum dependability 
consistent with the plant requirements. 

3. First Cost—While first cost is important, it is often 
minimized if the system is reliable and its operation 
satisfactory. It should not be the determining factor 
in the design of the plant since distribution cost rep­
resents only 2 to 10 percent of the plant investment. 

4. Simplicity of Operation—Simplicity of operation 
is a big factor in the safe and reliable operation of 
a plant. Avoid complicated and dangerous switching 
operations under emergency conditions. 

5. Voltage Regulation—For some plant power sys­
tems, voltage spread may be the determining factor 
of the distribution design. Poor regulation is detri­
mental to the life and operation of electric equip­
ment. 

6. Maintenance—A well designed distribution system, 
with properly chosen equipment, will reduce emer­
gency maintenance. In planning the system, the 
accessibility and availability for inspection and re­
pairs should be given careful consideration. 

7. Plant Expansion—Plant loads generally increase. 
Consideration of the plant voltages, ratings of equip­
ment, space for additional equipment and capacity 
for increased load must be given serious study. 

Planning Guide for Distribution Design 

With the above factors in mind, the following pro­
cedure is given to guide the engineer in the design of an 
electric distribution system for any industrial plant. 

1. Obtain a general layout and mark it with the 
major loads at various locations and determine 
the approximate total plant load in horsepower, 
kilowatts, and kilovolt-amperes. 

2. Estimate the lighting, air-conditioning, and other 
loads from known data and the system load sur­
vey information given on pages 10 and 11. 

3. Determine the total connected load and calculate 
the maximum demand by using demand and diver­
sity factors. 

4. Investigate unusual loads, such as the starting of 
large motors, operation of arc furnaces or welders, 
and operating conditions such as boiler auxiliary 
motors, loads that must be kept in operation under 
all conditions, and loads that have a special duty 
cycle. 

5. Investigate the various types of distribution systems 
and select the system or systems best suited to the 
requirements of the plant. Make a preliminary one-
line diagram of the power system. 

5 

Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 15:21:55 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE 141-1969

http://www.avadocuments.com/doc/ieee-141-1969
http://www.avadocuments.com/doc/ieee-141-1969


6. If power is to be purchased from the utility, obtain 
such information concerning the supply system or 
systems as: performance data, voltage available,. 
voltage spread, type of systems available, method of 
system neutral grounding, and other data such as 
relaying, metering and the physical requirements of 
the equipment. The interrupting rating and mo­
mentary ratings of power circuit breakers should be 
obtained as well as the present and future short-
circuit capabilities of the utility system at the point 
of service to the plant. Investigate the utility's 
power contract to determine if off-peak power at 
lower rates is available, and any other requirements, 
such as power factor and demand clauses, that can 
influence power cost. 

7. If considering a generating station for an industrial 
plant, such items should be determined as: generat­
ing kva required including standby loads, generating 
voltage, and such features as relaying, metering, 
voltage regulating equipment, synchronizing equip­
ment and grounding equipment. If parallel operation 
is contemplated, be sure to review this with the 
utility and obtain its requirements. 

8. A cost analysis may be required of the different 
voltage levels and various arrangements of equip­
ment to justify and properly determine the voltage 
and equipment selected. The study should be made 
on the basis of installed cost including all the com­
ponents in that section of the system. 

9. Check the calculations of short-circuit requirements 
to be sure that all breakers are of the correct rating. 
Review the selectivity of various protective devices 
to assure selectivity during load or fault disturb­
ances. 

10. Calculate the voltage spread and voltage drop at 
various critical points. 

11. Determine the requirements of the various compo­
nents of the electric distribution system with special 
attention given to special operating and equipment 
conditions. 

12. Review all applicable national and local Codes for 
requirements and restrictions. 

13. Check to see that the maximum safety features are 
incorporated in all parts of the system. 

14. Write specifications on the equipment and include a 
one-line diagram as a part of the specifications. 

15. Obtain typical dimensions of equipment and make 
drawings of the entire system. 

16. Determine if the existing equipment is adequate to 
meet additional load requirements. Check such rat­
ings as voltage, interrupting capacity, and current-
carrying capacity. 

17. Determine the best method of connecting the new 
part of the power system with the existing system 
so as to have a minimum outage at minimum cost. 

Naturally the above procedure will not automatically 
design the electric power system in itself; it must be used 
with good, sound, basic engineering judgment. 

General Layout 

A general layout of the plant should be available before 
the engineer can begin his study. This layout usually gives 
the location and the size of the proposed building or build­
ings in the initial particular project. The extent of the 
available layout gives the engineer an idea of the possible 
expansion of the plant in the future, and must be con­
sidered by the engineer in planning the electric distribution 
system. 

Types of Circuit Arrangements 

Most modern industrial plants make use of the load-
center system. This system generally consists of several 
small substations receiving power from a medium- or high-
voltage system and stepping down at the substation to 
utilization voltages at the various load areas. The use of 
many small substations introduces the possibility of many 
different circuit arrangements. Since the type of circuit 
arrangement selected will have an important effect on 
power system performance, cost, and reliability, it is a 
factor which must be considered in the system planning 
stage. 

The basic types of circuit arrangements together with 
their respective characteristics are discussed in detail under 
Selection of Circuit Arrangements on page 18. 

Plans for Future Expansion and Modernization 

When plant facilities have to be expanded or modern­
ized, the engineer is afforded an opportunity to design his 
ideal electric system. First, a one-line diagram should be 
prepared showing the type of system which would be used 
for a new plant of similar design. Having made the plan, 
he should let it guide the future modernization and expan­
sion. Existing equipment obviously cannot be retired at 
once, but as additions and replacements of equipment are 
required, they should be made on the basis of being inte­
grated in the ideal plan and not as replacements for the 
old system. 

Flexibility 

Plants change manufacturing processes from time to 
time; Where castings are used today, welding may be used 
tomorrow. Both process and product may change as de­
mands and styles change. The electric distribution system 
for any plant should be flexible enough so that complete 
new process layouts can be made without requiring major 
changes in the distribution system. 

Flexibility for expansion should be considered. In line 
with this, the engineer should strive for a system design 
that will permit reasonable expansion with minimum in­
vestment and minimum downtime to existing production. 

Two great contributions toward flexibility are: (1) the 
load-center system with small substations which may be 
added in small blocks as required and (2) plug-in busway 
which permits the installation of flexible permanent power 
distribution systems on which machine tools and other de­
vices are merely plugged in where necessary. 
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System Reliability 
Service reliability in any plant is important. Most manu­

facturing processes are on a production-line basis so that 
a line shut-down may hold up an entire plant. Also some 
processes in themselves require a very high order of serv­
ice reliability. Many factors influence the reliability of 
electric supply in the plant. Among the most important 
factors are the following: (1) Reliability of bulk power 
supply from utility and/or local generation; voltage fluc­
tuations usually occur more frequently than momentary or 
sustained interruptions. Faults on the supply system can 
cause momentary voltage depressions in the supply voltage 
which may adversely affect industrial equipment; (2) Plant 
distribution system arrangement; (3) Simplicity of system 

1. Use of metal-clad and metal-enclosed equipment. 

2. Choose nonflammable or dry type transformers for 
indoor installations. 

3. Use factory-assembled equipment for easier field in­
stallation and better coordination. 

4. Be sure equipment ratings are adequate in every re­
spect, such as voltage, current, momentary, and inter­
rupting rating. 

Figure 1.1 shows a typical industrial unit substation 
incorporating these features. 

Economics 
Economics is a very important part of power system 

arrangement; (4) Simplicity of system operation and 
maintenance; (5) Reliability of equipment and installa­
tion. All of these factors should be considered in designing 
a system to meet the service reliability requirements of a 
given system. A study of equipment reliability is reported 
in Reference 5. 

Selection of Equipment 

The fundamental consideration in selecting equipment is 
to choose the optimum equipment consistent with the re­
quirements of the plant. Frequently it costs no more in the 
long run to use the best equipment available as it pays 
dividends in service continuity and lower maintenance. 
Some widely accepted principles a re : 

engineering. The engineer must compare systems on the 
basis of cost as well as other features. In making economic 
comparisons, it is important to include all parts of the sys­
tem from the power source down to and including the 
utilization equipment. 

Economic comparisons should also include installation 
as well as equipment and operating costs. As an example: 
system A may require less transformer kVA than system 
B, but the connections of system A and other factors may 
require far more expensive switchgear and more cable 
than system B. The increased cost of switchgear and cable 
may more than offset savings in transformer equipment. 
A comparison on the basis of transformers only would 
give the wrong answer. (Reference 6) 

*f->;,/^ ' \,S 

Figure 1.1 
Industr ia l unit substation installation of 7500 kVA with load-tap-changing 

equipment and outdoor metal-clad switchgear 

Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 15:21:55 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE 141-1969

http://www.avadocuments.com/doc/ieee-141-1969
http://www.avadocuments.com/doc/ieee-141-1969


5'***®c 
Figure 1.2 

A central control benchboard for the main 13.8-kV power distribution system of an industrial plant 

Operation and Maintenance 
Proper maintenance is as important to successful per­

formance of the system as selection of the system and its 
components. Long after the first cost is forgotten the main­
tenance cost will continue and, if foresight has not been 
used, this cost may be considerable. 

Figure 12 shows a centralized controlboard. The mimic 
bus and organized arrangement of components can be a 
real aid in avoiding operating errors. 

Although maintenance is largely in the hands of the 
operators, the system designer can aid in the problem by 
designing systems that can be maintained economically 
with a minimum of downtime or provide alternate power 
circuits. 

One circuit can then be taken out for maintenance 
without dropping essential load. Also, drawout equipment 
should be used wherever possible to enable maintenance on 
breaker elements to be done in a service shop. 

Another important factor to consider is that mainte­
nance costs often can be reduced by care in locating equip­
ment and by providing convenient auxiliary services. As 
an example, adequate aisles should be provided and spares 
of vulnerable parts should be accessible. Provisions should 
be made for auxiliary power and light so that vital serv­
ices can be continued during periodic maintenance work. 

Other important considerations are location and routine 
operation and setting of devices. Switchboards, circuit 
breakers, panelboards, and similar equipment, should not 
be located where they are subjected to accumulations of 
dirt, dust and other foreign materials or where they may 
be damaged by cranes or factory trucks. Operation and 

settings of relays should be checked regularly. The design 
engineer can help by including suggested maintenance 
schedules in the data given to the operator. 

Utility Service 
In designing the power distribution system, thought 

must also be given to the utility service. This service 
must be reviewed from the standpoint of voltage level and 
also voltage spread, as discussed in Chapter II. 

If the supply voltage is 15 kV or less, it is frequently 
used without transformation. Voltages above 15 kV are 
generally considered too high for use within buildings and, 
hence, transformation is required in these cases. When 
transformation is necessary, there is a problem of selecting 
the proper primary voltage—i.e., 2.4, 4.16, 6.9 or 13.8 kV. 
The choice is usually based on economics and will greatly 
affect both the first cost and also the cost of future expan­
sion of the distribution and utilization equipment. In gen­
eral, 4.16 kV is chosen for loads less than 10,000 kVA; 
13.8 kV is chosen for loads above 20,000 kVA; and either 
might be selected for loads between 10,000 and 20,000 kVA, 
depending upon the possibility of expansion and concentra­
tion of the load. This subject is covered later under Selec­
tion of System Voltage on page 17. 

Voltage spread in the utility system may be troublesome 
depending upon the type of utilization equipment involved. 
If the primary voltage variation is excessive, then feeder 
or bus voltage regulators may be required. These may 
be load-tap-changing transformers, individual regulators, 
switched capacitors or secondary feeder regulators. The 
choice is based upon both economic and engineering con­
siderations. 
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DETERMINATION OF LOADS 
General 

Determination of the load is the electrical engineer's 
first problem and may be difficult to solve. The size and 
number of primary and secondary substations, the size, 
number and arrangement of primary feeders, and the type 
of secondary distribution, are largely dependent on the 
amount and nature of the load and its distribution. 

The plant distribution system usually must be designed 
before all loads are known. This is at a time when the 
equipment layout itself is only in the formative stage. 
Equipment may be bought piecemeal during which time 
changes in machines are taking place either in number or 
size. Ideas are changed by the impact of what is commer­
cially available, or by manufacturers' recommendations for 
improved models, better ways of securing a given result, 
or by competitive conditions. Processes themselves are be­
ing changed as available equipment is fitted into the pros­
pective production schedule. 

Many plants are built to manufacture new products, 
which adds to the difficulty of establishing power require­
ments. Plant layouts are subject to considerable modifica­
tion of the original scheme. Entire plant rearrangement 
may be necessary in the middle of a job; air and refriger­
ating compressors, fans, blowers and pumps may come 
into the picture or shift position rapidly; oil-fired anneal­
ing furnaces may become electrically heated as a result of 
laboratory tests that prove a controlled atmosphere neces­
sary, thus adding hundreds if not thousands of kilowatts 
to the plant load. 

Even after a plant is in operation, loads may change in 
size and location. New models, new products and produc­
tion methods call for continual change in the distribution 
system, but these changes can be minimized by careful 
planning. 

Preliminary Load Survey 

How to make preliminary estimates of loads is a prob­
lem deserving the closest study. These estimates may have 
to be used as the basis for major decisions. At this stage 
in the plant design, the electrical engineer often has avail­
able only a few building layout drawings or perhaps a 
plant map. The general locations of the major pieces of 
equipment will usually be roughly indicated and their 
power requirements may or may not be known. Starting 
with this information the electrical engineer must call on 
all his knowledge and experience as well as on that of 
other plant engineers and designers to enable him to arrive 
at an estimate which will stand up as the loads become 
better defined. In most cases, it is better to consider the 
lighting and power loads separately and combine them 
later to determine the demand in any one area, since 
present practice is usually to supply these loads from a 
load-center substation. 

Factors most frequently used in determining distribu­
tion system loads are as follows: 

Demand Factor: The ratio of the maximum demand on 
a system to the total connected load of the system. (The 
maximum demand is usually the integrated maximum 

kilowatt demand over a 15 or 30 minute interval, rather 
than the instantaneous or peak demand. 

Diversity Factor: The ratio of the sum of the individ­
ual maximum demands of the various parts of a system 
to the maximum demand of the whole system. 

Load Factor: The ratio of the average load over a 
designated period of time to the peak load occurring in 
that period. 

Information as to the demand and the diversity factors 
for the various loads and groups of loads is needed to 
design the system. For example, the sum of the connected 
loads on a branch load circuit, multiplied by the demand 
factor of these loads, will give the maximum demand 
which the branch circuit must carry. The sum of the 
maximum demands of the branch circuits associated with 
a sub-load center or panelboard divided by the diversity 
factor of those branch circuits will give the maximum de­
mand at the sub-load center and on the circuit supplying 
it. The sum of the maximum demands of the circuits radi­
ating from a load center, divided by the diversity factor 
of those circuits, will give the maximum demand on the 
transformer at the load center. The sum of the maximum 
demands of the load-center transformers divided by the 
diversity factor of the transformer loads will give the 
maximum demand on their primary feeder. By the use of 
the proper demand and diversity factors as outlined above, 
the maximum demands on the various parts of the system 
from the branch load circuits to the power source, inclu­
sive, can be determined. 

Lighting Loads 

Estimating the lighting is usually not difficult. For 
rough estimates, only the area of the building and the 
illumination level desired need be known. For more accu­
rate estimating, the general type of construction must be 
known as well as mounting height and spacing and loca­
tion of roof trusses and columns, so that the optimum 
arrangement can be checked against physical requirements. 
The intensity of illumination and the type of lighting 
(mercury, fluorescent, or incandescent) desired together 
with general construction features will make possible com­
putation of load using formulas in lighting handbooks or 
data from fixture manufacturers. 

For quick estimates of lighting with the most efficient 
fluorescent units, approximately three watts per square 
foot will provide 50-footcandle illumination. If incandes-
cents are used, the wattage will be approximately twice 
as much. 

Information on outdoor lighting is readily available. 
Fence lighting can be estimated at 200 watts per 100 feet. 
"Yard lighting" is often adequate if a 200-watt lamp is 
placed every 100 feet along the exterior walls of buildings. 
The total outdoor lighting will seldom exceed 25 percent 
of all lighting and it may be as little as 5 percent; hence, 
a rather nominal allowance in primary substation and 
feeder capacity will provide for considerable leeway for 
changes in the outdoor lighting which may develop late 
in the construction period. 
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Table 1.1 gives lighting requirements in various in­
dustries. 

Table 1.1 
Lighting Requirements in Various Industries 

Industry 
Lighting in Percent of 
Total Connected Load 

Steel Foundries 
Steel Rolling Mills, Oil Refining 
Heavy Electric Equipment, Wire 

Drawing 
Auto Equipment, Baking 
Machine Parts 
Auto Assembly and Parts 

Percent 
l t o 3 
3 to 5 

5 to 8 
8 to 10 

10 to 15 
15 to 25 

The diversity factor of the lighting load will be low 
and the demand factor of the lighting connected to any 
load center should be considered as 100 percent. 

Power Loads 

Estimating the power load is considerably more diffi­
cult than estimating the lighting load. Table 1.2 gives esti­
mated load densities in representative industries. 

Table 1.2 
Estimated Load Densities in Various Industries 

Type of Plant 
Voltampere Demand 

Light and Power 

Airplane Factories 15 to 25 VA/sq ft 
Beet Sugar Factory and Refiinery 19 " 
Paper Mills 14 " 
Textile Mills, Engine Builders 12 " 
Cigarette Manufacturing 11 " 
General Manufacturing, Chemicals, 

Electronic Equipment 
Small Appliance Manufacturing, Machine 

Repair Shop 
Lamp Manufacturing 
Small Device Manufacturing 

10 

7/2 
5 
3 ^ 

Table 1.2 should be used for preliminary estimating 
only since the size of the plant and its processes will vary 
considerably within a given industry category. 

When the loads of individual machines or areas are 
known, it is necessary to combine them to obtain the 
maximum demand. The maximum demand determines the 
system capacity which must be provided to supply it as 
well as optimum system voltage. It is determined by 
applying demand and diversity factors to the connected 
load. The selection of demand and diversity factors, like 
load density, is based on known conditions, experience, 
and similar operations in existing plants. Table 1.3 gives 
the factors for the more common types of manufacturing 
loads and is the factor by which the connected load must 
be multiplied to obtain total plant demand assuming diver­
sity factor of one. If the diversity factor is known, the 
demand thus obtained should be divided by the diversity 
factor to obtain the actual demand. 

Table 1.3 
Demand Factors 

Estimating Demand 
Load 

Arc Furnaces 
Arc Welders 
Induction Furnaces 
Lighting 
Motors 

1. General Purpose, Machine Tool, 
Crane Elevators, Ventilation, Com­
pressors, Pumps, Rolling Mills, etc. 

2. Semi-continuous Processes, Paper 
Mills, Refineries, Rubber Mills, etc. 

3. Continuous Operations, Textile 
Mills, Chemical Plants, etc. 

Resistance Ovens, Heaters and Furnaces 
Resistance Welders 

Factor—Percent 

100 
30 
80 

100 

30 

60 

90 
80 
20 

As the table shows, the demand factor will vary con­
siderably with different types of loads. For example, the 
demand factor of a group of motors driving a conveyor 
belt will approach 100 percent, while the demand factor 
of a group of hand tools in a small furniture factory or 
machine shop might be only 10 percent A diversity factor 
of unity is often used to provide ample system capacity, 
since the margin provided in this way is soon used by load 
growth. Although a diversity factor of unity represents 
the sum of the maximum demands of the individual load 
centers and of the equipment applied at the distribution 
voltage on the distribution system, the usual practice is to 
provide a system adequate for a maximum demand ob­
tained with a diversity factor of unity or to provide even 
more than 100 percent capacity in the main system to take 
care of load centers which would be added in the future. 

