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Electric Power Distribution for Industrial Plants 
Adolph A. Biss, P.E. 

 

Introduction 
 
 Electric Power Distribution in Industrial Plants covers the fundamentals of motor 
wiring and elementary distribution system for low voltages 600 volts or less.   Initially the course 
was sponsored by West Penn Power Company for industry personnel.   The text will cover the 
plant electrical system with respect to design, reliability, safety and voltage selection. The course 
now has been modified to meet current requirements of the National Electric Code (NEC) and is 
designed especially for Engineers, Inspectors and others concerned with electric power 
distribution for industrial plants. 

 

 Specifically, the texts will enable one to design an entire plant electrical 
distribution system, covering (a) the installation of motors, furnaces and lighting 
equipment on branch circuits and feeders, (b) proper electric service  entrance , (c) 
protective devices for the equipment and circuits, (d) proper voltages for equipment and 
plant distribution, and (e) system planning. 

 

Course Content 
Industrial plants receive electric power from the electric utility company through its 

Service Entrance at a voltage level available from the utility company and as determined by the 
plant electrical load.  Included in the Service Entrance are the wire, bus, and switchgear 
necessary to control the electrical supply to the plant buildings. The design of the Service 
Entrance is covered in Section 2 and will be determined by the plant power requirements as 
covered in this Section.   
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 An industrial plant operation to be good requires a safe and reliable power distribution 
system.  Otherwise production suffers.  In practically all plants, processes change, and equipment 
added so that electric loads are transferred from one circuit to another.  Sooner or later an 
overload condition occurs.  Wires may overheat causing insulation deterioration which finally 
results in a short circuit.  Then fuses blow or breakers trip and the factory is shut down.  Stop –
gap emergency measures taken to get production rolling may cause breakers and switches to be 
patched or oversized, heedless of the fact that conductors are overheating and insulation 
deteriorating.  Finally, ground faults occur and production again must wait until repairs are 
made.  The tangled electrical distribution system has gotten a strangle hold on the operation.  On 
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the other hand, good adequate wiring makes it possible for a plant to enjoy flexibility and 
reliability not possible otherwise. 

Wiring Fundamentals.      
The analysis and design of a plant distribution system starts at the point of use, that is, at the 
motor or other electrical load.  The following rules are fundamental for connections of motors: 

Single Motor 
1. The wire for the branch circuit must have a current-carrying capacity of not less than 

125% of the rated full-load motor current. 
2. The switch which serves as the motor controller and disconnecting device must be in 

sight of the motor or capable of being locked in the open position.  This switch may be 
either fused or fuseless depending upon whether or not motor protection is desired.  Use 
dual element fuses if protection is desired.  The idea is to fuse as closely as possible to 
the rated full-load current and still allow the high starting currents to pass without 
blowing the fuse.  If fused too high, the motor could burn up before the protective device 
opens.  (Breakers may be substituted for switches and fuses). 

3. A manual or automatic starter may also be added to the circuit, installed between the 
motor and the motor controller switch.  The starter has a thermal overload relay for 
protection against excessive currents. 

4   A combination starter including the starter and switch in one box may be used  
     instead of a separate switch and separate starter. 
     If the motor switch is fuseless, the branch circuit switch may provide motor running 
     protection as well as branch circuit protection. 
5.  If the motor switch is fused, then the branch circuit switch provides only branch circuit  
     protection.  If dual-element fuses are used in the branch circuit switch, they must be at 
     least 25% to 40% larger than the dual-element fuses in the motor switch to prevent double 
     blowing on short circuits. 
6.  If a starter is used, the branch circuit switch provides branch circuit protection only.  If  
     dual-element fuses are used they may be smaller than ordinary fuses. 

 

Note: 
These fundamentals are covered in the National Electric Code which specifies minimum 
wiring requirements.  Following the NEC specifications will provide a safe wiring system 
because safety is the primary concern of the Code.  However, good wiring practice dictates 
that flexibility, reliability, provision for growth also must be considered. 