Any of a wide variety of plants may come under con­
sideration in making a load survey. A knowledge of ap­
proximate kva load necessary to produce unit weights of 
the material being made is a great help. This knowledge 
may come from past experience or available published 
material. I t would be impossible to list all types of indus­
tries here, but requirements for some of the more impor­
tant industries follow: 

Table 1.4 
Bulk Product Industries 

Kilowatthours Per Pound of Product 
Gasoline 0.0015 
Liquid Sulphur Dioxide 0.002 
Glycerine (from soap) 0.005 
Ammonium Phosphate 0.007 
Sulphuric Acid 0.016 
Formaldehyde 0.030 
Tri-Sodium Phosphate 0.038 
Portland Cement 0.050 
Ethylene Oxide 0.070 
Alumina E x Bauxite 0.090 
Nitric Acid 0.180 
Synthetic Ethyl Alcohol 0.300 
Electric Steel 0.330 
Carbon Disulphide 0.450 
Benzene Hexachloride 0.600 
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Ammonia, Chlorine & Caustic (salt electrolysis) 0.750 
Phosphoric Acid (electric furnace) 1.80 
Rayon 2.50 
Sodium 4.70 
Hydrogen Peroxide } 
Electrolytic Magnesium ( 
Aluminum 9.0 

Table 1.5 
Unit Product Industries 

Kilowatthours Per Unit of Product 

Automobiles 
Carpets & rugs (wool) 
Cement 
Paper 

Wood Pulp 
Paper & Board 

Pig Iron 
Shoes 
Steel 
Sugar 

Beet 
Cane 

Tobacco 
Cigarettes 
Cigars 

kWh 
1050 
1480 

22 

384 
575 
25 

472 
227 

154 
220 

200 
8100 

Unit 
each 

1000 sq yd 
bbl. 

ton 
ton 
ton 

1000 pairs 
tons 

ton of refined sugar 
ton of raw sugar 

million 
million 

Electronic Data Processing 
Machines 

Large computers require that special consideration be 
given to the electric distribution system supplying them. 
Special requirements are usually stipulated by the com­
puter manufacturer, and requirements vary with computer 
design. 

A typical computer will require 3-phase, 4-wire, 60-
hertz supply at 208, 230 or 240 volts. Permissible voltage 
variation ranges from ± 3 to ± 10 percent, depending on 
computer design. Frequency variations permitted are in 
the order of ± J/2 to ± 1 hertz. Computers in general are 
likely to be damaged by system transients which may 
otherwise go undetected. The degree of susceptibility va­
ries with the computer design. It is usually advisable to 
feed the computer from a separate transformer, and in 
some cases it is necessary to isolate it further by the use 
of a motor-generator set. 

Power requirements of typical large computer systems 
range from about 200 to 500 kVA, with air-conditioning 
requirements of from 25 to 75 kVA. 

T R E N D S I N D E S I G N O F I N D U S T R I A L 
P O W E R S Y S T E M S 

Trends Affecting Power System Arrangements 

Three important trends in the design of industrial power 
systems which affect power system arrangement a re : (1) 
the increased use of load-center systems, (2) the ground­
ing of the system neutral at all voltage levels, and (3) 
the increased use of higher voltages (generally 480Y/277 
volts) for lighting in industrial and commercial buildings. 
These three trends are reviewed below: 

Load-Center Systems 

A load-center system may be defined as one in which 
power is transmitted at voltages above 600 volts to unit 
substations located close to the centers of electric load. 
At these substations the voltage is stepped down to the 
utilization level and distributed by short secondary feeders 
to the points of use. The trend to this type of system as 
opposed to older types of systems has become very marked 
in recent years. An examination of the advantages listed 
below for the load-center system when compared to older 
systems will indicate why such a trend has come about. 

1. Lower first cost. 

2. Reduced power losses. 

3. Improved voltage regulation. 

4. Increased flexibility. 

5. Better continuity of service. 

6. Simplified engineering, planning, and purchasing. 

7. Lower field installation expense. 

8. Higher salvage value. 

Load-center systems may employ any of the basic sys­
tem arrangements for primary power supply. The five 
combinations most generally used are radial, secondary 
selective, primary selective, looped primary and secondary 
network. What system to use should be determined by a 
study of the requirements for each job. Various other 
types of system arrangements, such as primary network, 
have been used as well as combinations of the basic sys­
tem arrangements, such as primary selective—secondary 
selective. It should also be pointed out that a contributing 
factor to the increased use of load center systems has been 
the development of air circuit breakers, metal-clad and 
metal-enclosed switchgear, and especially askarel-filled 
and dry type transformers. These equipments have per­
mitted the installation of the unit substations in buildings 
and close to the centers of loads without requiring ex­
pensive vaults to minimize fire hazards and danger to 
personnel. Another factor has been use of the trans­
former and large motor scheme, switched and protected 
as a unit. 

System Neutral Grounding 

Grounding of system neutrals at primary voltages has 
been almost universally practiced. However, there have 
always been two schools of thought regarding grounding 
of system neutrals at utilization voltages. There are many 
systems in operation with ungrounded neutrals, but few 
such systems are being installed today. There is therefore, 
a trend toward neutral grounding at the lower voltages, 
and it is probable that most of the new systems from now 
on will be of the grounded-neutral type. The advantages 
claimed for system neutral grounding a re : 

1. Reduced operating expense. 

2. Improved service reliability. 

3. Greater safety. 

4. Better system and equipment overcurrent protection. 

5. Improved lightning protection. 

11 

Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 15:21:55 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE 141-1969

http://www.avadocuments.com/doc/ieee-141-1969
http://www.avadocuments.com/doc/ieee-141-1969


The use of grounded-neutral systems affects power sys­
tem design by requiring, through study and careful selec­
tion, a means of grounding. Selection of transformers of 
proper characteristics for the unit substations will usually 
be involved. In some cases lower rated lightning arresters 
may be used resulting in better surge protection. Ground 
relays are usually employed on high- and medium-voltage 
systems for faster relaying of faults. 

Higher-Voltage Lighting 

The use of higher-voltage lighting, such as 480Y/277 
volts, is gaining favor for large industrial and commercial 
buildings. Fluorescent and mercury-vapor lamps which re­
quire ballasts or transformers regardless of supply volt­
age are well adapted to operation on the higher voltages. 
Reduction of the total installed cost is the principal objec­
tive. The savings to be made are a function of the size of 
the building and the percentage of the total load connected 
to the higher voltage. 

Higher-voltage lighting will affect the design of the 
power system by reducing the number and size of low-
voltage feeders operating at 120 volts, although it will 
not be practicable to eliminate such circuits entirely due 
to the need for convenience outlets for appliances. Like­
wise, step-down transformers from 480 to 120 volts will 
also be reduced in number and size. Where the lighting 
is of the incandescent type and more than half the load 
it may not be economical to use higher-voltage lighting, 
since incandescent lamps require transformers to permit 
their operation on lower voltages. 

Trends Affecting Power System 
Equipment Application 

The principal trends that affect equipment in the indus­
trial power system include: 

Metal-Enclosed Switchgear Assemblies 

The high cost of construction labor in recent years has 
emphasized the need for purchasing factory-assembled 
equipment if maximum economy is to be achieved. This 
need plus the many unquestionable advantages of metal-
enclosed switchgear has accelerated the trend toward its 
use in plants recently built or in the process of building. 

Three types of metal-enclosed switchgear have evolved 
over a span of 40 years since this type of equipment was 
first introduced to the industry. The distinction between 
types is based on construction features and voltage classi­
fication. Metal-enclosed switchgear is available in either 
indoor or outdoor construction. 

Metal-clad switchgear consists of completely metal-
enclosed, grounded stationary structures in which the sec­
ondary control devices, main power bus and outgoing 
circuits are each isolated by means of grounded metal bar­
riers to provide maximum reliability. The circuit inter­
rupting devices are of the removable type and the buses, 
connections and joints are insulated throughout. Interlocks 
are provided to insure proper sequence and safe operation. 
Metal-clad switchgear is available for medium-voltage-
class systems. Refer to Figure 1.3. 

Figure 1.3 
Indoor metal-clad switchgear with primary, transforming and secondary 

sections of a 3000-kVA unit substation. 
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Metal-enclosed load-interrupter switchgear consists of 
completely metal-enclosed, grounded structures with fixed 
or removable fused (or non-fused) load-interrupter 
switches. No metal barriers are used to isolate separate 
parts of the primary circuit. Buses, joints and connectors 
are non-insulated copper or aluminum mounted on suitable 
supports. The fused load-interrupter switch is designed to 
interrupt load current, and should be capable of safely 
closing against high fault currents. The fault-interrupting 
capacity and the high-current closing capability of the 
equipment are dependent on the characteristics of the asso­
ciated fuses. Suitable interlocks can be provided to insure 
safe and proper operation. Metal-enclosed load-interrupter 
switchgear is also available for low- and medium-voltage-
class systems. 

Metal-enclosed, low-voltage switchgear consists of free 
standing metal-enclosed, grounded switchboard structures 
with low-voltage power circuit breakers contained in indi­
vidual compartments. The circuit breakers are either sta­
tionary or drawout mounted and may be controlled re­
motely (electrically operated) or from the front of the 
switchgear. The buses are normally non-insulated and in­
coming and outgoing circuits are not normally barriered. 
Suitable interlocks are provided to insure safe and proper 
operation. As the name of this equipment implies, it is 
available for applications to low-voltage class systems. 

A few of the advantages 
are: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Safety to personnel. 

Ease of maintenance. 

Ease of installation. 

Compactness. 

Lower installed cost. 

Flexibility. 

Ease of ordering. 

of 

Uniformity of appearance. 

Power Circuit Breakers 

Air circuit breakers are now almost universally used as 
opposed to oil circuit breakers for a wide variety of volt­
ages, current-carrying and interrupting capacities to cover 
almost every requirement in an industrial plant or com­
mercial building. They have established a good record for 
reliability, safety, and low maintenance costs. 

Askarel and Dry-Type Transformers 

The use of load-center systems has been facilitated by 
the development of transformers which can be installed in 
buildings close to centers of load without requiring ex­
pensive vaults. The askarel-insulated transformer is the 
most commonly used type in the industrial field and has 
the broadest range of application. It has the advantages 
over the ventilated dry type of about twice the impulse 
strength, a lower audio sound level, lower maintenance, 
and can be located outdoors or almost anywhere in the 
plant. This type transformer has one property superior to 

oil-immersed transformers, in that the insulating liquid is 
non-flammable. Askarel is a non-oxidizing insulating fluid 
and when decomposed by an electric current evolves only 
non-explosive gaseous mixtures. These gases are toxic and 
rooms in which askarel transformers are located should be 
ventilated. 

The developments in ventilated and sealed dry type trans­
formers in the larger sizes have contributed to their in­
creased use for unit substations. At the present time dry 
type transformers are readily available in ratings to 2000 
kVA at 15 kV and below. The cost of ventilated dry type 
transformers is about 10 to 15 percent above that of con­
ventional oil-insulated self-cooled transformers and is less 
than the cost of the askarel type. They are well adapted 
for use in clean locations. 

Hermatically sealed dry type transformers filled with 
inert gas are available for use in less favorable locations. 
The cost is 35 to 40 percent more than the conventional 
oil-insulated self-cooled transformers but only 10 to 15 
percent more than the askarel type. The hermetically 
sealed, Class H transformers, can be placed almost any­
where in a building provided adequate ventilation is 
available. 

Cables 

Rubber and rubber-like synthetic compounds used as in­
sulation and cable coverings suitable for direct exposure 
to the elements and for direct burial in the ground are in 
common use at voltages up to 15 kV. 

Synthetic compounds of the thermoplastic type, such as 
poly-vinyl-chloride and polyethylene, are being used at an 
increasing rate for low-voltage power and control cable 
insulations because of the excellent electrical and mois­
ture-resistant properties as well as their relatively low 
cost. Such insulations have made possible the use of these 
cables in trays. 

Medium-voltage insulations require, in addition, high 
dielectric strength and corona and ozone resistance. Ther-
mosetting synthetic compounds such as butyl, silicone, and 
rubber compounds are being used to meet these require­
ments. 

To protect insulating compounds which exhibit excellent 
electrical properties but lack the desired environmental 
resistance, polychloroprene compounds are being widely 
used for jacket material. Polychloroprene, a tough thermo-
setting synthetic compound, has a high resistance to chemi­
cals likely to be encountered in service. 

On medium-voltage cables, shielding is normally used 
for voltages in excess of 4 kV except for portable cables 
where shielding is normally used on cables above 2 kV. 

The availability of the synthetic materials has created 
a trend away from underground duct systems and open 
wire on cross arms. Aerial cable, which is gradually re­
placing the duct and open-wire systems, is becoming quite 
popular for long outdoor circuits. Aerial cable is factory 
or field assembled from three or more properly insulated 
and jacketed conductors and a supporting messenger wire, 
which is effectively banded to the conductors. They are 
commonly made for voltages up to 15 kV grounded neutral 
and sizes up to 500 MCM. Advantages over the open-wire 
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system are fewer service interruptions, good appearance, 
ease of installation, less congestion on poles or towers, im­
proved voltage regulation because of lower and balanced 
reactance, and reduced clearance requirements. 

For indoor and short outdoor circuits, interlocked armor 
cables have found wide application at all voltage levels up 
to 15 kV. This cable eliminates the need for conduit, race­
ways, or duct and is frequently installed in troughs, baskets 
or racks. To help insure a low ground return circuit im­
pedance, an intersticial equipment ground wire is recom­
mended and sometimes required by local Codes. It has 
been found that the interlocked armor exhibits an appre­
ciable impedance which causes stray currents to flow 
through building members and may result in sparking and 
thus create a safety hazard, unless internal grounding 
conductors or other effective grounding circuit is provided. 

For a more complete discussion of cable practices, see 
Chapter IX. 

Plug-In Busway 

The use of plug-in busway is quite common for indus­
trial buildings where changing loads must be accommo­
dated. Factories, within which machines are likely to be 
moved around or changed frequently, provide excellent 
applications for the plug-in busways. Although the first 
cost of such an installation may be higher, future changes 
can be made at much lower cost and in less time. 

Capacitors 

Shunt capacitors are used to advantage in many indus­
trial installations. Electric power contracts frequently con­
tain power-factor clauses which benefit the plant if reason­
ably high power factor is maintained. The savings realized 
will often pay for the installation cost of the capacitors 

within a short time. In addition, reduced voltage drop is 
realized, particularly if the capacitors are located near the 
loads. Likewise the power losses in feeders and branch 
circuits may be reduced because of lower currents flowing 
through them when the power factor is improved. This in 
turn achieves another benefit; the ability to carry addi­
tional connected load on the same feeder circuit. 

Voltage Regulators 

The spread in voltages supplied by the utilities, together 
with the voltage drops occurring in transformers, feeders, 
and branch circuits under load conditions, may result in a 
wide variation in voltage at the utilization devices between 
light load and heavy load conditions. The trend is to re­
duce such voltage variations to a minimum in order to 
obtain more satisfactory operation of the power utilization 
devices. Some of the larger industrial plants install voltage 
regulators on buses or feeders to maintain relatively con­
stant voltages at the load. Transformers with load tap 
changing, have been used and are being increasingly ap­
plied when the incoming supply voltage is above 15 kV. 
While the trend is in the direction mentioned above, each 
case must be carefully studied to determine whether or not 
voltage correcting equipment can be economically justified. 

Motor Control Centers 

A strong trend has been established toward centralized 
motor control equipment. The advantages of grouping all 
motor controls at a central point are often present even 
when individual motor control units are used. Motor 
control centers have a number of advantages over the in­
dividually mounted controllers. The most important ad­
vantages are: 

1. Reduced installation costs. Complete units assem­
bled and wired at factory. 

POWER 
TRANSFORMER 

SOURCE 

I3800-2400Y/I386V 
750 KVA 60 HERTZ 

CURRENT 
TRANSFORMERS. 

200/5 : m _ 

i t f t 

^Ft 

52 
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1H 5IN| <> ={=1 

51 

rra 
AMMETER 

i—"I 
— i - A / H — 

-Hh-
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FUSE 
TRIP COIL „ - „ 

CONTROL 
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Figure 1.4 
Three-line diagram 
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2. Flexibility. Because of modular type of construc­
tion, starters of various sizes can be readily inter­
changed on job. 

3. Ease of maintenance. Starters may be removed for 
maintenance. 

4. Increased safety. All units dead-front with inter­
locked doors. 

5. Compactness. 

6. Reduced engineering and purchasing costs. 

7. Better protection against moisture, dirt, and me­
chanical injury. 

8. Better appearance. 

Prospective users of motor control centers should 
carefully study manufacturers' specifications to make sure 
that the equipment offered will be adequate for the duty 
involved. Preference should be given to standard con­
struction. The economic advantage of motor control cen­
ters may be lost when special features are desired. 

ONE-LINE DIAGRAMS 

A one-line diagram is one which indicates, by means of 
single lines and simplified symbols, the course and com­
ponent devices or parts of an electric circuit or system 
of circuits. 

To illustrate, consider the simple circuit shown in Fig­
ure 1.4. This is a three-line diagram. It shows the de­
tails of an entire circuit. The complete paths of all 
currents can be traced through all the conductors and 
apparatus in the circuit. 

However, in a general consideration of such a circuit 
wherein we are concerned mainly with the path of energy 
transfer (but not current paths) and the identification 
of circuit components with their ratings, the one-line 
diagram, Figure 1.5 serves the purpose better. 

i3,eoo-24ooY/usev 
750 KVA 60 HERTZ 

Figure 1.5 
Simplified one-line diagram 

In the preparation of preliminary plans for a system or 
specifications, it is not necessary to show all details in 
complete form on a one-line diagram. 

Some of the more important items to be included as 
follows: 

1. The available short-circuit and ground currents of 
power company's system. 

2. The size, type, and number of incoming and out­
going cables. 

3. The ratings, reactances, and connections of the 
transformers. 

4. The points at which power is to be metered and 
the type of metering desired. 

5. The amount and character of the load on all feeders. 

6. Authentic information as to the exact geographical 
location of the installation. 

Figure 1.6 illustrates a preliminary one-line diagram 
of a typical industrial power system. 

The following items, if given special attention during 
preparation, insure complete, accurate, and lucid diagrams. 

1. Keep the Diagram Simple 

The one-line diagram should show the major electric 
circuits and components in the most simple form for ease 
of understanding. Equipment should be arranged to mini­
mize the number of crossing lines without regard to the 
actual geometry of the plant. The geometry of the plant 
is of course important to keep in mind when making the 
one-line diagram. This geometry should be shown on a 
map, and a wiring diagram should be made later showing 
the actual location and routing of the circuits. 

2. Avoid Duplication 

The one-line diagram is a sort of "diagram shorthand," 
and for this reason every line, symbol, figure, and letter 
has a definite meaning and is made to serve some definite 
purpose in conveying significant information. Therefore, 
duplication should be carefully avoided. For example, 
when giving the rating of a current transformer, the 
abbreviation "CT" should not be used because the symbol 
itself conveys this information. It is sufficient to state 
merely the type and rating, thus "800/5." Even the ab­
breviation "AMP" after the rating is unnecessary, be­
cause current transformers obviously can be rated only 
in amperes. 

3. Use Standard Symbols 

The use of standard symbols and conventions is de­
sirable. If special features occur which cannot be accu­
rately covered by standard symbols and conventions, care 
should be exercised to make entirely clear the meaning 
of any nonstandard symbol or convention devised to cover 
such features. 

4. Show All Known Facts 

Details of circuits and devices known to the author of 
a diagram may seem to be unimportant or even irrelevant 
to him at the time. To someone else, however, or even 
to the author at a later date, these details may assume 
major importance, and their omission may be the cause 
of much extra work and loss of time, or even errors and 
misunderstandings. No detail within the scope of the 
diagram, therefore, should be considered as "unimpor­
tant," and the rule, "when in doubt, show it," should be 
followed. 
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Figure 1.6 
Typical one-line diagram 

112.5 KVA 
480-208Y/ I20V 
Z = 5.75 % 

By checking the following list before releasing a dia­
gram, the omission of some of the more important details 
can be avoided. 

1. Manufacturer's type designations and ratings of 
devices. 

2. Ratios of current and potential transformers, taps 
to be used in multi-ratio current transformers and 
potential transformers, connection of double-ratio 
current transformers. 

3. Connections of power-transformer windings (i.e., 
wye, delta, etc.). 

4. Circuit-breaker ratings in volts and amperes and 
(if not indicated by the manufacturer's type desig­
nation) the interrupting rating, type and number 
of trip coils on circuit breakers. 

5. Switch and fuse ratings in volts and amperes. 
6. Functions of relays. 

7. Ratings of machines and power transformers. 

8. Size and type of cables. 

9. Voltage, phase, and frequency of all incoming cir­
cuits. A statement should accompany this informa­
tion stating whether or not the neutral of any 
apparatus connected to the source is grounded. If 
grounded, the statement should specify whether the 
ground is solid or through an impedance. If the 
latter, the value of the impedance should be given. 

5. Show Future Plans 

Frequently, special features are devised which have no 
purpose in connection with the system being drawn at 
the time but which are included in equipment in order 
that it may fit into some plan for future changes or ex­
tensions. Such future plans should be set forth on the 
diagram either in diagrammatic form or by explanatory 
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notes. For example, an outdoor station structure is often 
built with two disconnecting switches in series in a given 
circuit with the intention of using them ultimately as 
isolating switches for a circuit breaker to be installed 
later. If shown without comment or the indication of the 
future breaker, the purpose of the second switch is en­
tirely obscured. 

6. Include Correct Title Data 

Care should be exercised in the assignment of titles to 
one-line diagrams to the end that they may accurately 
identify the installation. 

To all who contribute to the preparation of one-line 
diagrams this admonition is given:— "Tell what you 
know on the one-line sketch but nothing which you do 
not know. Other engineers are likely to mistake your 
guesses for your knowledge, often with disastrous results." 

SELECTION OF S Y S T E M VOLTAGE 

The selection of utilization, distribution and sub-trans­
mission voltage levels is one of the most important con­
siderations in power system design. System voltages 
usually affect the economics of equipment selection and 
plant expansion more than any other single factor. It 
behooves the power system engineer to consider carefully 
the problem when designing the distribution system. 

Voltage Classes 

The various voltage levels may be broadly classified as 
follows: 

1) 600 volts and less (low voltage) 

2) 601 to 15,000 volts (medium voltage) 

3) above 15,000 volts (high voltage) 

The low-voltage class, is normally restricted to sup­
plying utilization equipment directly. The medium-voltage 
class (commonly 2.4, 4.16, 6.9, and 13.8 kV) is used most 
frequently for distribution purposes but occasionally is 
employed as a utilization voltage, particularly for motors 
rated 2.3, 4.0, 6.6 or 13.2 kV. The high-voltage class, 
above 15,000 volts, may occasionally be encountered as 
the utility supply voltage. In a large plant, with widely 
dispersed load areas, voltages above 15,000 volts may be 
used to distribute power. 

Factors Affecting Voltage Selection 

The factors affecting system voltage selection are: 

1. Service voltages available from utility 

2. Load magnitude 

3. Distance power is to be carried 

4. Rating of utilization devices 

5. Safety 

6. Codes and standards 

The relative effect of these factors varies widely de­
pending upon the particular plant involved. In general, 
however, the following will apply: 

Service Voltages Available From Utility—The best 
distribution voltage to use within a plant may not be 
one of the service voltages available from the utility at 
the plant site. When this situation arises, the system 
design engineer must determine the relative costs of 
using the service voltage, for distribution or providing 
sufficient substation transformer capacity to obtain the 
desired distribution voltage. In some cases, the necessary 
substation investment will prove uneconomical and one of 
the available service voltages will be used. 

Load Magnitude—Load magnitude has little if any 
bearing on selection of voltages in the 600-volt class but 
is an important factor in selecting distribution voltages. 
It is usually the determining factor for selecting dis­
tribution voltages when the plant is compact and where 
the load is concentrated in one area. The utilization 
equipment voltage ratings and voltage limitations are 
almost the entire governing factor. 

Distance Power Is to Be Carried—Distance does not 
usually affect selection of voltages in the 600-volt class 
but is an important consideration in the selection of dis­
tribution and sub-transmission voltages. It is particularly 
important when sizable loads are located at quite a dis­
tance from the main plant. 

Rating of Utilization Devices—Utilization devices have 
a major effect on the selection of voltages in industrial 
plants. Incandescent lamps, small fractional horsepower 
motors, hand tools, business machines, appliances, etc. are 
generally available with 110-, 115-, or 120-volt ratings. 
Where this type of equipment is used, 120-volts single-
phase must be available. 

Three-phase motors are readily available for voltages 
from 208 to 13,200 volts. However, the most desirable 
voltage for a given motor from both a design and sys­
tem cost standpoint varies with the horsepower rating. 
The horsepower ratings of three-phase motors definitely 
affect system voltage selection in both the low-voltage 
and medium-voltage classes. Other types of utilization 
equipment affect the selection of system voltages. For 
example, approximately 75 percent of furnaces using re­
sistance elements are designed for 240 volts, with 480 
volts generally maximum. Large arc-furnace trans­
formers are generally limited to a maximum of 23 to 
34.5 kV because of switching equipment limitations. This 
illustrates how utilization equipment other than lighting 
and rotating machinery can affect system voltage 
selection. 

Safety—Safety is a major factor in selecting system 
voltage in the area of 120 volts, or below, where appli­
ances and portable tools are used. For example, where 
there is a possibility of contact with energized parts such 
as in ungrounded frame portable tools, voltages of the 
order of 32 volts have been selected because it has been 
shown that voltages above 50 volts to ground can be 
lethal. This practice, in general, conforms to National 
Electrical Code. The grounding of all portable tools 
is recommended when permitted. 
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On circuits above 120 volts to ground there seems to be 
little concrete evidence that voltage selection from a safety 
standpoint is a major consideration. While the chances of 
electrocution do, to a certain extent, increase with an 
increase in voltage, these higher ratings can all electro­
cute a person if he contacts a live part under proper con­
ditions. For the highest order of safety on circuits 50 
volts and higher, work on current-carrying parts should 
be done only with the circuit de-energized. 

Codes and Standards—The National Electrical Code 
places limitations on the voltage ratings of equipment 
and distribution circuits within buildings and should be 
consulted to assure conformance. 

SELECTION OF CIRCUIT ARRANGEMENTS 

General 

The power systems engineer has a choice of many dif­
ferent circuit arrangements. Although the various ar­
rangements may be compared on several bases, the choice 
usually resolves itself into the selection of an arrangement 
which will provide the required degree of service relia­
bility at the minimum cost. In arriving at a satisfactory 
compromise between cost and service reliability, the 
following fundamental considerations should be kept in 
mind: 

The cost of providing electric power to a particular 
area in an industrial plant includes fixed investment 
charges and capitalized losses in addition to the cost of 
the power itself. A great deal more can be done to con­
trol investment charges and losses than can be done to 
control the power cost. Thus, the principal concern when 
attempting to reduce over-all costs is with the initial 
investment. 

In controlling initial investment, far more can be ac­
complished by proper selection of circuit arrangement 
than by economizing on equipment details. When cost re­
ductions are necessary, they should never be made at the 
sacrifice of safety and performance by using inferior ap­
paratus. Reductions should be obtained by using a less 
expensive distribution system with some sacrifice in re­
serve rapacity and reliability. 

The degree to which extra expenditures should be 
added to the plant distribution system to increase its 
service reliability depends upon (1) characteristics of the 
manufacturing process, and (2) reliability of the power 
source. Both of these factors must be considered in ar­
riving at a solution to this problem. 

Characteristics of Manufacturing Process—In many 
manufacturing plants, a short outage of power can be 
tolerated. In other plants, short outages of power result 
in the spoiling of considerable material in process or 
cause shutdowns over a large area. In the former cases, 
where short shutdowns can be tolerated, it is question­
able if anything but the simplest system can be justified 
on an economic basis. In the latter cases, it might be 
possible to justify considerable expense for increasing the 
reliability of the distribution system. 

Power Source Reliability—Service reliability at the 
point of utilization depends upon the reliability of the 

power source. Therefore, every effort should be made 
to obtain a power source having a degree of reliability 
commensurate with plant requirements. 

If the source circuits are cable, and particularly under­
ground cable, the probability of faults in them will be 
much less than in overhead, open-wire circuits. How­
ever, while the frequency of occurrence is low, as much 
as 24 hours may be required to locate and repair the 
fault. 

Faults on overhead open-wire circuits may be either 
transient or permanent in nature. In the case of transient 
faults, service is generally restored immediately by reclos-
ing of the line breaker. Outages due to permanent faults 
may require about 8 hours to locate and repair. 

It is important to keep in mind that service reliability 
figures are highly variable on various parts of a system 
and on various systems. Historical records of similar 
installations under similar conditions will provide a re-
sonable guide as to what to expect. (Reference 5.) 

Types of Circuit Arrangements 

There are many types of circuit arrangements pos­
sible, although the most commonly used power system 
arrangements can usually be classified as one of the fol­
lowing basic types: 

1. Radial 

2. Secondary-Selective 

3. Primary-Selective 

4. Looped-Primary 

5. Secondary-Network 

A brief discussion of each of these basic circuit ar­
rangements follows: 

Radial 

In the radial arrangement, there is only one primary 
feeder and one transformer through which a given sec­
ondary bus is served. Earlier types of radial systems 
usually consisted of an outdoor transformer supplying 
the load through several low-voltage secondary feeders. 
A system of this type is shown in Figure 1.7. 

Recently, however, there has been an increasing trend 
toward the load-center distribution type of radial system 
shown in Figure 1.8. 

The load-center system differs from the earlier type in 
that power is distributed at primary voltages of 2.4 to 
13.8 kV to substations located close to the centers of 
electric load. Here, the power is stepped down to utiliza­
tion voltage (600 volts or less) and delivered by short 
secondary feeders to points of use. The load-center sys­
tem offers several important advantages over the earlier 
type of radial systems and is usually the preferred ar­
rangement except in small plants where floor space may 
be at a premium. 

The radial-type circuit arrangement of the load-center 
system will be the least expensive in the majority of 
installations since there is no duplication of equipment. 
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Old style distribution system for a medium size plant using 
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Typical radial circuit arrangement load-center 
distribution system 

(A) one-line diagram ( B ) layout in plant 

If sufficient substation capacity is used, the radial 
arrangement will adequately care for practically any 
diversity that will be encountered due to shifting of 
load. With adequate, properly installed equipment, the 
system is safe, simple, easy to operate and easy to ex­
pand by merely extending a medium voltage feeder, or 
adding a new feeder and substation. Good voltage regu­
lation is provided because of the short secondary feeders. 

It must be recognized that should a primary cable or 
transformer fail, service is lost to the area supplied by 
the faulty equipment until it is repaired. Furthermore, 
maintenance on primary feeders or transformers re­
quires the complete de-energization of the area served by 
the equipment being maintained. Many engineers feel 
that the de-energization during maintenance is far more 
of a handicap than forced outages. Forced outages are 
so rare that temporary connections can be resorted to, if 
necessary, in order to keep essential loads in operation. 

Secondary Selective 

Two of the several possible arrangements of the 
secondary-selective system are shown in Figure 1.9. This 
system utilizes two primary feeder circuits and two trans­
formers to supply each load-center area. This arrangement 
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Figure 1.9 
Typical secondary-selective arrangement of the 

load-center distribution system 

provides duplicate paths of supply from the source to each 
secondary bus and makes it posible to provide power at 
all secondary buses when a transformer or primary feeder 
circuit is out of service. 

The secondary-selective arrangement may be achieved 
through a tie between two single-transformer substa­
tions or through the use of double-ended substations. 
The tie breaker is normally open and the system op­
erates as two parallel radial systems entirely independent 
of each other beyond the power supply point. The tie 
breaker is normally interlocked with the two transformer 
breakers so that it cannot be closed unless one of the 
transformer breakers is open. This practice minimizes 
the short-circuit duty imposed on the low-voltage feeder 
circuit breakers. 

Since the load is normally divided equally between the 
two bus sections, half of the load in the area is dropped 
in the case of a primary feeder fault. Service can be 
quickly restored to the interrupted loads by opening the 
transformer breakers associated with the faulted feeder 
and closing the bus-tie breakers at all load centers. If 
the system is to carry the entire plant load with one pri­
mary feeder circuit out of service, each primary feeder 
must be capable of carrying the entire load and sufficient 
reserve transformer capacity must be provided. The re­
serve transformer capacity installed will usually be 
based on the magnitude of essential loads. 

Primary Selective 

The primary-selective arrangement differs from the 
radial and secondary-selective systems in that two pri­
mary feeders are brought to each substation transformer 
as shown in Figure 1.10. Half of the transformers are 
normally connected to each of the two feeders. The 
system is designed so that when one primary feeder is 
out of service, the remaining feeder has sufficient capa­
city to carry the entire load. 

With this arrangement, as with the secondary-selective 
arrangement, service to half of the load is interrupted 
when a fault occurs on a primary-feeder circuit. To 
restore service quickly to all loads following the loss 
of one feeder, the transformers normally supplied from 
the faulted feeder can be switched to the good feeder. 
In cases where the fault may be in a transformer, pre­
ferred operating procedure would be to open the circuit 
breaker on the energized feeder and switch one trans­
former from the other feeder to the good feeder. When 
this switching has been accomplished, the good feeder 
would be energized. This procedure would be followed 
until all transformers had been switched or until the 
feeder breaker tripped because the last transformer 
connected to it was faulted. 

If switching is to be done while one primary feeder 
circuit is energized, the safest way to make the transfer 
from one feeder to the other is with adequate power 
circuit breakers. However, the cost of such an arrange-
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ment is relatively high and normally is not used unless 
an automatic transfer scheme is desired. Usual practice 
is to use two load-interrupter switches properly inter­
locked, to accomplish the transfer from one feeder to 
the other. 

The primary-selective system provides a higher degree 
of service reliability than the radial system and about 
the same as the secondary-selective system, depending 
on the amount of reserve transformer capacity installed 
in the secondary-selective system. The flexibility of 
this arrangement to handle shifting or growing loads 
is the same as the radial system assuming the same re­
serve transformer capacity in both system. 

Looped Primary 

The systems considered thus far have radial primary 
feeders. In cases where the centers of load are relatively 
far apart, the use of looped-primary feeders may offer 
some advantages. Figure 1.11 shows two forms of the 
looped-primary arrangement. 

The looped-primary arrangement at the top of Figure 
1.11 utilizes a single primary-feeder breaker and has one 
sectionalizing load-interrupter switch at each trans­
former while the lower loop arrangement utilizes two 
primary-feeder breakers and has two sectionalizing 
switches at each transformer. When a transformer or 
primary-feeder fault occurs in either loop arrangement, 
the primary-feeder breaker or breakers will open and 
interrupt service to all loads served from that loop. The 
fault can be located by opening all load-interrupter 
switches and closing them one at a time in sequence. 
It is strongly recommended that the primary-feeder 
breaker or breakers be open before operating any switch. 
This practice will eliminate the possibility of closing 

the switch on a fault. Although modern load-interrupter 
switches have fault closing ratings deliberate closure 
on faults as with any switching device should be avoided. 

When the fault has been located, it can be isolated from 
the system by leaving the appropriate load-interrupter 
switch or switches in the open position. In the upper 
loop arrangement, of Figure 1.11, one transformer and its 
loads must be out of service for a transformer fault or a 
fault in the loop between transformers until the fault is 
eliminated. In the lower loop arrangement, the only time 
that loads are subjected to an extended outage is in the 
case of a transformer fault. The two switches at each 
transformer make it possible to isolate any fault location 
on the loop and still provide service to all transformers. 

The upper loop arrangement will cost little more than 
the radial arrangement and offers the advantage of pro­
viding service to all loads except those served from one 
transformer when either a transformer or primary-feeder 
fault exists on the system. The lower arrangement will 
have a lower cost than the primary-selective arrangement 
and will provide service to all loads when a primary-
feeder fault has been isolated similar to the primary-
selective arrangement. A transformer fault will cause an 
extended outage to the associated loads in either the 
looped-primary or primary-selective arrangement. 

The main disadvantage of the looped-primary arrange­
ment is that a primary-feeder or transformer fault will 
cause an interruption of service to all loads. 

Secondary Network 

The secondary-network system may take the form of 
either a distributed network or a spot network and either 
form may utilize a primary-selective feeder arrangement. 
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Looped primary load-center systems with sectionalizing 

switches for supplying load-center unit substations 
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The primary-selective secondary-network arrangement 
shown in Figure 1.12 is the form of the network system 
used most frequently in industrial plants. 

This system differs from the radial, secondary-selective, 
primary-selective and looped-primary system arrange­
ments in several important aspects. The major difference 
is that a primary feeder or transformer fault will not 
cause even a momentary interruption of power to any of 
the loads. The transformer secondaries are interconnected 
and operated in parallel and two or more primary-feeder 
circuits are used to supply the system. In effect, there are 
several parallel paths of power supply from any load on 
the secondary back to the power source. In many indus­
trial secondary network systems plug-in busway is used 
for the tie circuits between transformer buses. 

If two primary feeders are used to supply the primary-
selective network system, half of the transformers would 
normally be connected to each feeder with adjacent trans­
formers on different feeders. In the event of a primary-
feeder fault, the fault is isolated from the system by the 
automatic tripping of the primary-feeder circuit breaker 
and all of the network protectors associated with the 

faulted circuit. Following these tripping operations, the 
entire load is supplied over the remaining feeder and half 
of the network transformers. All transformers can be re­
stored to service by manually switching the de-energized 
units to the remaining feeder. When the faulted circuit 
is repaired and the appropriate transformers have been 
reconnected to the feeder, the network protectors asso­
ciated with those transformers will close automatically 
when the feeder breaker is closed. 

The network protector is the device that makes it pos­
sible to operate the two primary feeder circuits in parallel. 
The network protector consists basically of an electrically-
operated air circuit breaker that is controlled by a direc­
tional-power relay and by a phasing-voltage relay. When 
a primary-feeder fault occurs, there is a flow of power 
from the secondary to the fault through all of the network 
protectors associated with the faulted feeder. The direc­
tional-power relay in each of these network protectors 
operates and trips the appropriate network protectors to 
isolate the fault from the secondary. In the meantime, the 
primary-feeder breaker has tripped to completely isolate 
the fault from the rest of the system. When the fault is 
eliminated, and voltage is restored on the feeder by closing 
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Figure 1.12 
Typical primary-selective secondary network 

arrangement of load-center distribution system 

the feeder breaker, the network relays on all associated 
network protectors will cause the protectors to close auto­
matically if conditions are such that power will flow from 
the primary to the secondary. 

In addition to providing a high degree of continuity of 
service to the loads, the network system with its inter­
connected secondaries inherently offers flexibility to meet 
shifting or growing loads. In the radial, secondary-
selective, primary-selective, and looped-primary arrange­
ments, the magnitude and characteristics of the loads to 
be supplied from a given transformer secondary bus are 
governed by the rating of the particular transformer. In 
the network system, the tie-circuits between transformers 
make it possible for adjacent transformers to share load 

and thereby permit loads on some buses that are in excess 
of the kva rating of the transformer at that bus. The 
amount of power that can be transferred between trans­
former buses will be determined by the tie-circuit imped­
ance, the transformer impedance, and the characteristics 
of the load. 

Spot Network 

The secondary-network arrangement described above is 
designed to serve loads that are reasonably distributed 
within an area. However, if there are concentrations of 
critical loads that are widely separated and there is very 
little load in the areas between them, the spot-network 
arrangement will be more economical than the conven-
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tional network arrangement. The spot-network arrange­
ment operates on the same principle as the conventional 
network, the main difference is that the transformers are 
all connected to the same bus. 

Figure 1.13 shows two forms of the spot-network 
arrangement. 
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Figure 1.13 

Two forms of the spot-network arrangement 
of the load-center distribution system 

S E L E C T I O N O F S U B S T A T I O N R A T I N G S 

This discussion assumes that the system circuit arrange­
ment and substation voltage ratings have been decided. 
The selection of the kva rating of the substation is then 
largely a matter of economics with the lowest over-all 
system cost as an objective. 

Three major system components affect the over-all sys­
tem cost. These are primary cable, substations and sec­
ondary cable. These factors work contrary to one another 
so the most economical system as affected by substation 
kva rating can only be obtained by looking at all three 
at once. 