More Than One Motor on a Circuit. 
1. Feeder must be capable of carrying 125% of the full-load current of the largest motor 

plus 100% of the full-load rating of all other motors connected to the circuit. 
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2. Fuses in the circuit switch must protect the feeder.  Their size is determined by the sum of 
the fuse rating of motor branch circuit protection for the largest motor, plus the full-load 
currents of the other motors.  Motor switches may be fuseless if starters are added to 
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provide thermal motor running protection.  These switches should be in close proximity 
to the motor.  (Must be less that 50 feet distant) 

 
3. If motor switches are fuseless or have thermal protection, the fuse in 

the circuit switch must not be over four times the rating of the smallest motor on the 
circuit unless thermal cutouts or relays are approved for use with larger size fuses. 

4. Smaller size Tap-offs.  In the case of a circuit supplying a number of motors, it is 
permissible to tap off the branch circuit to the motor with a smaller size wire providing: 
 

a. The tap-off is correctly sized for the motor (125% full-load current), and 
b. The tap-off has an ampere rating at least 1/3 that of feeder, and 
c. The tap-off is protected against mechanical damage, and 
d. The tap-off is not over 25 feet long to motor or its protecting equipment.  

Exception is made in high-bay area where vertical length of drop exceeds 25 feet. 
 

5. Growth.  In the average plant, a 50% growth factor is commonly applied when 
determining sizes of the feeders in the electrical system for motor and heating loads. 
Additional lighting, however, normally requires a major revamp of lighting equipment.  
At that time a new feeder could be installed to carry the additional load.  Therefore, we 
will not use a growth factor on lighting feeders. 

6. Voltage Drop.  In Systems serving most industrial loads, voltage drop in power feeders 
should not exceed 2% and in branch circuits not more than 1%.  Lighting feeders to 
lighting panelboards should have a maximum of 1%.  The reason for this is to assure 
satisfactory performance of the equipment.  For example, in heating devices, heat output 
varies with the square of the voltage.  A 10% voltage drop results in a 19% decrease in 
heat output. 
 

Power Factor  

 The induction motors in the Circuit Design Problem which follows are assumed to have a 
lagging power factor of 80%.  To understand just what this means, let’s compare power factor 
with a mug of beer. 

 Just as a mug of beer is made up of both beer and foam, the power which we must supply 
to induction equipment, such as an induction motor, transformer, fluorescent light, is made up of 
real and reactive power.  The real power, or the working power as it is sometimes called, may be 
compared to the beer.  The unit of measurement of real power is the kilowatt (KW).  

 The reactive, or magnetizing power, is similar to the foam. The magnetizing power is the 
power which is required to produce the flux necessary for the operation of any induction 
equipment.  Without magnetizing power, energy could not flow through the core of a transformer 
or across the gap of an induction motor.  The unit of measurement of this power is the kilovar 
(KVAR). 
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 The sum of the real and reactive power is the apparent power which is measured in 
kilovolt-amperes (KVA).  Just as the mug must hold both beer and foam, so must wires and 
transformers carry total KVA power.  Power factor is the ratio of the real or working power in 
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KW to the apparent power in KVA.  
 
 

 

Figure  1 

 
  

The problem is to determine the sizes of the wire, conduit and protective equipment 
required for installing the equipment in a metal working plant that has a 480 volt, 3-phase, 
distribution system.   

 Shown are the production and storage areas.  The storage area will not be used for 
production for at least five years.  There are four 80% power factor squirrel cage, across-the-line 
start motors which are to be connected, namely a 25hp – Code “F”, 15 hp – Code “H”, and two 5 
hp – Code “F” motors.  (The Code letter indicates starting current to be expected.) 

 We will use open wire for the feeder, since it can be mounted out-of-the-way up in the 
truss work.  If this plant were a lumber mill, paint shop or similar operation having a possible fire 
hazard, the feeder would have to be in conduit or armored cable.  Normally, for a plant over 50 
feet in width, it would be best to run two feeders, one down each side of the plant, spaced about 
5 feet in from the walls.  For simplification we’ll use one feeder down the center of the building.  
Also it is best to supply power as near as possible to the center of the load.  In this problem, 
however, we’ll run the feeder from one end of the plant to get a long feeder.  The branch circuit 
distances shown on the sketch include the drops to the motors.  The riser from the feeder 
switches and the motor taps will have to be in conduit. 