As the number of substations increases in a given area, 
the length of primary feeder cable required to serve these 
substations increases. Conversely, as the number of sub­
stations in a given area increases, the amount of second­
ary feeder cable required decreases. The substation cost 
per kva varies depending upon the kva rating of the sub­
station. If these factors are combined in their proper pro­
portions for a typical industrial plant, the results will be 
as shown in Figure 1.14. 

The curves in Figure 1.14 indicate that there is a very 
definite minimum system cost as a function of substation 
size for different voltage levels. There are also other 
factors which have an influence on substation rating. The 
most important of these a re : 

1. Higher primary voltages may require substations 
with larger kVA ratings so that a greater kVA per 
primary feeder can be handled without unduly 
complicating the substation overcurrent protection 
problem. For example, when the primary voltage is 
13.8 kV, it is desirable to have a loading of 4000 
to 7500 kVA per primary feeder. With total primary 
feeder loadings of this magnitude and using stand-

225 300 500 750 IOOO 1500 
STANDARD KVA RATINGS OF 

SECONOARY UNIT SUBSTATIONS 

Figure 1.14 
Curve showing the approximate installed costs of 

208-, 240-, 480-, and 600-volt radial secondary systems 

ard 500-kVA substations with typical diversity fac­
tors, individual primary overcurrent protection would 
be required. (National Electrical Code, 1968 edition, 
article 450-3.) If 750-, 1000- or 1500-kVA substations 
were selected, then primary feeder loadings of this 
same order of magnitude could be obtained without 
individual Overcurrent protection. This point is of 
particular importance in systems with primary volt­
ages of 15 kV and above. 

2. Large spot loads can sometimes justify larger unit 
substations. For example, a single furnace, a sin­
gle large oven, or a single large welder may justify 
substations of the order of 2000 to 2500 kVA at 
480 volts secondary since there is no secondary 
distribution. Therefore, there is nothing to be saved 
in that part of the system to offset the lower cost 
per kVA of the larger substation with a very few 
secondary breakers attached to it. Where these 
larger spot loads are encountered, it is well to 
consider using two smaller substations rather than 
one larger substation, particularly if the number of 
feeder breakers for the secondary exceeds three or 
four. For general factory areas, two 1000-kVA unit 
substations will nearly always provide a lower 
over-all system cost than one 2000-kVA substation. 
Many times a system using two 750-kVA substa­
tions will be less expensive for over-all than a 
system using one 1500-kVA substation per load area. 

3. Space available for unit substations sometimes dic­
tates larger substation kVA ratings. For example, 
one 1500-kVA substation instead of two 750-kVA sub­
stations may be necessary because the space can 
be found for the one larger unit whereas it could 
not be found for the two smaller units. Conversely, 
other areas may allow space for the two smaller 
units, but not for the larger one. 
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There are other local factors which may affect the 
kVA size of substations in a particular plant. In gen­
eral, however, the points listed on the preceding pages 
are the major factors involved in the selection of sub­
station sizes for most industrial plants. 

LIGHTING DISTRIBUTION M E T H O D S 

During the past few years, adequate lighting for fac­
tory floor areas has been recognized as necessary for 
better production and safety. At the present time, illumi­
nation levels of 50 lumens per square foot are considered 
good practice and levels as high as 100 lumens per square 
foot are not out of the ordinary. Thus, the lighting load in 
an industrial plant has become an appreciable part of the 
total load. Load intensities of two to four volt-amperes per 
square foot for lighting and eight to ten volt-amperes per 
square foot for power are about normal. 

Until the advent of the fluorescent lamp, most distribu­
tion of power for lighting loads was at 120 volts for the 
most efficient operation of incandescent lamps. Higher-
voltage incandescent lamps are fragile and generally not 
very satisfactory. Modern lighting practice, however, in­
cludes more and more the use of fluorescent lamps either 
alone or in combination with other types. Since the 
fluorescent lamp has a ballast in series with it, the 120-
volt limitation no longer applies. The required voltage 
for starting is always above 120 volts and is supplied by 
a transformer built into the ballast. The use of fluorescent 
lamps, therefore, has opened new possibilities for the use 
of higher voltage circuits to reduce the cost of the power 
system. And, the trend toward locating the substation at 
the utilization point has made possible the use of 480Y/ 
277-volt combined light and power systems. 

Two points which should be mentioned in connection 
with using higher voltage fluorescent lighting are as fol­
lows. First of all, many plants have high bay areas where 
mercury and incandescent lamps are often used in com­
bination. The mercury lamps have ballasts like the fluores­
cent lamps and are, therefore, suitable to higher voltage. 
The 120-volt incandescent lamps can be operated through 
small step-down transformers connected to the 480-volt 
system. 

The second point concerns factory office lighting. Fre­
quently, industrial plants are designed with a sizable 
office area at one end of the factory area. A 480Y/277-volt 
system can be used for general area fluorescent lighting 
within the office area. One or more feeders would be run 
into the office area for general lighting. Whereas, con­
trollers might be used as switching devices in the factory 
area, either 24-volt remote control relays or 277-volt wall 
switches may be used in the office area. The relay con­
tacts operate in the 480Y/277-volt system, but the relay 
coil is supplied with 24 volts from the small transformer. 
Thus, only 24 volts is within reach of an operator. The 
277-volt wall switch can be used in place of the remote 
control system providing this type of switch can be applied 
to meet local Codes. 

OVERCURRENT PROTECTION 

Overcurrent protection assists in preventing or limiting 
equipment damage, loss of production, building damage 

from fire, and injury to personnel. Current is a practical 
circuit characteristic for actuating a protective system, 
and overcurrent protection is used in all distribution sys­
tems. There are various additional kinds of protection 
used, such as frequency, differential, under or over voltage 
or power, but overcurrent protection will normally be 
employed as back-up protection even where it is not the 
primary circuit or equipment protection. 

It is desirable for the overcurrent protective device to 
be actuated by moderate abnormal current, as well as 
higher short-circuit current. Protection is then afforded 
against equipment damage from overloading, such as for 
motors or conductors where there has been no dielec­
tric breakdown. However, there are exceptions and a 
good example where such thermal equipment protection 
is not obtained is the usual overcurrent protection applied 
to transformers at levels of about 1.5 to perhaps 6 times 
rated current. 

The kinds of devices used for overcurrent protection 
are fuses, circuit breakers with direct-acting trips, and 
circuit breakers or contactors with relays. Fuses must be 
selected in ratings that will achieve protection objectives; 
some direct-acting trips are similarly not adjustable. Most 
relays are adjustable over a wide range and particular 
protection requirements may be met by adjustment and 
selection of appropriate current transformer ratings. The 
protection afforded may be further adapted to special re­
quirements because there will often be a choice in the 
time-current characteristics of the protective devices 
available. 

In order to maintain maximum electric service relia­
bility, only those circuit protective devices directly associ­
ated with a failure or abnormal conditions should function 
to open the circuit; this is called "selectivity." Selec­
tivity is accomplished by coordination of the various cir­
cuit protective devices, commonly on a time-current basis. 
The type of power system and the characteristics of the 
various protective devices are both important in achieving 
selectivity. In general, the simpler the protective system 
the greater the system reliability. 

It is good engineering practice to provide "back-up" 
overcurrent protection as a safeguard against failure of 
the primary protection to operate. It may simply provide 
a second chance to correct an abnormal current condition 
in a given part of a system or it may supplement the 
primary protection in another part of the system further 
removed from the source. 

Proper circuit protection should be included during the 
planning stage of the electric system. Generally, in large 
industrial plants this is done by the engineering staff. 
In small plants or simple power systems adequate pro­
tection may be achieved by compliance with the National 
Electrical Code. 

It is important to recognize that changes in the electric 
system, such as increased power or additional loads, may 
require the resetting of protective devices to assure proper 
protection and selectivity. 

Some types of loads or circuits may have specific re­
quirements. Many of these, including motors, conductors, 
or transformers, are covered by general rules in the 
National Electrical Code. Chapter I I I , on System Pro-
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tection, covers many specific suggestions concerning selec­
tion, application, and setting of relays. 

SPECIAL SYSTEMS 

In addition to the problems of general power distribu­
tion, the modern industrial plant also has the need for 
some special types of power. These are high-frequency 
power, direct-current power, electronic equipment power, 
and critical load power requirements. 

General 

The general rule to follow when special power supplies 
are involved is to use the basic principles of load-center 
distribution. Locate the device supplying the special serv­
ice as near the center of the load as possible. Many ma­
chine tools, requiring high-frequency power for instance, 
have the converting equipment built right into the machine 
itself. The direct-current power can be supplied in the 
form of motor-generators and controls "packaged" in one 
unit and included with the equipment itself. 

A central power supply may prove to be more eco­
nomical where a number of special loads can be located 
within a certain area. The cost of the individual power 
supply units will be higher than the cost of a larger unit 
to supply all the loads. The cost of maintaining several 
units is generally higher than maintaining one unit, es­
pecially rotating equipment. 

One possible disadvantage of a central power supply 
is the inability to relocate the utilization equipment con­
veniently. Today, the emphasis in production is for flexi­
bility. In the modern industrial plant very few machines 
are fixed. Changes in processes and plant layout to take 
advantage of the latest manufacturing techniques are 
everyday occurrences in many plant engineering depart­
ments. Limiting such moves due to lack of power supply 
or requesting additional funds to permit such moves to 
be made in order to provide the necessary power will 
show lack of planning on the part of the electrical 
engineer. 

High-Frequency Circuits 

High-frequency power in industrial plants should be dis­
tinguished from the term as used in electronics and com­
munication fields. Frequencies of 120, 180, 360, 420 and 
900 hertz (cycles per second) are most commonly used for 
higher-speed motors. These motors supply the drive for 
grinding and polishing machines, woodworking and spin­
ning operations and in small portable hand tools. 

The trend is for higher and higher speeds in machine 
tools. New metal discoveries and new metal alloys not 
only have permitted these higher speeds but actually de­
mand that these speeds be used in order to get the best 
efficiencies and tool life. Hence the need for higher fre­
quencies than the conventional 60 hertz. 

One of the plus values of the use of high-frequency 
power is that the motors and transformers are smaller in 
size and lighter in weight. These two factors make the 
use of 120 and 180 hertz ideal for the operation of small 
power tools found on assembly lines in the automobile 
and aircraft industries. 

The source of high-frequency power has generally been 
from frequency converters of the rotating type. Nonrotat-
ing types of converters that incorporate electron tubes, 
transistors, and controlled rectifiers are now generally 
available. 

Where several frequencies are required, various rotary 
converters can be mounted on a common base and driven 
by a standard 60-hertz motor. Circuits are then brought 
to the machine tool and terminated in a plug board. By 
plugging in the motor in the various receptacles, speed 
ranges up to 100,000 r /min are obtainable in one motor 
alone. 

High frequency is also used for induction and dielectric 
heating. The conversion equipment for these is usually 
built as part of the unit itself. It is necesary, due to the 
high impedance, to give special consideration to the cir­
cuits between the high-frequency converter and the load 
it is supplying. 

A new use of high-frequency power is for lighting 
where fluorescent lamps are used. Such lighting will offer 
many attractive benefits. Fixtures will be lighter in weight, 
no ballasts will be needed, heat losses from the ballast 
will be eliminated, more light output per lamp and con­
trollable lumen output of the whole system by varying 
the frequency are but a few of the benefits that this new 
system will offer. High-frequency lighting is already be­
ing used successfully in subway cars, trolley buses, air­
craft and commercial buildings. 

Electronic Equipment 

The greater use of electronics in industrial plants has 
brought up a new problem in power distribution voltage 
control. The problem has always been troublesome in 
plant operation, but it is becoming more critical due to 
the increased load of electronic devices. 

The major role of electronics in the industrial plant 
is for specific applications. Some of these applications 
a re : control to operate with the speed of light, control 
that is super-sensitive, control for quality or inspection, 
control for remote installations, and control for extreme 
accuracy. All of these services call for closely regulated 
performance which in turn call for a system with a low 
voltage regulation. The foe of such a voltage supply in 
plants works in two fields. The first is in the field of 
voltage spread between maximum and minimum voltages 
caused by the plant loads on transformers, feeders and in­
coming power supply from the public utility or plant 
generating units. The second is the disturbances to the 
voltage supply due to the starting of large motors, arc 
furnaces, welding and similar large loads of power. The 
effects of excessive voltage regulation are discussed in 
Chapter II titled Voltage Considerations. 

Direct-Current Power Systems 

The use of direct current as power in industrial plants 
has been increasing. In the early days, plant power was 
generated by direct-current generators at 250 volts. With 
the coming of alternating-current power and its many 
advantages of transmission, most plant equipment was 
converted to alternating current. However, one of the 
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most attractive features of direct-current motors was lost 
in this conversion; this was speed control. Many attempts 
have been made to obtain this feature with alternating-
current motors, but to date it has not been possible to 
develop an alternating-current adjustable-speed drive 
which is comparable in cost and performance with a 
direct-current drive. 

Recently, the ability to control speed accurately has 
been emphasized, especially with machine tools, con­
veyors, and process equipment. Machine tools have to 
cover wide ranges of speeds, accurately adjustable to a 
given speed in order to take advantage of new processes 
and the discovery of new materials with which to work. 
The one type of motor that could meet these specifica­
tions was the direct-current motor. The big problem was 
where to get the direct-current power to drive the motors. 

There are three practical sources of direct-current 
power: (1) generation by prime movers, (2) motor-
generator sets, and (3) rectifiers. Methods (2) and (3) 
are the most commonly used today. There are still engine-
or turbine-driven direct-current generators in old plants, 
but the most economical way is to buy or generate alter­
nating-current power, transmit it to the point of use and 
then convert it either by generation or rectification at 
that point. 

The use of power rectifiers has increased as the modern 
way of obtaining direct-current power. These rectifiers 
range from small control units to large rectifier equip­
ments rated in thousands of kilowatts capacity. Rectifiers 
may be of the electron tube, mercury pools in tanks, 
silicon cell, selenium cell, germanium cell, or copper-oxide 
plate type. All these devices take in alternating-current 
power at all ranges of voltages from the plant distribution 
systems and convert it to direct-current power in voltages 
from 6 to 12 volts for plating, 125 volts for lighting, 250 
volts for general motor work, 600 to 750 volts for steel 
mill drives and up to 850 volts for the electrochemical 
processes. 

Rectifiers are attractive from the standpoint of main­
tenance. They have few moving parts to wear out and the 
units can be located directly in the manufacturing areas. 

Other sources of direct-current power are the "pack­
aged drives." These drives are in one enclosure contain­
ing: motor-generator sets, magnetic control, and possibly 
signal generators and electronic controls. The units are 
compact and usually can be mounted close to the machine. 
A number of manufacturers make these units, and they 
cover all ranges of applications. 

SAFETY AND P L A N T PROTECTION 

General 

Protection of personnel and equipment must always be 
a primary thought in the mind of the electrical engineer 
when designing any equipment or installation. He must 
be aware of the many hazards that are present and take 
adequate precaution to protect against them. It is only 
by the recognition of these hazards and careful planning 
to control them that the use of electricity has become 
the safe and effective means of power transmission that 
we know today. 

Plant protection rests to a large extent upon the 
shoulders of the electrical engineer for it is he who must 
provide the plans for adequate alarm systems, communi­
cations, emergency lighting and other essential emergency 
services as well as the general distribution system for 
normal plant operation. 

Personnel Safety 

There are listed below items which should be con­
sidered in order to provide safe working conditions for 
the personnel. 

1. Interrupting devices should be able to function 
safely and properly under the most severe duty to 
which they may be exposed. 

2. Protection should be provided against accidental 
contact with energized conductors by elevation, 
barriers, enclosures, and other similar equipment. 

3. Disconnecting switches should not be operated while 
they are carrying current, unless designed to do 
so. Suitable barriers should be provided between 
phases to confine accidental arcs unless adequate 
space separation is provided. 

4. In many instances interlocks between the discon­
necting switch and the power circuit breaker are 
desirable, so that the breaker in series must be 
opened first before the disconnects can be operated, 
thus preventing accidental opening of the discon­
nects under load. 

5. Sufficient unobstructed room in any area containing 
electric apparatus must be provided for the operator 
to perform all necesary operations safely. 

6. A sufficient number of exits with "panic-type" door 
features should be provided from any room con­
taining electric apparatus such as a substation, con­
trol room or motor room so that escape from this 
area can be easily effected in the event of failure 
of apparatus in the room. 

7. A protective tagging procedure should be set up to 
give positive protection to men working on equip­
ment. Such a procedure should be coordinated with 
the local utility for the common equipment. 

8. Industrial plant electric systems should generally 
be designed so that all necessary work on circuits 
and equipment can be accomplished with the par­
ticular circuits and equipment de-energized. The 
system design should provide for locking out cir­
cuits or equipment for maintenance. Lockout 
switches should accept three or more padlocks and 
should be located near the driven equipment con­
venient for mechanical maintenance personnel so 
that non-electrical personnel need not enter motor 
and control rooms. The lockout device should be 
carefully identified with its associated driven equip­
ment. In very special situations where it is necessary 
to work on energized circuits, specially trained 
crews with adequate safety equipment should be 
used. 
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9. Rubber gloves deteriorate and consequently should 
be checked regularly, otherwise they may become 
more of a hazard than a safeguard because they 
give the operator a false sense of security. In 
general, they should not be used without leather 
protectors if the work is such that the glove may 
be snagged or torn. 

10. All circuits should be marked in the switching sta­
tion so as to be readily identified. Cables should 
be identified with suitable tags at both ends and 
in all manholes for the protection of men working 
on them. 

11. Consider the fire and explosion hazard of oil-filled 
apparatus and whether such equipment is permitted 
by Codes. Wherever possible, substitute apparatus 
such as air circuit breakers, air load-interrupter 
switches, and askarel-insulated or dry type trans­
formers. 

12. A fire brigade should be formed of local employees 
who are familiar with the equipment and the haz­
ards involved. This group should be trained in the 
proper procedures to follow in the event of fire in 
the electric apparatus, the proper use of the various 
types of extinguishers and methods of fire fighting. 

Medium-Voltage Installations 

The use of load-center distribution systems in industrial 
plants involves the installation of wiring and equipment 
operated between 2.4-kV and 14.4-kV. The design and in­
stallation of these systems must take into account the 
qualifications of the personnel who will be called upon 
to operate and maintain them. Plant personnel assigned 
to operate and maintain equipment energized at voltages 
above 600 volts must be trained in proper operating pro­
cedures and impressed with the hazards involved. 

Equipment installed in areas that are accessible to 
other than qualified personnel should be completely en­
closed so that no live parts are exposed or readily acces­
sible. Where live parts are exposed or where safe practice 
dictates, equipment should be installed in locked equip­
ment rooms or fenced enclosures and the distribution of 
access keys should be limited to qualified persons. Appro­
priate signs should be used to identify the equipment and 
provide operating instructions. 

Wiring diagrams of the system must be available to 
operating and maintenance personnel together with the 
type, make, and ratings of equipment and relay settings. 
When fuses are used in a system, a stock of spare fuses of 
the appropriate ratings should be maintained. These prac­
tices are particularly important in cases where contract 
electricians who are not familiar with the system or equip­
ment are called in to perform maintenance or repair work. 

Plant Communication and Alarm Systems 

Any plan for the protection of a plant must include an 
adequate and reliable system of communication, both 
within the plant and to the associated utilities and emer­
gency services which may be called upon in case of need. 
This can be accomplished in several ways; a principal 

one is by a completely self-contained and self-maintained 
inter-plant system of telephones, alarms, etc., and may 
include modern radio equipment. Another plan consists of 
a joint system tied in to the existing communication 
services. 

Fire alarm circuits, whether self-contained or tied into 
city alarm systems, should be installed in a manner that 
will guarantee the least interruption from faults and 
changes in buildings or plant operations. Lines should be 
arranged to provide easy means of testing and of isolat­
ing portions of the system, in case of fault or changes, 
without interference with the balance of the system. 

Watchman circuits are used in many plants for the 
purpose of providing a ready means for the individual 
watchman to report unusual circumstances to his super­
visor without delay. Such systems are frequently com­
bined with loudspeaker paging systems and/or other 
alarm methods. The use of annunciators in groups located 
at central points provides a means of recording calls and 
actuating other devices. Their use is proving to be a great 
aid to the engineer charged with a plant communication 
system installation. 

In the larger plants of the country today, there are to 
be found many installations of short-wave radio com­
munications which offer many advantages, especially 
instant communication with mobile units. Others have 
installed systems which are connected to existing plant 
distribution systems and by impressing a modulated high-
frequency carrier wave are able to transmit voice over 
the existing power circuits. 

No matter what type of system is used, care must be 
taken to see that it is effectively laid out to give the 
coverage required, that it is installed in a practical safe 
manner, free of external faults, and that it is supplied 
with power at all times. 

Protective Lighting 

No plant protection system is complete unless it has 
ample provision for lighting vulnerable areas, where em­
ployees enter and leave the plant, fences and boundaries 
and other particularly important points. Lighting of these 
areas is usually arranged to be independent of normal 
lighting circuits and may be used either continuously dur­
ing the night hours or may be controlled for intermittent 
use automatically or by the plant protection personnel. 
Critical areas may be protected by providing ample lights 
to illuminate the area either by local fixtures or by flood­
lighting from more distant points, but sufficient units must 
be used to provide complete coverage. 

Boundary lighting is often found to provide more useful 
illumination when asymmetrical fixtures are used and ar­
ranged so that the greater portion of the light output is 
spread along the boundary. 

The general aspects and much detailed information on 
industrial wiring methods may be found in the I E E E 
Standards Publication No. 241, "Electric Systems for 
Commercial Buildings", and the reader is referred to that 
book for more details of lighting problems. 
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Emergency Power 

Emergency lights should be provided where necesary 
to protect personnel against a sudden failure of lighting. 
Areas to be especially considered are those where people 
congregate and where controls for processes are located, 
particularly when the controlled functions are supplied 
from different sources of power than that supplying the 
lighting. 

The National Electrical Code requires that any build­
ing or part of a building designed or intended or used 
for dramatic, operatic, motion picture or other shows shall 
be provided with an emergency lighting system if the 
seating capacity of the auditorium exceeds 100 persons. 
The National Fire Protection Association's Building Exits 
Code also outlines the requirements for emergency light­
ing of exits in various classes of buildings used for public 
assembly, including factories. It requires that the electric 
power used for emergency lighting purposes shall be 
supplied from a source independent of that for the gen­
eral lighting or shall be controlled by an automatic de­
vice which will operate reliably to switch the circuit to 
an independent secondary source in the event of failure 
of the primary source of power. 

Emergency power systems may also be desirable to 
insure continuity of service in certain processes or 
occupancies where loss of power may introduce a fire 
or explosion hazard or result in extensive damage to 
materials being processed. These emergency systems 
should be installed in accordance with the rules and regu­
lations of the National Electrical Code and may have 
as a source a separate service connection with the utility 
power system, a storage battery, or an engine-driven 
generator. 

CODES 
General 

Safety to life and the protection of property from elec­
tric arcing, fire and explosions which may result from 
the installation and use of electric equipment should be 
carefully considered during the design stages of a pro­
posed electric installation. State and municipal regula­
tions will vary to some extent and fire and casualty 
insurance carriers usually have definite requirements for 
the safeguarding of specific hazards associated with the 
use of electric apparatus. Details of the proposed instal­
lation should be reviewed with representatives of these 
various groups before construction is started. In some 
cases there are no local regulations or ordinances and 
the only authorities having any jurisdiction are the in­
surance carriers. 

In general all electrical construction should conform 
to the latest requirements of the National Electrical Code 
and the National Electrical Safety Code. Both of these 
publications are USA Standards and approved by the 
United States of America Standards Institute. The Na­
tional Electrical Code is published by the National Fire 
Protection Association (NFPA). They are generally ac­
cepted by most state, municipal and insurance authorities 
as the minimum requirements considered necessary for 
safety, although careful check should always be made with 
any municipal authorities who may have jurisdiction as 

these standards are sometimes modified or amplified by 
them to conform with local conditions. 

In Canada the counterpart of the National Electrical 
Code is the Canadian Electrical Code Part I published by 
the Canadian Standards Association. 

Codes as Applied to Property Protection 

A potential fire or explosion hazard is inherent with 
the use of nearly all electric apparatus and proper ar­
rangement and protection of the equipment at the start 
will minimize if not eliminate serious property damage 
or interruption to production when insulation failures or 
breakdowns occur. 

The fire and explosion hazard of oil-insulated and com­
pound-filled equipment is one of the most common hazards 
to safeguard against. Fires or explosions in oil insulated 
transformers occur infrequently, but where they do the 
results may be disastrous depending upon the arrange­
ment of the equipment and the safeguards provided. The 
old practice of locating oil-filled transformers in the same 
room with an important switchboard or switchgear or 
other valuable apparatus should be avoided because a 
fire in the transformer will usually involve the other 
equipment increasing the damage and prolonging the 
interruption to production. 

The National Electrical Code clearly outlines the in­
stallation requirements for transformers of all types. Oil-
insulated transformers installed indoors must be installed 
in a vault of fire-resistant construction if the total ca­
pacity exceeds 75 kVA. Where a vault is required, ade­
quate ventilation and drainage facilities are necessary to 
prevent overheating of the transformer and to drain away, 
to a safe place, any oil that may be released or expelled. 

The cost of a vault may be eliminated, and a saving in 
space effected, by substituting askarel-insulated or dry 
type transformers in place of the oil-insulated type. Dry-
type sealed-tank nitrogen-filled transformers are consid­
ered fire and explosion resistant and need no special 
safeguards from this standpoint. 

Where oil-insulated transformers are installed outdoors 
they should be located at least 25 feet away from com­
bustible buildings or structures. They should not be located 
under important bridges, conveyors, tanks or similar struc­
tures where heat from a fire in the transformer may 
cause collapse of or serious damage to the structure. 
Facilities such as crushed stone-filled basins or drained 
concrete basins should be provided under the transformers 
to drain away any oil that may be expelled from them 
in time of trouble. Where a fire in one outdoor oil-
insulated transformer is likely to involve other transfor­
mers in the same bank, a non-combustible barrier or wall 
is sometimes provided between adjacent transformers to 
confine the fire to the unit in which it started. 

Permanently piped fire extinguishing systems may also 
be installed over large oil-insulated transformers or other 
oil-insulated apparatus where the value or importance of 
the apparatus and nearby equipment justifies this expense. 
These systems may be arranged to discharge either manu­
ally or automatically. One system employs water spray 
nozzles connected to a reliable and strong water supply 
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arranged to completely envelop the transformer with a 
dense fine spray if fire occurs. The effectiveness of this 
system depends upon many factors such as the size of 
nozzles, nozzle spacing, elevation, direction and angle of 
discharge, water pressure, wind velocity and temperature 
of the oil. Carbon dioxide is also available as an ex­
tinguishing medium in these fixed fire extinguishing sys­
tems for both indoor and outdoor installations. 

Electric arc furnace transformers are frequently in­
stalled in the same vault with the oil circuit breaker 
controlling the transformer and the control panel for 
raising and lowering the electrodes. This is not con­
sidered a good arrangement as failure of either the trans­
former (which is usually the oil-insulated type) or the 
circuit breaker will sometimes involve the other equip­
ment in the vault resulting in increased property damage 
and an extended interruption to production. A preferred 
arrangement is to place the transformer, the circuit 
breaker and the control panels, each in its own vault. The 
circuit breaker, which is subjected to severe duty, should 
be very carefully maintained. Air circuit breakers are 
generally used for arc-furnace duty. 

The oil used in the lubricating and governor systems 
of steam-turbine driven generators is a potential hazard 
where the steam temperatures are 700° F or higher. Tur­
bine oil will ignite if it contacts hot steam lines of this 
temperature. It is important, therefore, to arrange the oil 
lines so that if leaks should develop the oil will not drip 
or be sprayed on hot metal parts. Thermometers and other 
similar accessories on these systems should be protected 
against breakage. 

Large enclosed generators, excepting the hydrogen-
cooled type, should be provided with a built-in type of 
fire-extinguishing system. Failures do occur in these 
machines from both electrical and mechanical causes, as 
well as lightning, and considerable additional damage often 
results from the ensuing fire. In enclosed machines such 
fires are inaccessible and the built-in fire protection is 
the only possible way of extinguishing a fire, if it occurs, 
and keeping the damage to a minimum. The two common 
means of extinguishing fires in such machines which are 
now employed are: 

1. The perforated spray rings installed in the end bells 
at each end of the machine, arranged to discharge water 
over the end turns upon manual operation of a con­
veniently located control valve, and; 

2. The use of carbon dioxide arranged to discharge 
automatically or manually from a battery of cylinders 
into the interior of the generator. These systems are de­
signed to maintain a sufficient concentration of gas during 
the decelerating period to completely extinguish any fire 
in the machine. 

Hydrogen-cooled generators need no built-in extinguish­
ing equipment since a purity of about 97 percent of hydro­
gen is normally maintained in the machine and ignition 
cannot take place under these conditions. 

Large, enclosed, valuable motors, such as the reversing 
mill motors in steel mills, should also be provided with 
a built-in fire extinguishing system to help minimize the 

damage if fire occurs. On smaller enclosed motors under 
3000 horsepower, the expense of a built-in fire extinguish­
ing system may not be justified, but in any case covered 
openings should be provided in the enclosure to permit the 
easy application of extinguishing agents to the windings in 
case of fire. 

The grouping together of a number of valuable or im­
portant cables or wires in trenches, cable boxes, junction 
boxes and manholes should be avoided, particularly if 
they have combustible insulation. This applies to both 
low, medium, and high-voltage installations, and lead-
sheathed cables as well. A failure in one cable or con­
ductor can cause an arc that ignites the insulation on one 
cable and fire may destroy the entire group, or the arc 
can do extensive damage in the event of sustained arcing. 
Where it is necessary to group such cables together, they 
should be protected with a fireproof covering. The control 
circuits in power houses and substations should be ar­
ranged so that they will not be exposed to damage by 
arcing or fire. When possible, these wires should have 
asbestos or similar fire-resistive coverings. 

An adequate supply of fire extinguishers should be pro­
vided on the premises, particularly in the vicinity of large 
quantities of electric apparatus. Extinguishers suitable for 
use on live electric apparatus are the vaporizing liquid, 
carbon dioxide, and dry chemical types. Where insulating 
oil or compound is present in large quantities in power 
houses, substations, and motor rooms where there are 
many large motors present, small hose (1}4 inch) pro­
tection with portable spray nozzles should be provided 
as back-up protection in the event that the hand ex­
tinguishers are inadequate. 

Soda acid and foam type extinguishers are dangerous 
to use on live electric apparatus because the materials 
used are conducting. Care should also be exercised when 
using carbon tetrachloride extinguishers on a fire in a 
confined space as the fumes are toxic. 

GROUNDING 

The subject of grounding may be divided into two main 
parts. That is, the grounding of the system for electrical 
operating reasons and the grounding of non-current-
carrying metal parts for safety to personnel. 

The principal reasons for grounding an electric system 
are: 

1. Reduce operating and maintenance expense. 

2. Keep transient overvoltages that may appear on a 
system at a minimum. 

3. Improve service reliability. 

4. Limit the displacement of the neutral for greater 
safety. 

5. Better system and equipment overcurrent protection. 

6. Readily locate and isolate circuits which have be­
come accidentally grounded. 

7. Improve lightning protection. 
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The grounding of electric systems and equipment has 
been a National Electrical Code requirement for many 
years. This Code states specifically that "Circuits are 
grounded for the purpose of limiting the voltages upon 
the circuit which might otherwise occur through exposure 
to lightning or other voltages higher than that for which 
the circuit is designed; or to limit the maximum potential 
to ground due to normal voltage." The latest require­
ments for grounding low-voltage systems may be found 
in Article 250 of the 1968 Edition of the National Elec­
trical Code. 

Failure to provide proper grounding for electric equip­
ment may be considered as the primary cause of many 
accidents which have resulted in the death of personnel 
and no system is complete unless adequate grounding con­
nections have been made. This subject has been covered 
in Chapter V of this book in detail, but because it is 
such an important phase of the electric installation, it 
must not be passed over too lightly. This is particularly 
important when we realize that high voltages are not 
necessary to cause death from electric shock. Many deaths 
are recorded annually resulting from shock received from 
the usual 115-120 volt lighting and appliance circuits and 
many of these could and should have been avoided by 
proper grounding procedures. 

MAINTENANCE 

The design of equipment and the design of equipment 
installations should provide for adequate protection to 
the electric parts from oils, greases and dirt, all of which 
are generally very harmful to the windings and insula­
tion. As heat is a common enemy of most electric equip­
ment, a proper ventilating method must be provided both 
in the equipment design and in the installation. 

Dirt is probably the greatest enemy of all electric 
equipment because the accumulation of dirt and dust 
affects the equipment's internal and external ventilation. 
This results in greater heating of parts with the resulting 
lowered efficiency and therefore progressively increased 
heating. At the same time this shortens the life of the 
insulation because most insulating materials have a life 
expectancy which decreases rapidly when the temperature 
rises. 

Rotating equipment requires lubrication and where 
lubrication is needed, wear usually is found. Bearings 
must be checked to maintain proper clearances between 
the stationary and rotating parts. 

Insulation of equipment usually depreciates with age. 
Careful checks on the decrease of insulation resistance 
prevents many failures. A sudden drop in insulation re­
sistance of any unit is indicative of developing trouble 
and this can frequently be forestalled by immediate cor­
rective measures. 

Protective devices will function properly only if regu­
larly examined and checked. An overload relay which 
does not open a circuit at the designed level of operation 
is poor insurance against preventing serious electrical 
failure. Systems have even been reported where overload 
relays were actually blocked out of service to prevent 
their tripping. Details of system relaying are given in 
Chapter III. 

The essence of good maintenance can be summarized 
as follows: 

1. Cleanliness. Keep equipment clean and well ven­
tilated. 

2. Regular inspections. Note variations from normal 
conditions. 

3. Lubrication. Apply proper lubricants when needed. 
Develop lubrication schedules and adhere to them. 

4. Repairs and adjustments. Remember that small re­
pairs or adjustments that are neglected or postponed 
too long frequently lead to more extensive repair 
jobs. 

5. Records. Develop a system of record keeping which 
will show the repairs required by the equipment over 
a long period. 
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CHAPTER II 

VOLTAGE CONSIDERATIONS 

NOMINAL SYSTEM VOLTAGES AND 
EQUIPMENT VOLTAGE RATINGS 

Before starting a discussion on system voltage prob­
lems, it is necessary to have an understanding of the 
system voltage nomenclature and the preferred volt­
age ratings of various apparatus used in the system 
so that the proper voltage identification can be used 
throughout. It is also necessary to know why the voltage 
designations are applied to help in understanding the 
system voltage discussion in the following sections. 

PROGRESS WITH 
SYSTEM VOLTAGE NOMENCLATURE 

The I E E E Industrial and Commercial Power Systems 
Committee has had a long interest in the nomenclature 
for alternating-current power systems as applied in in­
dustrial plants and commercial buildings. A very com­
prehensive and significant paper, the "Report on Industrial 
Voltage Requirements,"1 was presented at the 1947 A I E E 
Summer General Meeting by the then Subcommittee on 
Industrial Voltage Requirements. (The "Report on In­
dustrial Voltage Requirements," Transactions Paper 47-
157, was published in the April 1948 issue of Electrical 
Engineering.)1 In 1958 a System Voltage Nomenclature 
Working Group of the Codes and Standards Subcommit­
tee of the A I E E Industrial and Commercial Power 
Systems Committee was formed and later produced the 
paper, "A-C System Voltage Nomenclature for Industrial 
and Commercial Power Systems,"2 presented in October 
at the 1960 Fall General Meeting. Upon the recommenda­
tion of the Industrial and Commercial Power Systems 
Committee, it was submitted to the Standards Committee 
of the Institute with the result that it became Standards 
Publication No. 92, published in December 1962. 

The formal acceptance of I E E E No. 92 (formerly 
A I E E No. 92) documented a comprehensive approach 
to the areas needed to change the national standard on 
this subject. In fact, the closing paragraph states that 
"it is a further recommendation of this Committee that the 
proposed voltage ratings and practices included in the 
paper be submitted to the American Standards Association 
to be adopted in their Standard on 'Preferred Voltage 
Ratings for A-C Systems and Equipment'."3 

The System Voltage Nomenclature Working Group 
had a specific motivation in wanting to develop a con­
sistent and workable voltage Standard. That desire con­
cerned the work then underway by the Committee to 
develop consistent voltage terminology in the Committee's 
present publications. During this time the third edition 
of Electric Power Distribution for Industrial Plants4 

(known as the Red Book) and Electric Systems for Com­

mercial Buildings5 (known as the Gray Book) were in 
preparation. Chapter II of the Red Book, titled "Voltage 
Considerations," and Chapter I I I of the Gray Book, titled 
"Voltage Selection," are both based on the system volt­
age nomenclature practices developed in the Working 
Group paper. 

A Look at C84 

The present Standard for the rating of all alternating-
current systems and equipment in the United States is 
Preferred Voltage Ratings for AC Systems and Equip­
ment, U S AS C84.1. (The American Standards Associa­
tion became the United States of America Standards In­
stitute in September 1966.) This Standard is based on the 
report of a joint committee of the Edison Electric Insti­
tute ( E E I Publication R-6) and the National Electrical 
Manufacturers Association ( N E M A Publication 117) 
published in May 1954; this revised the Standard issued 
in 1930. 

The present Standard C84 detailed the voltage zones 
into the categories of favorable zone and tolerable zone. 
The present voltage-band limits for these zones are given 
in Table 2.1, which is a copy of C84. To develop an under­
standing of the meaning of these zones, the definitions of 
both the favorable and tolerable zones from C84 are as 
follows. 

Favorable Zone 

"This zone will contain the greater part of the existing 
voltages. Systems will ordinarily be designed with the in­
tention that most of their operation voltages lie within this 
zone. Equipment will ordinarily be designed and rated so 
as to give fully adequate and efficient operation throughout 
this zone, although not necessarily with normal character­
istics at all voltages." 

Tolerable Zone 

"This zone will contain voltages which lie above and 
below the Favorable Zone. These necessarily result from 
practical operation under field conditions. They must be 
recognized as a normal part of the existing range of volt­
ages, although not those most desirable. Systems will 
ordinarily be designed so that the frequency of occurrence 
of such voltages, both as to location and as to time, will 
be minimized. Equipment should, in general, be able to 
give fairly satisfactory operation throughout this zone, 
although not necessarily with as good characteristics as 
are given through the Favorable Zone. For some types of 
equipment, modification of loading or even alternate de­
signs may be required for satisfactory operation in the 
upper and lower parts of the Tolerable Zone." 
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Table 2.1 

System Voltages 

System 
Designation 
in Terms of 

Base Voltage 
(BV) 

1 BV 
1/2 BV 
1/1.73Y BV 
2 BV 
4 BV 

5 BV 
20 BV 
20/34.6Y BV 
40 BV 
60 BV 

Preferred 
Base 

Voltage 

120 
120 
120 
120 
120 

120 
120 
120 
120 
115(b) 
120(b) 

Preferred 
Nominal 
System 

Voltage (a) (g) 

VOLTAGES AT POINT 

120 
120/240 

120/208Y 
240 
480 

600 
2400 

2400/4160Y 
4800 
6900(b) 
7200(b) 

Voltage Zones 
Favorable Zone 

Minimum Maximum 
Tolerable Zone (d) 

Minimum 

OF UTILIZATION BY EQUIPMENT 

110 
110/220 
114/197Y 

210 
420 

525 
2200 

2200/3810Y 
4400 
6300 

125 
125/250 
125/216Y 

240 
480 

600 
2450 

2450/4240Y 
4900 
6900 

107 
107/214 
l l l /193Y(c) 

200 
400 

500 
2100 

2100/3630Y 
4200 
6000 

Maximum 

127 
127/254(c) 
127/220Y 

250 
500 

625 
2540 

2540/4400Y 
5080 
7200 

PRIMARY VOLTAGES AT DISTRIBUTION TRANSFORMERS 

20 BV 
20/34.6Y BV 
40 BV 
60 BV 
40/69.3Y BV 

100 BV 
60/103.9Y BV 
63.5/110Y BV 

110 BV 
120 BV 

20 BV 
20/34.6Y BV 
40 BV 
60 BV 
40/69.3Y BV 

100 BV 
60/103.9Y BV 
63.5/llOY BV 

110 BV 
120 BV 

200 BV 
240 BV 
300 BV 
400 BV 
600 BV 

1000 BV 
1200 BV 
1400 BV 
2000 BV 

(See Note (f) 

120 
120 
120 
120 
120 

120 
120 
120 
120 
120 

2400 
2400/4160Y 

4800 
7200 

4800/8320Y 

12000 
7200/12470Y 
7620/13200Y 

13200 
14400 

2300 
2300/4000Y 

4600 
6900 

4600/8000Y 

11000 
6900/12000Y 
7270/12600Y 

12600 
13000 

2500 
2500/4330Y 

5000 
7500 

5000/8660Y 

12500 
7500/13000Y 
7960/13800Y 

13800 
14500 

VOLTAGES AT SUBSTATIONS AND ON TRANSMISSION 

120 
120 
120 
120 
120 

2400 
2400/4160Y 

4800 
7200 

4800/8320Y 

2300 
2300/4000Y 

4600 
6900 

4600/8000Y 

VOLTAGES AT SUBSTATIONS AND ON 

120 
120 
120 
120 
120 

115 
115 
115 
115 
115 

115 
115 
115 
115 

12000 
7200/12470Y 
7620/13200Y 

13200 
14400 

23000 
27600 
34500 
46000 
69000 

115000 
138000 
161000 
230000 

1100 
6900/12000 Y 
7270/12600Y 

12600 
13000 

(e) 
(e) 
(e) 
(e) 
(e) 

(e) 
(e) 
(e) 
(e) 

2600 
2600/4500Y 

5200 
7800 

5200/9000Y 

TRANSMISSION 

13000 
7800/13500Y 
8250/14300Y 

14300 
15000 

(e) 
(e) 
(e) 
(e) 
(e) 

(e) 
(e) 
(e) 
(e) 

2200 
2200/3810Y 

4400 
6600 

4400/7620Y 

10500 
6600/11450Y 
7000/12100Y 

12100 
12600 

SYSTEMS 

2200 
2200/3810Y 

4400 
6600 

4400/762OY 

SYSTEMS 

10500 
6600/11450Y 
7000/12100Y 

12100 
12600 

20400 
24500 
30600 
40000 
60000 

100000 
120000 
140000 
200000 

2600 
2600/4500Y 

5200 
7800 

5200/9000Y 

13000 
7800/1350OY 
8250/14300Y 

14300 
15000 

2750 
2750/4760Y 

5500 
8250 

5500/9520Y 

13200 
7920/13700Y 
8320/14500Y 

14500 
15500 

25800 
31000 
38000 
48300 
72500 

121000 
145000 
169000 
242000 

NOTES: 
(a) Except for the first and second lines, which indicate the 

usual single-phase two- or three-wire systems, the figures in the 
third column refer to three-phase systems. 

(b) Since utilization at this level is confined principally to 6600-
volt motors in large steel mills, mines, etc., a nominal designation 
of 6900 yolts is commonly used and is included herewith, even 
though it is not consistent with other nominal voltaeres in the utiliza­
tion group. The voltage zones for this level are likewise related to 
6900 volts rather than to 7200 volts. 

(c) Equipment to be used on both the 120/208Y and the 240-
volt systems must recognize the minimum voltage of the former 
and the maximum voltage of the latter. 

(d) Equipment designed for the Favorable Zone will in general 
give fairly satisfactory operation throughout the Tolerable Zone, 
except that modification of loading or alternate designs may be 
required for certain types of equipment. 

(e) For systems with nominal voltages above 14400 volts, desig­
nation of a "Favorable Zone" has been omitted as being somewhat 
less necessary than for the lower voltages. It should be considered, 
however, that the relationships and definitions pertaining to the 
lower voltages apply equally well to the higher voltages. 

(f) Preferred system voltages above 230 kV are not included in 
this table. A study of these higher voltages is still under way in 
conjunction with the International Electrotechnical Commission. 

(g) In order that other numerical designations for system volt­
ages which are sometimes used may be interpreted in terms of the 
"Preferred Nominal System Voltages" values shown in Table 2.1, 
the following* tabulation has been prepared. It should be emphasized 
that all of the different values on any one line refer to the same 
system as defined by its zone values in Table 2.1. Apparatus ratings 
indicated in other tables in this report in connection with the "Pre­
ferred Nominal System Voltages" apply, therefore, equally well 
where these other designations are used. 

* See next page for continuation of Note (g) 
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Note (g) of Table 2.1 continued 

Preferred Nominal 
System Voltage 

120 
120/240 
120/208Y 

240 
480 
600 

2400 
2400/4160Y 

4800 
7200 

4800/8320Y 
12000 

7200/12470Y 
7620/13200Y 

13200 
14400 
23000 
27600 
34500 
46000 
69000 
115000 
138000 
161000 
230000 

Other Designations 
for Identical Systems 

110, 115 or 125 
110/220 or 115/230 

115/199Y 
220 or 230 
440 or 460 
550 or 575 

2200, 2300 or 2500 
3810 or 4000 

4400, 4600 or 5000 
6600, 6900 or 7500 

8000 
11000 or 11500 

11450, 11950 or 12000 
— 13500 or 13800 

13200, 13800 or 14000 
22000 or 24000 

26400 
33000 or 36000 
44000 or 48000 
66000 or 72000 
110000 or 120000 

132000 
154000 
220000 

The current activity of the present U S A Standards 
Committee C84 has re-examined the definitions of the two 
voltage zones and, because of the difficulty of finding a 
clear and succinct title for the zones, has presently labeled 
them Range A and Range B. I t should be observed that 
the scope of the proposed definitions needfully differ from 
the present C84. The current definitions are as follows. 

Range A: Service Voltage 
"Electric supply systems shall be so designed and oper­

ated that most service voltages are within the limits speci­
fied for this range. The occurrence of service voltages 
outside of these limits is to be infrequent with respect to 
time and place." 

Range A: Utilization Voltage 
"User systems shall be so designed and operated that, 

with service voltages within Range A limits, most utiliza­
tion voltages are within the limits specified for this range. 

"Utilization equipment shall be designed and rated to 
give fully satisfactory performance throughout this range." 

Range B: Service and Utilization Voltages 
"This range includes voltages above and below Range A 

limits that necessarily result from practical operating con­
ditions on supply and/or user systems. Although such 
conditions are a part of practical operations, they shall be 
limited in extent, frequency and duration. When they oc­
cur, corrective measures shall be undertaken within a rea­
sonable period of time to improve voltage to within Range 
A limits. 

"Insofar as practicable, utilization equipment shall be de­
signed to give acceptable performance in the extremes of 
this range of utilization voltage, although not necessarily 
as good performance as in Range A. 

"It must be recognized that, because of conditions be­
yond the control of the supplier and/or user, there will be 
infrequent and limited periods when sustained voltages out­
side of Range B limits will occur. Utilization equipment 
may not operate satisfactorily under these conditions, and 

protective devices may operate to protect the equipment. 
When voltages occur outside the limits of Range B, 
prompt corrective action is recommended. The urgency 
for such action will depend upon many factors, such as 
location and nature of load or circuits involved, and mag­
nitude and duration of the deviation beyond Range B 
limits." 

Low-VOLT AGE SYSTEMS 
To correlate the different system voltage levels, the 

starting point in the industrial field is with low-voltage 
systems. 

Change in Motor Voltage Rating 
After ASA C84.1 was issued in 1954, problems con­

tinued to appear with the 220- and 440-volt ratings of 
electric motors. Table 2.2 shows an extract from the 
Standard listing the maximum and minimum voltages in 
the favorable zone for the 120-, 240-, and 480-volt systems. 
As quoted earlier, the favorable zone is defined as that in 
which most operating voltages will fall. It should be noted 
that the 120-volt system allows a 5-volt rise above nominal 
voltage, but no plus tolerance is allowed for the 240- and 
480-volt systems. 

I E E E Standards Publication No. 92 recognized the dis­
advantage of retaining the nine percent difference between 
the 480-volt transformer and 440-volt motor. Actual op­
erating practice indicates that the system voltages were 
about five percent above the motor voltage. This reduced 
system-voltage drop was due to the general adoption of 
the load-center principle of distribution. Accordingly, it 
recommended that the standard N E M A transformer be 
operated on the plus two and one-half percent tap to give 
a secondary voltage of 468 volts with rated primary 
voltage. This approach would eventually lead to the adop­
tion of a line of transformers rated at 460 volts, in place 
of 480 volts, to be more closely in harmony with the 440-
volt motor. This approach was not acceptable to the elec­
tric utility industry which has made a long and continuous 
effort to standardize on transformers based on multiples of 
120 volts. Thus, the alternative was to retain the 120-volt 
based transformer and investigate the possibility of going 
to a three-phase motor based on multiples of 115 volts 
as presently exists for low-voltage single-phase systems so 
as to accomplish the same end result of harmony between 
the system and motor voltages. Careful study was given 
to this subject by a joint committee of the N E M A Motor 
and Generator Committee and the N E M A Industrial Con­
trol Committee. A result has been publication of Sug­
gested Standard for Future Design? There has been wide 
acceptance of the proposal to line up the three-phase mo­
tors on the 115-volt base, which has been the basis for 
single-phase motors for many years. 

Problems of Standard Usage 
Because of discrepancies in tolerances between utiliza­

tion equipment and power system voltages, there have 
been a number of unfair complaints that the utilities were 
raising the voltage. 

Table 2.3 shows an extract from the tabulation of pri­
mary voltages at distribution transformers for the 12000-
volt (not usually an industrial voltage but easy to use by 
way of comparison) system showing a maximum voltage 
of 12500 volts and a minimum voltage of 11000 volts for 
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the favorable zone. Table 2.4 shows that if the maximum 
voltage of 12500 volts is applied to the primary of a 
standard 12000-volt distribution transformer, the secondary 
voltage will be 125 volts for a 120-volt transformer, 250 
volts for a 240-volt transformer, and 500 volts for a 480-
volt transformer. Table 2.2 shows that 125 volts is within 
the favorable zone for the 120-volt system but exceeds the 
favorable zone for the 240- and 480-volt systems. Table 
2.5 shows that 125 volts is within the tolerance of the 
115-volt motor but 250 volts exceeds the tolerance of the 
220-volt motor and 500 volts exceeds the tolerance of the 
440-volt motor. As a result there were numerous com­
plaints that the utilities were raising the voltage when the 
actual cause was the requirements of the Standard and 
the ratios of the standard transformers built to meet them. 

Table 2.2 

Nominal 
Voltage 

120 
240 
480 

Favorable Zone Voltage 
Minimum Maximum 

110 
210 
420 

125 
240 
480 

Table 2.3 
System 

Nominal 
Voltage 

12000 

Favorable Zone Voltage 
Minimum Maximum 

11000 12500 

Table 2.4 
Primary 
Voltage 

12000 
12500 

Secondary Voltages 

120 240 
125 250 

480 
500 

Table 2.5 
Motor Rating 

Voltage 

10 percent plus 
115 220 

126.5 242 
440 

484 

Table 2.6 
Primary Voltage 

12000 
11000 

Secondary Voltage 

208 
191 

Another problem concerns the use of the 220-volt motor 
on 208Y/ 120-volt systems. Originally the 208-volt system 
was developed to provide an economical and highly reliable 
system for light and power services in the commercial 
buildings of large cities. Since the operation of a 220-volt 
motor with a minimum voltage limit of 198 volts was 
marginal, the voltage of the standard network transformer 
was standardized at 216Y/125 volts to provide 208 volts 
at the customer service. Since network system voltages 
are relatively stable due to the relatively short primary 
feeders, satisfactory service is generally secured, especially 
since most power equipment is installed in the basement 
close to the power source. 

The recent development of commercial installations such 
as shopping centers, high-rise apartments, motels, and 
offices brought an increased demand for 208-volt service 
to supply the large lighting and air-conditioning loads. 
Standard 208-volt transformers (not the 216-volt network 
type) were used and supplied from relatively long sub­
urban feeders. The 208-220/440-volt conventional open 
motor might be in difficulty from low voltage. This is due 
to the application of standard 208Y/ 120-volt unit substa­
tion transformers (not the 216Y/125-volt network type) 
and these transformers may be supplied from relatively 
long suburban feeders. ( I t should be noted that motors 
particularly designed for 208 volts or the hermetically 
sealed type designed for a larger voltage range should still 
be satisfactory.) As low-voltage problems materially in­
crease, motors develop lower torque and larger losses and 
may overheat. Table 2.6 contains an extract from the 
Standard showing that when the voltage of a 12000-volt 
system drops to 11000 volts, the minimum limit of the 
favorable zone, the secondary voltage will drop to 191 
volts, well below the minimum limit of 198 volts for a 
220-volt motor. 

Industry and Commercial Power Systems 
Proposal for 230-, 460-, and 575-Volt Systems 

In the late 1950s, the System Voltage Nomenclature 
Working Group reached the conclusion that the 240- and 
480-volt systems produced voltages too high for the 220-
and 440-volt motors; the solution was to lower the volt­
ages in the low-voltage system to a 115-volt base from the 
present 120-volt base to produce a low-voltage system in 
the series 115, 230, and 460 volts. 

However, objections were raised to this proposal be­
cause of the problems of lowering existing supply voltages, 
the need for changing the distribution transformer Stand­
ards, and the incompatibility of this Standard with the 
208-volt system. Yet the need to review the present Stand­
ard was quite apparent, so early in 1962 the American 
Standards Association (now the United States of America 
Standards Institute) Sectional Committee C84.1 was 
reactivated with representatives from all sectors of the 
electrical industry to revise the 1954 Standard. 

Voltage Survey 

The first major task of the new C84 Committee was to 
undertake a comprehensive voltage survey of the electric 
utility industry in the United States to determine the 
voltages in use, their relative importance, the trend in 
importance, the design policies for distribution systems 
and voltage control, and actual readings of voltages in the 
field. This report was completed and submitted to the 
committee in 1965. In general, the report showed that the 
average operating voltages for the various systems were 
very close to the nominal values in the existing Standard 
(120, 208, 240 and 480 volts for low-voltage systems) and 
the variations from nominal approximated the limits 
specified in the Standard. A portion of the results of the 
survey was published in the January 1966 issue of the 
EEI Bulletin (in an article, "65000 Service Voltage Tests 
Across the USA," by J. W. Anderson, Chairman of the 
Voltage Survey Subcommittee of U S A Standards Com­
mittee C84).7 
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Voltage Relationships from 1954 ASA C84 

CHART 1 

Voltage Relationships for the 
480-volt Three-phase System 

Voltage Relationships for the 
120/240-volt Single-phase and Three-phase Systems 

Voltage at Point of 
Utilization Equipment 

Favorable Acceptable 
Voltage Zone Zone 

— 510 — 

— 506 — 

— 500— 104.2%*i 

— 490 — 

System — 480 — Trans.1^—i 
100% f 

— 470— T 

— 460— 8.4% 

100.0% 

— 450— 1 12.5% 2o'.8% 

— 440 — Motor 

— 430 — 

— 420 — 8 7 . 5 % * — 

— 410 — 

— 400 — 83.4% * -

System 
100% 

Voltage at Point of 
Utilization Equipment 

Favorable Acceptable 
Voltage Zone Zone 

— 130/260 — 

— 127/254— 105.8%-+i 

— 125/250 — 104.2%-* 1 

— 120/240 — Trans. 

t -
4.2% 

I 
— 115/230— Motor 
— 112/224 — 

.5% 16.2% 

— 110/220— 91.7%* ' 

— 107/214— 8 9 . 6 % « J 

— 105/210 — 

Voltage Relationships from Proposed 1969 USAS C84 

CHART 2 

Voltage Relationships for the 
480-volt Three-phase System 

Voltage at Point of 
Service Entrance 

RangeB Range A 

►105.8% 

14.1% 

**91.7% 

Voltage 

Voltage at Point of 
Utilization Equipment 

Range A RangeB 

— 510 — 
— 508 — 

►105.0% — 504—105.0% 
— 500 — 

105.8%4 

— 490-
10.0% 13.3% 

17.5% 

15 4% 

System — 480 — Trans. 
100% ♦ 

— 4 7 0 — 4.2% 

I 
— 460 — Motor 

*95.0% — 456 — 
— 450 — 

— 440— 91.7%^ 

— 432— 90.0%4 ' 
— 430 — 
— 424— 8 8 . 3 % ^ 

19 

— 420 — 
— 416 — 
— 410 — 

1% 

86.7% 4 ' 

Voltage Relationships for the 
120/240-volt Single-phase and Three-phase Systems 

Voltage at Point of 
Service Entrance 

Range B Range A Voltage 

Voltage at Point of 
Utilization Equipment 

Range A RangeB 

l>105.8% 

14.1% 

♦91.7% 

— 130/260 — 

— 127/254 — 
► 105.0% — 126/252 — 105.0%«J 

— 125/250 — 

105.8%^ 

10.0% 13.3% 
System — 120/250 — Trans. 
100% A 

4.2% 

— 116/232— I 
— 115/230— Motor 

► 95.0% —114/228 — 
— 112/224 — 15 

17.5%i 

4% 19. 

— 110/220— 91.7%4J 

— 108/216— 90.0%4—188.3%41 

— 105/210 — 
— 104/208 — 86.7 %< ~ J 

1% 

- Lighting or Combination Lighting and Power Circuits 
— — — Power Circuits 
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System to 240, 480, and 600 V o l t s -
Motors to 230, 460, and 575 Volts 

While this survey was being made, the motor manufac­
turers in N E M A reached the conclusion that a rerating 
program8 '9 was possible because of improved materials, 
particularly at higher temperatures, and the improved art 
of design. In their design studies it was important that 
not only the voltage supplied to the motors be maintained 
within plus-or-minus ten percent of the utilization voltage, 
but also that the right voltage be established. Many users 
were pressing for higher design voltages and the C84 
survey confirmed a definite need. A survey of voltages by 
N E M A motor manufacturers (indicating that the aver­
age voltage at the motor terminals of a 440-volt motor was 
450 to 460 volts) added to the evidence. Also, many prob­
lems in the field indicated a great number of overvoltage 
problems. Thus the N E M A Motor and Generator Section 
established a Standard for future design in 1965, raising the 
voltage rating of motors to 230, 460, and 575 volts for 240-, 
480-, and 600-volt systems. 

A separate line of standard motors will be required for 
208-volt systems; the increase in motor voltage operating 
range from 208-220 volts to 208-230 volts would handicap 
the 230x460-volt design. The preference is for 200 volts 
since this rating puts all low-voltage motors on a con­
sistent 115-volt base. 

This change places most low-voltage motors on a 115-
volt base which is 4.2 percent below the system nominal 
voltage on a 120-volt base. Chart 1 shows the voltage 
relationships for the present 480-volt three-phase system 
and illustrates the disharmony with the 120/240-volt 
single-phase systems (or 240/120-volt three-phase system 
shown in Table 2.7) found in C84. Chart 2 shows the 
change to the proposed new Range A and Range B volt­
age based on the motor now being on a 115-volt base. 
(Chart 2 applies equally well to the 230- and 575-volt 
motors and their 240- and 600-volt systems, respectively.) 

The plus-and-minus ten percent tolerance of the 115-
volt motor permits the voltage applied to the motor 
terminals to vary from a maximum of 126.5 to a minimum 
of 103.5 volts. In terms of the system voltage this is a 
voltage variation from plus 5.42 percent to minus 13.75 
percent, for a total swing of 19.17 percent. The problem 
now is to determine how much of this system voltage 
swing should be allotted to provide an adequate and work­
able allowance for variations in the supply voltage and 
how much should be allotted to provide for an adequate 
and workable allowance for the voltage drop in the wiring 
between the supply connection and the motor. 

These charts show the extreme limits of the voltage 
swing. It is expected that the new Standard will provide 
for a limited voltage spread which will cover the majority 
of the voltages in service and limit the maximum spread 
to unusual conditions. 

Influence on Power Distribution System Design 

The problem of designing an electric power distribution 
system which will maintain the supply voltage to all cus­
tomers within acceptable limits is illustrated in Figure 2.1, 
which shows the voltage profile of an electric distribution 

Regulator 
Boost 

Transmission J 
Voltage 

ssz— 
? C3 $ J 

Residential 
Services 

— - — _ D 

+ DI 

03 

Industrial 
Service 

_ _ _ _ E 

E4 
Residential 

Services 

Figure 2.1 
Voltage profile of a distribution system 

120-volt base average conditions 

system on a 120-volt base. (This figure is similar to 
Figure 2 of Appendix A, "Discussion of the Background 
for the Report," as a part of ASA C84.) A transmission 
line supplies a distribution substation with some voltage 
represented by point A. This is the voltage that would be 
supplied to a large industrial plant taking service directly 
from a subtransmission line at 69000 to 138000 volts. 
Transformers in the substation step the subtransmission 
voltage down to a distribution voltage; the most popular 
for an industrial plant is 4160 or 13800 volts. (Of course, 
the supplying electric utility may have other system volt­
ages in this class based on its total system economics.) 
This is also represented by point A since the use of the 
120-volt base cancels out the transformation. Automatic 
voltage regulators, either built into the transformer or 
installed separately, maintain the distribution voltage rep­
resented by point B regardless of changes in the trans­
mission voltage. The regulators also raise and lower the 
distribution voltage slightly to compensate for the changes 
in the voltage drop along the feeder as the feeder load 
increases and decreases, as represented by the declining 
voltages at points C, D, and E. 

Transformers are installed along the feeder to step the 
distribution voltage down to utilization voltages under 
600 volts. The first transformer from the substation is 
shown at C. There will be a voltage drop through the 
transformer represented by C-Cl. Under average condi­
tions the maximum voltage will be received by the cus­
tomer connected closest to the transformer C since his 
voltage will be reduced from the value at the transformer 
terminals by the voltage drop in the service represented by 
C1-C2 and the voltage drop in the building wiring repre­
sented by C2-C3. In low load-density areas secondary 
wiring may be run from the transformer to adjacent poles 
to serve additional customers, in which case the voltage 
received by these customers will be further reduced by 
the voltage drop in the secondary as shown by the dia­
gram. 

The minimum voltage under average conditions will be 
received by the farthest customer from the last trans­
former on the feeder shown at E. The voltage he re­
ceives will be reduced below that received by the customer 
at C3 by the voltage drop along the feeder represented by 
the declining values from C to E plus the voltage drop in 
the secondary represented by the declining values from El 
to E2. 
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A service is shown at point D to an industrial plant
having its own transformers. In this case there are no
secondary and service voltage drops but the transformers
are usually of larger rating with a higher impedance and
hence a higher voltage drop than the usual distribution
transformer; also, industrial plant wiring is usually much
longer and more heavily loaded, so the wiring voltage drop
is much higher than in a residence.

It should be pointed out that this diagram illustrates a
continuously varying situation. Voltage drops change as
loads are switched on and off. Cooking load comes on at
mealtime. Lighting load comes on at night. Industrial and
commercial load is generally turned off at night and on
Sundays. Heating load comes on in the winter time and
cooling load in the summer. New electric equipment is
purchased. So, the voltage delivered to the terminals of a
piece of electric equipment varies not only from minute to
minute but also from hour to hour, day to day, and year
to year.

The ends of utility feeders are usually equipped with
switches to permit a feeder to be tied to an adjacent feeder
in cases of emergency when the supply equipment has
failed or the feeder conductor or supporting poles have
been damaged. In such cases the length and load on a
feeder is increased so the voltage drop is increased during
the emergency. Under these conditions the voltage sup­
plied to a motor may drop below the limits of the favor­
able zone but will still be within the minimum ten percent
tolerance of the motor.

Engineering Approach to Voltage Zones
Based on the concepts given in Appendix A of ASA

C84 (and illustrated by Figure 1), a proposed standard
voltage profile for low-voltage systems can now be devel­
oped. This is shown in Table 2.7.

MEDIUM-VOLTAGE SYSTEMS
Medium-voltage systems are presently defined as those

systems whose nominal values of voltage fall between 601
and 15000 volts.2 Unlike low-voltage systems, medium­
voltage systems are predominately used to supply second­
ary unit substations and distribution transformers, which
in turn step the medium voltage down to a utilization
voltage in the low-voltage range. Therefore, the voltage
limits for medium-voltage systems must be established by
determining the voltage limits which, when applied to the
primary terminals of a supply transformer, will allow for
the voltage drop in the transformer and secondary connec­
tions, and still provide a proper secondary service voltage.

The present USA Standard for system voltages3 is
reproduced in Table 2.1. The 7200-volt three-phase sys­
tem is obsolete and should be dropped from Table 2.1 and
the 13800-volt system is now an accepted Standard. With
these changes, Table 2.8 shows the voltage limits for
medium-voltage systems.

The extrapolation of the base voltage values to produce
the limits for medium-voltage systems in Table 2.8 re­
quires that the ratios of the supply transformers used to
make the transformation from the medium voltage to the
low voltage as shown on the transformer nameplates be
identical to the nominal values of the two voltages. The
use of transformers with nameplate ratings other than

identical to the nominal system voltage values (which
occurs in the case of: 1) transformers with primary name­
plate ratings over 13800 volts, or 2) old transformers with
secondary voltage ratings on other than a 120-volt base,
or 3) the use of taps to change the transformer ratio for
purposes other than to make the actual ratio agree with
the nominal system voltage ratio) will change the voltage
relationships given in Table 2.8.

Comparison with the Present Standard

The voltage limits for medium-voltage systems corre­
sponding to the calculated limits for primary service volt­
ages in Table 2.8 are given in the section of the present
Standard in Table 2.1 headed Primary Voltages at Dis­
tribution Transform.ers. A comparison between the values
given in these two tables shows that the voltage limits for
the tolerable zone in the present Standard exceed both the
maximum and minimum values given in Table 2.8, indi­
cating that severe overvoltages and undervoltages could
occur on the low-voltage utilization equipment if the
medium voltages approached the maximum and minimum
limits indicated. Even in the favorable zone} the minimum
voltage limits are exceeded in the case of the 12000-volt
and 14400-volt systems.

In Table 2.1 in IEEE Recommended Practice No. 92 2

the voltage limits for medium-voltage systems were based
on the present Standard in Table II headed Voltages at
P oint of Utilization by Equipment. The information is
given as Table 2.9. In this case a comparison between the
values in these two tables shows that th~ voltage limits
for the tolerable zone in the present Standard are the same
for the maximum values but still lower for the minimum
values. For the favorable zone the maximum and mini­
mum values are both less than Table 2.8.

Medium-Voltage Utilization Equipment

The direct connection of utilization equipment to
medium-voltage systems is recognized in the present
Standard as shown in Table 2.1 by the extension of the
section of the Standard headed Voltages at Point of Utili­
zation by Equipment to include medium voltages up to
7200 volts. Table 2.10 shows the five standard medium
voltages currently used in industrial plants for medium­
voltage distribution, the nameplate rating of the standard
motor for use on each system, and the plus and minus ten
percent tolerance limits of the motors.

A comparison between tolerable zone limits for the volt­
ages at point of utilization by equipment and the plus and
minus ten percent limits for the motors shows very close
agreement indicating that values listed in the present
Standard are based on the voltage tolerances of the
medium-voltage motors. However, a comparison of the
tolerance limits for medium-voltage motors in Table 2.10
and the tolerance limits for Range B for primary service
voltages from Table 2.8 shows that the maximum limits
agree very <.dosely but the minimum limits for primary
service voltages are much higher due to the voltage drop
allowance for the transformer and secondary system. How­
ever, the limits for primary service voltages in all cases are
within the tolerance limits of the motors so that if the volt­
age is satisfactory to supply a transformer, it will be satis­
factory for the motor.
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Table 2.8 

Nominal 
System 
Voltane 
2400* 
4160* 
4800* 
6900 
8320 

12000 
12470 
13200 
13800* 
14400t 

Range A 
Minimum 

97.5 
Percent 

2340 
4050 
4680 
6730 
8100 

11700 
12160 
12870 
13460 
14041 

Maximum 
105.0 

Percent 
2520 
4370 
5040 
7260 
8740 

12600 
13090 
13860 
14490 
15120 

Range 
Minimum 

95.0 
Percent 

2280 
3950 
4560 
6550 
7900 

11400 
11850 
12540 
13110 
13680 

B 
Maximum 

105.83 
Percent 

2540 
4400 
5080 
7300 
8800 

12700 
13200 
13970 
14600 
15240 

* Standard voltages used in industrial plants as well as utility 
systems. 

t Requires 13800-volt transformer with taps set on 14400 volts. 

Table 2.9 

Percent of 
System 

Voltane Voltage 

Voltage 
Spread, 
Percent 

Favorable zone: maximum voltage 
System nominal voltage and 

transformer voltage rating 
Motor voltage rating 
Favorable zone: minimum voltage 

Favorable zone: maximum voltage 
System nominal voltage and 

transformer voltage rating 
Motor voltage rating 
Favorable zone: minimum voltage 

Favorable zone: maximum voltage 
System nominal voltage and 

transformer voltage rating 
Motor voltage rating 
Favorable zone: minimum voltage 

Favorable zone: maximum voltage 
System nominal voltage and 

transformer voltage rating 
Motor voltage rating 
Favorable zone: minimum voltage 

Favorable zone: maximum voltage 
System nominal voltage and 

transformer voltage rating 
Motor voltage rating 
Favorable zone: minimum voltage 

2450 + 2.1 
2400 
2300 
2200 
4240 
4160 
4000 
3810 
4900 
4800 
4600 
4400 
7050 
6900 
6600 
6320 
14100 
13800 
13200 
12630 

100.0 
95.9 
91.7 
102.1 
100.0 
96.1 
91.7 
102.1 
100.0 
95.9 
91.7 
102.1 
100.0 
95.7 
91.7 
102.1 
100.0 
95.7 
91.7 

—8.3 

+2.1 

—8.3 
+2.1 

—8.3 
+ 2.1 

—8.3 
+2.1 

—8.3 

•10.4 

10.4 

► 10.4 

- 10.4 

Table 2.10 

Nominal 
System 
Voltage 

Rated 
Voltage 

of Motor 

110 Percent 
of Motor 

Rating 

90 Percent 
of Motor 

Rating 
2400 
4160 
4800 
6900 
13800 

2300 
4000 
4600 
6600 
13200 

2530 
4400 
5060 
7260 
14520 

2070 
3600 
4140 
5940 
11880 

Table 2.11 

Transformer 
Primary Nominal 

Nameplate System 
Voltage Voltage 

22900 
20780Y/12000 
22860Y/13200 

23000 
23900Y/13800 
24900Y/14400 

Range A 
Mini- Maxi­
mum mum 
97.5 105.0 

Percent Percent 
20260 
21290 
22330 
23300 
24280 

21820 
24000 
24050 
25100 
26150 

RangeB 
Mini- Maxi­
mum mum 
95.0 105.83 

Percent Percent 
19740 
21720 
21860 
22700 
23650 

21990 
24190 
24240 
25290 
26350 

34400 34500 and 
34500Y/19920 36120 36410 

43800 
67000 

46000 
69000 

45050 
67080 

48510 
72240 

43890 
65360 

48890 
72810 

Since a medium-voltage distribution system supplying 
only medium-voltage motors would be unusual, the voltage 
limits for medium-voltage systems must be based on the 
requirements to supply transformers (and not on the 
requirements of medium-voltage motors). The only pur­
pose for allowing a lower voltage at the utilization equip­
ment would be to provide for an additional drop in the 
building wiring as done for the low-voltage system. How­
ever, voltage drop is rarely a factor in medium-voltage 
systems. For example, the 210-volt difference between the 
minimum voltage limit of the 2300-volt motor and the 
minimum voltage required to supply a 2400-volt trans­
former represents one and one-half miles of fully loaded 
cable while the 1230-volt difference between the minimum-
voltage limit of the 13200-volt motor and the minimum 
voltage required to supply a 13800-volt transformer 
represents approximately eight miles of fully-loaded cable. 

Feeders anywhere near this length would require special 
consideration and should not be the subject of a Standard. 
Since the voltage limits required to supply transformers as 
given in Table 2.8 will provide satisfactory service to the 
motors, there is no reason to consider voltage limits for 
utilization equipment on medium-voltage systems. If nec­
essary, the actual voltage tolerance of equipment can be 
obtained by reference to the equipment Standards. 

HIGH-VOLT AGE SYSTEMS 

Until the National Electrical Code was changed in 1959, 
the maximum voltage which could be brought into a build­
ing for primary distribution was 15000 volts, except with 
special construction features. (This same limit also 
applied, for the most part, to the regulated voltages used 
by utilities to supply distribution transformers.) Thus, 
when the present Standard was being prepared, a clear 
distinction existed between medium voltages and the 
unregulated transmission and subtransmission voltages 
used by utilities to supply substations. 

The increase in load densities in recent years and the 
movement of industrial plants and commercial buildings 
into the suburban and rural areas outside the cities have 
created problems in providing adequate distribution ca­
pacity at a reasonable cost. One solution has been to 
convert subtransmission lines in the range from 15000 to 
35000 volts to distribution systems by connecting distribu­
tion transformers to them. Another solution has been to 
convert three-wire systems in the upper medium-voltage 
range to 4-wire by changing the phase-to-phase voltage to 
a phase-to-neutral voltage in the same way that the 2400-
volt system has been largely converted by utilities to 
4160Y/2400 volts. As a result, the demarcation between 
distribution voltages under 15000 volts and subtransmis­
sion voltages over 15000 volts has largely disappeared. 
The present Standard for distribution transformers10 pro­
vides for primary voltages up to 69000 volts. 

This development requires that Table 2.8 listing the 
voltage limits for primary services should be extended up 
to 34500 volts (and up to 69000 volts if correlation with 
the distribution transformer Standard is desired). This 
extension is given in Table 2.11 which is based on the 
percentage values for primary service voltages as were 
used in Table 2.8. (This is also shown in Table 2.12.) 
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V O L T A G E R A T I N G S F O R 6 0 - H E R T Z 
E L E C T R I C P O W E R S Y S T E M S 

Explanation of Terms 

Nominal Voltage 
The nominal voltage of a circuit or system is a nominal 

value assigned to the circuit or system for the purpose of 
conveniently designating its voltage class. 

Service Voltage 
Service voltage is the voltage at the point where the 

electric systems of the supplier and the user are connected. 

Utilization Voltage 
Utilization voltage is the voltage at the line terminals of 

utilization equipment. 

Selection of Nominal System Voltages 
When a new system is to be built or a new voltage level 

introduced in an existing system, it is recommended that 
one (or more) of the nominal system voltages shown in 
bold face type in Table 2.1 be selected. The logical and 
economical choice for a particular system among the volt­
ages thus distinguished will depend upon a number of fac­
tors, such as the character and the size of the system. 

Other system voltages that are in substantial use in 
existing systems are shown in light face type. Economic 
considerations will require that these voltages continue in 
use and in some cases may require extension of their use; 
but they are not generally recommended for new systems 
or new voltage levels in existing systems. 

The 4160-, 6900-, and 13800-volt three-wire systems are 
particularly suited for industrial systems that supply pre­
dominantly polyphase loads including large motors, be­
cause these system voltages correspond to the standard 
motor ratings of 4000, 6600, and 13200 volts. Two of 
these systems are shown in bold face type to indicate that 
their use for this purpose is recommended. It is not 
intended to recommend the use of these systems for utility 
primary distribution, for which four-wire systems of 
12470Y/7200 volts or higher are recommended. 

Explanation of Voltage Ranges 
For any specific nominal voltage, the voltages actually 

existing at various points at various times on any power 
system, or on any group of systems, or in the industry as 
a whole, will be distributed by percentage in some such 
manner as indicated by Figure 2.2. This distribution is char­
acteristic of voltages at any designated class of points, such 
as points of service delivery and points of utilization. It is 
important that the design and operation of power systems 
and the design of equipment to be supplied from such sys­
tems be coordinated with respect to these voltage varia­
tions so that, insofar as practicable, the equipment will per­
form satisfactorily throughout the range of actual utiliza­
tion voltages that will be encountered on the systems. 
In order to further this objective, this Standard establishes 
for each nominal system voltage, two ranges for service 
and utilization voltage variations, designated as Range A 
and Range B, the limits of which are given in Table 2.1. 
These limits apply to sustained voltage levels and not to 
momentary voltage excursions that may result from such 
causes as switching operations, motor starting currents, 
etc. 

Application of Voltage Ranges 

Range A: Service Voltage 

Electric supply systems shall be so designed and oper­
ated that most service voltages are within the limits speci­
fied for this range. The occurrence of service voltages 
outside of these limits is to be infrequent with respect to 
time and place. 

Range A: Utilization Voltage 

User systems shall be so designed and operated that, 
with service voltages within Range A limits, most utiliza­
tion voltages are within the limits specified for this range. 

Utilization equipment shall be designed and rated to 
give fully satisfactory performance throughout this range. 

Range B: Service and Utilisation Voltages 

This range includes voltages above and below Range A 
limits that necessarily result from practical operating con­
ditions on supply and/or user systems. Although such 
conditions are a part of practical operations, they shall be 
limited in extent, frequency and duration. When they 
occur, corrective measures shall be undertaken within a 
reasonable period of time to improve voltage to within 
Range A limits. 

Insofar as practicable, utilization equipment shall be de­
signed to give acceptable performance in the extremes of 
this range of utilization voltage, although not necessarily 
as good performance as in Range A. 

It must be recognized that, because of conditions beyond 
the control of the supplier and/or user, there will be infre­
quent and limited periods when sustained voltages outside 
of Range B limits will occur. Utilization equipment may 
not operate satisfactorily under these conditions, and pro­
tective devices may operate to protect the equipment. 
When voltages occur outside the limits of Range B, 
prompt corrective action is recommended. The urgency 
for such action will depend upon many factors, such as 
location and nature of load or circuits involved, and mag­
nitude and duration of the deviation beyond Range B 
limits. 
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Figure 2.2 
Distribution Characteristics of System Voltages 
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Table 2.12 

Standard System Voltages 

NOMINAL SYSTEM VOLTAGE 
(Note a) 

Two-wire Three-wire Four-wire 

VOLTAGE RANGE A 
(Note b) 

Minimum 

Utilization 
Voltage 
(Note c) 

Service 
Voltage 

Maximum 

Utilization and 
Service Voltage 

(Note e) 

VOLTAGE RANGE B 
(Note b) 

Minimum 

Utilization 
Voltage 
(Note c) 

Service 
Voltage 

Maximum 

Utilization and 
Service Voltage 

Single-phase Systems 

120 
120/240 

110 
110/220 

114 
114/228 

126 
126/252 

106 
106/212 

110 
110/220 

127 
127/254 

Three-phase Systems 

240 
480 
2400 
4160 
4800 
6900 

13800 

23000 

34500 

208Y/120 
240/120 
480Y/277 

4160Y/2400 

8320Y/4800 
12000Y/6930 
12470Y/7200 
13200Y/7620 
13800Y/7970 

20780Y/12000 
22860Y/13200 
24940Y/14400 
34500Y/19920 

197Y/114 
228/114 

228 
456Y/263 

456 
2340 

40S0Y/2340 
4050 
4680 
6730 

8110Y/4680 
11700Y/6760 
12160Y/7020 
12870Y/7430 
13460Y/7770 

13460 
20260Y/11700 
22290Y/12870 

22430 
24320Y/14040 
33640Y/19420 

33640 

218Y/126 
252/126 

252 
504Y/291 

504 
2520 

4370Y/2520 
4370 
5040 
7240 

8730Y/5040 
12600Y/7270 
13090Y/7560 
13860Y/8000 
14490Y/8370 

14490 
21820Y/12600 
24000Y/13860 

24150 
26190Y/15120 
36230Y/20920 

36230 

184Y/106 
(Note d) 
212/106 

212 
424Y/245 

424 
2080 

3600Y/2080 
3600 
4160 
5940 

(Note f) 

V N 

191Y/110 
(Note d) 
220/110 

220 
440Y/254 

440 
2280 

3950Y/2280 
3950 
4560 
6560 

7900Y/4560 
11400Y/6580 
11850Y/6840 
12540Y/7240 
13110Y/7570 

13110 
19740Y/11400 
21720Y/12540 

21850 
23690Y/13680 
327 80 Y/l 8930 

32780 

220Y/127 
254/127 

254 
508Y/293 

508 
2540 

4400Y/2540 
4400 
5080 
7260 

8800Y/5080 
12700Y/7330 
13200Y/7620 
13970Y/8070 
14520Y/8380 

14520 

22000Y/12700 
24200Y/13970 

24340 
26400Y/15240 
36510Y/21080 

36510 

Higher Voltage 
Three-phase Systems in kV 

Nominal Maximum 
System Voltage Voltage 

46 
69 

115 
138 
161 
230 

48.3 
72.5 

121 
145 
169 
242 

For these systems Range A and Range B limits are not shown 
because, where they are used as service voltages, the operating 
voltage level on the user's system is normally adjusted by means 
of voltage regulation to suit his requirements. 

Extra High Voltage 
Three-phase Systems in kV 

Preferred Nominal 
System Voltage 

Preferred 
Maximum Voltage 

345 362 
500 550 
700 765 

Information from USA Standard C92.2—1967. 

NOTES: 

(a) Three-phase three-wire systems are systems in which only 
the three phase conductors are carried out from the source for 
connection of loads. The source may be derived from any type 
of three-phase transformer connection, grounded or ungrounded. 
Three-phase four-wire systems are systems in which a grounded 
neutral conductor is also carried out from the source for connec­
tion of loads. Four-wire systems in Table 2.12 are designated by the 
phase-to-phase voltage, followed by the letter Y (except for the 
240/120-volt delta system), a slant line, and the phase-to-neutral 
voltage. The principal transformer connections that are used to 
supply single-phase and three-phase systems are illustrated in 
Appendix A. 

(b) The 600-volt system was omitted at this time in that the 
limits have not been resolved. 

(c) Minimum utilization voltages for 120-600 volt circuits not 
supplying lighting loads are as follows: 

Nominal 
System Voltage Range A RangeB 

120 
208 
240 
480 
600 

108 
187 
216 
432 
540 

104 
180 (Noted) 
208 
416 
520 

(d) Many 220-volt motors were applied on existing 208-volt sys­
tems on the assumption that the utilization voltage would not be 
less than 187 volts. Caution should be exercised in applying the 
Range B minimum voltages of Table 2.12 and Note (c) to existing 
208-volt systems supplying such motors. 

(e) For 120-600 volt nominal systems, voltages in this column are 
maximum service voltages. Maximum utilization voltages would not 
be expected to exceed 125 volts for the nominal system voltage of 
120, nor appropriate multiples thereof for other nominal system 
voltages through 600 volts. 

(f) Utilization equipment does not generally operate directly at 
these voltages. For equipment supplied through transformers refer 
to limits for nominal system voltage of transformer output. 

43 

Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 15:21:55 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE 141-1969

http://www.avadocuments.com/doc/ieee-141-1969
http://www.avadocuments.com/doc/ieee-141-1969


In preparing Table 2.11, a column was added to list the 
primary nameplate voltage of the transformer because 
above 13800 volts, the transformer primary nameplate 
voltage and the system nominal voltage are not identical. 
The voltage limits should be based on the actual trans­
former ratio and not the system nominal voltage. This is 
an area that needs additional study to determine the 
values of having the system nominal voltage and trans­
former voltage the same, as with the present low-voltage 
and medium-voltage systems. 

Voltages at Substations and on 
Transmission Systems 

The present Standard provides voltage limits for medium 
voltages at substations and on transmission systems and 
this now falls in the medium-voltage system classification. 
The values given for minimum voltages are the same as 
those given for primary voltages at distribution trans­
formers, but the maximum values are higher. 

These figures do not seem to serve any useful purpose. 
The values are far beyond the limits provided in Table 2.8 
to serve distribution and other supply transformers. The 
only other purpose would be to establish maximum and 
minimum limits for voltages applied to substation and 
transmission line equipment, but these requirements could 
be covered much better by a reference to the appropriate 
equipment Standard. 

Need for Improved System Voltage Nomenclature 

The approach developed for low-voltage11 systems and 
extended to medium-voltage12 systems results in the de­
velopment of a table of Standard System Voltages, Table 
2.12. This table represents major progress from the 
approach found in Table 2.1 representing the present 
Standard, and provides a sound, workable basis for inte­
grating the customers' requirements with the utility supply 
system.13 

TRANSFORMER VOLTAGE REPRESENTATIONS 
Transformer voltage designations become rather com­

plex. For instance, windings may have series-parallel 
connections; or they may be designed for connection line-
to-neutral on higher rated voltage systems, such as 2400-
volt transformers which are suitable for line-to-neutral 
operation on 4160-volt systems. These and other complex 
arrangements make exact identification desirable. 

These variables in transformer voltage ratings have 
long been expressed by various symbolic methods. Such 
methods are essential because to describe fully the wind­
ings of transformers often would require a fairly lengthy 
paragraph. However, to be of any value, a transformer 
rating so expressed should mean the same to everyone. 
To further a consistent use of symbols, both N E M A and 
USA Standards have been established to recommend a 
standard transformer "shorthand." 

Four symbols are used: the dash (—), the slant ( / ) , 

the X and the Y. In general terms, their uses are as 
follows: 

Dash (—) Used to separate the voltage ratings of 
separate windings in a specific transformer. 

Slant ( / ) Used to separate voltages to be applied to 
or obtained from the same winding. The slant may be 
used to designate voltages derived by taps or by line-to-
neutral connections. 

X—Used to designate separate voltages obtainable by 
reconnection of the coils of a winding in series or multiple 
combinations, but not for three-wire operation. 

Y—Used to designate a winding that is wye-connected. 
The absence of this symbol in a three-phase transformer 
rating indicates that the winding is delta-connected. 

S E L E C T I O N O F P R O P E R P L A N T 

V O L T A G E L E V E L S 

The selection of system voltages in an industrial plant 
is, broadly speaking, an economic problem. However, a 
determination based on strict economic analysis may, in 
practice, be modified by plant or industry standardization, 
availability of equipment and construction materials and 
other factors. The economic analysis will take into con­
sideration : 

(a ) Class of service available from supplier. 

(b) Total size of the installation. 

(c) Planning for future growth. 

(d) Characteristics of the equipment supplied. 

(e) Density of the load. 

(f) Safety considerations and qualifications of person­
nel available for operation and maintenance. 

(g) Whether the installation is an extension or recon­
struction of an existing plant, or whether it is a 
completely new, isolated installation. 

For an extension to an existing plant, the principal 
decision to be made will be whether existing voltages 
can be used satisfactorily in the enlarged plant or whether 
in the interest of long-range economy, a different (usually 
higher) voltage should be boldly selected for the new 
equipment. In the latter case, there will be the temporary 
disadvantage of operating two different systems, either 
superimposed in the same building or separated in differ­
ent buildings, the latter being the least objectionable. The 
superseded system may, in the future, become a small 
part of the total and ultimately disappear as processes 
change, as machines are moved about, and as motors are 
rewound. 

There are several factors having a tremendous influence 
on the over-all cost and selection of system voltage; 
these a re : the feeder circuits, switchgear, system fault 
duty, circuit arrangements, total motor horsepower, and 
motor horsepower ratings. It is beyond the scope of this 
chapter to cover these. However, refer to Chapters I and 
X. Since, in various voltage classes, different factors 
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have the most pronounced effect on voltage selection, the 
discussion of selection of voltage is divided into: 

(1) Selection of voltages 600 volts or less (low voltage) 

(2) Selection of voltages 601 to 34,500 volts (medium 
voltage) 

(3) Selection of voltages above 34,500 volts (high 
voltage) 

Selection of Voltages 600 Volts or Less 

In most industrial plants, the majority of loads are 
integral horsepower polyphase motors and welders which 
are most suitable for operation on systems 600 volts or 
less. The choice of nominal system voltages in this class 
for serving these loads is 208, 240, 480 (or 480Y/277), 
or 600 volts. These are compared in Figure 2.3. 

225 300 500 750 1000 
STANDARD KVA RATINGS OF 

SECONDARY UNIT SUBSTATIONS 

Figure 2.3 
Curve showing the approximate installed costs of 208-, 

240-, 480- and 600-volt radial secondary systems 

A brief comparison of these low-voltage systems fol­
lows: 

480 versus 600-Volt Systems 

Although 600-volt load-center systems cost about two 
to seven percent less (See Figure 2.3) than 480-volt 
load-center systems, they have decreased in popularity 
primarily due to the lack of availability of standard 550 
and 575-volt utilization equipment from manufacturers' 
and distributors' stocks in the United States. This was 
brought out forcibly during World W a r I I when the 
percentage of standard 550-volt induction motors de­
creased from 11 to 4 percent of the total standard induc­
tion motors made. 

When ordering machine tools or other utilization equip­
ment with considerable electric control circuits, it is often 
difficult to obtain 575 (or 550)-volt equipment, particularly 

on short shipment. Pumps and other equipment which are 
stocked by the manufacturers with motors already mount­
ed are generally stocked 230 (or 220) or 460 (or 440)-volt 
ratings and not with 575 (or 550)-volt ratings. 

Availability of utilization equipment is the only major 
problem when choosing between 600-volt and 480-volt 
systems. Today, 600-volt systems are limited primarily 
to expansion of those plants which already operate at 
600 volts or to some textile plants where most motors are 
of special design and, thus, are not widely available from 
manufacturers' stocks. 

Another advantage of the 480-volt over the 600-volt 
system is the possibility of using 480Y/277-volt distribu­
tion with 277-volt fluorescent lighting, 

480 versus 240-Volt Systems 

Economically speaking, there is seldom any reason for 
selecting 240 volts instead of 480 volts. Load-center sys­
tems at 240 volts cost from 25 to 50 percent more (See 
Figure 2.3) than 480-volt load-center systems. Lower-
voltage systems cost more because there is more current 
per kVA to be carried, thereby increasing the size of the 
circuit breakers and conductors required, 

Generally 240-volt systems have higher losses and 
higher percentage voltage drop than 480-volt systems. If 
enough copper is used in the 240-volt feeders, the losses 
and percentage voltage drop can be more comparable to 
those in 480-volt systems, but in practice this is seldom 
done. 

Some industries, where there is considerable dampness 
such as in dairies and slaughterhouses, have often selected 
240 volts because it is felt to be safer than 480 volts. 
Operating records show that the biggest factor in safety 
is to properly and securely ground all non-current-carry­
ing parts so that insulation breakdowns cannot place 
dangerous potentials on the non-current-carrying parts. 
When working on circuit conductors while energized, 
there is a greater chance for injury from electric shock 
with higher potentials to ground or phase-to-phase. How­
ever, any voltage above 50 volts can be lethal and, 
therefore, the only safe way to handle these circuits in 
damp or other locations is to enclose the carrying con­
ductors in securely and properly grounded metaf en­
closures and to work on current-carrying parts only 
when they are deenergized. 

In areas with the load predominantly electric furnaces, 
240 volts may be most advantageous. This is due to the 
limitation of voltage which may be applied to these fur­
naces. In general, furnaces are large spot loads and cover 
only a small portion of the area of the plant. These fur­
naces, therefore, may be supplied by a separate load-center 
substation stepping down to 240 volts for the furnace 
only and the rest of the load supplied at 480 volts. It is 
seldom economical to use 240 volts for general distribu­
tion in a plant even though a sizeable portion of the total 
k W load may be 240-volt furnaces. 

Where 208Y/120-Volt Systems Are Applicable 

There are certain areas where 208Y/120-volt systems 
are more economical than 480-volt systems because the 
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types of utilization equipment involved must be oper­
ated at 120 volts. When such utilization equipment con­
stitutes a major portion of the load (more than about 50 
to 65 percent of the total load), 208Y/120-volt systems 
may be more economical than 480-volt systems. 

Typical of such loads is that of a clothing manufactur­
ing establishment where practically all of the power is 
utilized by motor-operated hand shears. Other areas in 
which 208Y/120 volts may be desirable are on assembly 
benches where small components are assembled and small 
portable tools such as soldering irons, electric hand drills, 
electric nut tighteners, etc., are used. A typical case would 
be a small electronic equipment assembly line. Again, the 
choice of the lower voltage is primarily based on the 
desire to limit the voltage in the hand tools to 120 volts. 
In these assembly areas, most of the power is utilized at 
this low voltage. 

General Practice—Systems of 600 Volts and Less 

As general practice, 480 volts is most widely used and 
recommended by engineers as a general secondary distri­
bution voltage in industrial plants. Where a lower sec­
ondary system voltage is required 208Y/120 volts may 
be used, since it provides 120 volts for incandescent lamps, 
hand tools, etc. These two voltages should cover prac­
tically all requirements for secondary voltages for the 
modern industrial plant except for electric furnaces. 

In factories where at least one-third to one-half the 
load can operate on 480-volt systems and the remainder 
of the load must operate at a lower voltage or where 
distances are greater than about 200 feet, 480-volt main 
distribution and small step-down transformer to 120 or 
240 volts may be most economical. 

One additional point which should be mentioned in con­
nection with low-voltage distribution is the trend toward 
the 480Y/277-volt system. Such a system with the neutral 
readily available takes advantage of the savings inherent 
in the 480-volt system and, in addition, provides an eco­
nomical method for supplying the lighting load. By ex­
tending the neutral circuit in the lighting feeders only, 
277-volt fluorescent lighting can be distributed between 
the three phase conductors and neutral. The power load 
would be supplied at 480 volts from three-conductor, 
three-wire circuits. It is not necessary to extend the neu­
tral circuit in the feeders supplying only power load. 

Selection of Voltages for Systems of 601 Volts 
to 15 Kilovolts 

Voltages in this class are used mainly for primary 
power distribution in industrial plants. All plants using 
a primary voltage employ voltages of this class except 
some of the very large chemical plants, steel mills, etc. 
The latter may employ subtransmission voltages above 
15,000 volts. 

When the utility voltage is below 15,000 volts, there is 
no problem of selecting the primary voltage. 

Since the National Electrical Code permits 15,000 volts 
inside buildings, without special restrictions, there is gen­

erally no reason for transforming voltages of the order 
of 13,800 volts to, say, 2400 volts or 4160 volts for dis­
tribution through the building. The higher voltage can 
be carried to the load-center substations and there trans­
formed to utilization voltage. 

Above 15,000 volts, the National Electrical Code, Sec­
tion 230-101 ( h ) , states that service entrance conductors 
brought into a building must directly enter metal-enclosed 
switchgear or a transformer vault. Therefore, when the 
utility supply voltage is above 15,000 volts, transformation 
to some lower voltage is desirable both economically and 
technically for distributing the power through the plant to 
the load-center substations where it is stepped down to 
utilization voltage. (An exception to this is large steel 
mills, chemical plants, etc., having large widely-scattered 
loads.) The trend in the past few years has been toward 
selection of higher voltages to obtain greater economy and 
flexibility for expansion. Many studies have shown that 
either of two voltages will suffice in the majority of cases. 
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Figure 2.4 
Chart showing most economical voltage for 

industrial plants 

Figure 2.4; i.e., 4160 volts for plants having a supply trans­
former and/or generating capacity of 10,000 kVA and less, 
and 13,800 volts for plants having a supply transformer 
and/or generating capacity of 20,000 kVA or greater. For 
the range between 10,000 and 20,000 kVA either 4160 or 
13,800 volts may prove to be more economical. While 4160 
volts might be slightly less expensive for a 15,000 kVA 
plant, if the plant should happen to grow, then 13,800 volts 
would be more economical. 

Where 2400 Volts is Particularly Applicable 

In plants which are served at 2400 volts directly from 
the utility system, then, of course, it would be more eco­
nomical to use 2400 volts directly and to place all motors 
rated 200 horsepower and above directly on the primary 
feeders. However, in these cases, most motors rated less 
than 200 horsepower should be operated on a 480-volt 
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system, stepping down from the 2400-volt primary sys­
tem. In some cases, there are existing 2400-volt systems 
in industrial plants, and it is often more economical to 
extend these at 2400 volts rather than changing to 4160 
volts. However, it may be more desirable to extend it 
at some higher voltage like 13,800 volts rather than to 
extend the system at 2400 volts. 

Where the primary voltage is above 5000 volts, 2400 
volts is applicable to concentrated loads which supply 
motors rated 200 horsepower and above. In these cases, 
it is preferable to step down from the higher voltage to 
2400 volts rather than to 4160 volts, if the capacity per 
2400-volt bus is limited to less than about 7500 kVA and 
nearly all of this load is utilized at this bus directly by 
motors rated above 200 horsepower. For single loads 
larger than 7500 kVA per bus with motors above about 
250 horsepower, it is often necessary to go to 4160 volts 
to enable the switchgear to handle the short-circuit cur­
rents available from such large buses. A typical applica­
tion where 2400 volts would be most economical is a 
pumping station, in which the control may be of the fused 
combination type to give fast short-circuit protection or 
of the circuit-breaker type where the frequency of starting 
is not too great. If this preference is followed, it will be 
necessary to make a transformation for these large 
motors. The cost of the transformation is substantially 
the same whether it is made to 2400 volts or to 4160 
volts. Thus, the power system cost is not a significant 
factor as all of the load is concentrated in one place. The 
2300-volt motors and their starters are less expensive 
than 4000-volt motors and their starters in most cases. 

The influence of motors on choice between 2400 and 
4160 volts as the primary system voltage is shown in 
Figure 2.5. 

IOO 150 200 250 3 0 0 350 4 0 0 450 500 

INDUCTION MOTOR HP RATING 

Figure 2.5 
Approximate cost of induction motors and control and 

appropriate system costs as a function of motor 
horsepower 

to every piece of apparatus in the system. In modern 
power systems, frequency is a minor problem. It is im­
practical to design a power system which will deliver 
absolutely constant rated nameplate voltage to every piece 
of apparatus. Since this cannot be attained, what are the 
proper limits of voltage variations in an industrial plant? 
This should be determined by the characteristics of the 
utilization apparatus. 

Definitions 

Voltage drop in a distribution system is the difference 
at any instant between the voltages at the source and 
utilization ends of a feeder, branch circuit, or transformer. 

Voltage spread is the difference between the maximum 
and minimum voltages existing in any one voltage-class 
system under specified steady-state conditions. 

Voltage regulation is a measure of the change in volt­
age between no load and full load in terms of the full-load 
voltage. 

Percent Regulation = 

(no-load volts)—(full-load volts) 
full-load volts xlOO 

Causes of Voltage Regulation 

Voltage drop is caused by current flowing through an 
impedance such as a transformer, cable, reactor, or bus. 
The voltage regulation at the terminals of the utilization 
apparatus is caused by the regulation of the incoming 
supply voltage and the voltage drop in the power system 
within the industrial plant. 

Let us examine a typical industrial plant. Figure 2.6 
shows a simplified one-line diagram. Figure 2.7 shows 
the voltage profile for a particular set of conditions. Note 
that the no-load voltage is 490 volts. There is a 10-volt 
drop due to the spread in the primary system, in addition 
to the voltage drops in the various portions of the system. 
Note that the total spread is 30 volts, 20 of which is due 
to the regulation within the plant, so the normal operating 
voltage will be around 460 volts. 
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An ideal electric power system is one which will supply 
constant frequency and voltage at rated nameplate value 

Figure 2.6 
Simplified power system 

for s tudying voltage regulation 
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Figure 2.6a 
A line-up of automatic induction voltage regulators 
to maintain precise voltage on critical plating lines 
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Figure 2.6b 
A closeup view of one regulator of the type shown in 

Figure 2.6a 
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Figure 2.6c 
Bank of outdoor voltage regulators for primary 

regulation 
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