Solution:- Feeder Circuit. 

©2006 Adolph A. Biss, P.E.   Page 5 of 36 

From Table #1, determine full-load current:-   
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  Motor #1  25 hp     34 A                      
 Motor #2  15 hp      21 A 
 Motor #3    5 hp      7.6 A         
 Motor #4    5 hp      7.6 A
         Total              70.2 A 
 

Minimum current –carrying capacity of feeder wires equals:- 
 

    125% full-load current of largest motor         42 A 
                 100%  ‘ ‘ ‘ Motor #2  21 A 
    100% “ “ “  Motor #3    7.6 A 
    100% ‘ ‘ ‘  Motor #4           7.6 A 
      Total                78.2 A 
 

For recommended feeder current-carrying capacity, add 50% normal growth factor for future 
load:- 

   150%   x   78.2 A   =   117.3 A 
(Since the storage area will not be used for production within five years, this future load need not 
be considered.) 

From Table #3, the current-carrying capacity of #1 RHW wire in the Riser section of conduit is 
130 A. 

 From Table #4, the conduit size required for 3 - #1 wires is 1 ½." 

 From Table #2, the current-carrying capacity of #4 RHW wire for the open wiring 
 section is 125 A. 

Motor Circuits: 
 

Motor #1 – 25 hp switch located at motor. 

      Branch circuit current-carrying capacity, minimum required, equals 
    
   34 A x 125% = 42 A 
 
From Table #3, wire Size is #8 RHW  (45 A) 
 
From Table #4, conduit size for 3 - #8 wires is ¾”. 
 
A disconnect switch at tap-off point is not needed because 45 A  
(current-carrying capacity of #8 RHW wire) is greater that 1/3 feeder 

     capacity  (1/3 x 125 A = 42 A ) and because branch is not longer than 
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    25 ft. 
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Running protection required at motor switch equals: 

   40 A dual-element fuses in 60 A switch 
   (Table #5 – Column 2 – Table #6) 

 
However, starters are used where large loads are encountered, where automatic features are 
required, or where repetitive starting is needed . 

They also eliminate single phase operation since all three line contacts are opened together 
when current increases in one of the protected legs. 

Since a magnetic starter is needed for this size motor, a combination starter including a 
switch will be selected, a NEMA size 2, with 100 A fuse clip (from manufacturer’s catalogs).  
The over-load relay on the starter will provide the motor running protection.  The 100 A fuse 
will provide the short circuit protection.  

Motor #2 – 15 hp located in separate room. 
 

Motor disconnect to be located near door to room, in sight of and within 50 ft. of motor, can 
have motor-running protection, 

Branch circuit minimum capacity equals: 
 
   26 A (125% of full-load current) 
 
   Select #10 RHW (30 A)  ( From Table #3) 

 
However, 30 A is less than 1/3 feeder capacity (1/3 x 125 A  = 42 A). 
Therefore, we must either use #8 RHW wire (good for 45 A) or install 
a fused switch at the tap-off.  We choose to use #8 RHW wire without 

 a tap-off  switch because the branch is only 20 ft long. 

   Conduit size – 3-#8 wires equals ¾” (Table 4) 

This time a breaker type combination starter will be used, NEMA size 2, with 40 A breaker 
(from Manufacturer’s catalogs).  This 40 A is the continuous rating of the breaker.  Again the 
overload relay on the starter provides motor running protection.  The 40 A breaker provides 
the short circuit protection. 

Beyond the 40 A breaker, current-carrying capacity of the remainder of the branch can be 
less than 1/3 that of the feeder so #10 RHW wire (30 A) can be used.  ¾” conduit is required.  
This 40 A breaker also protects the #10 wire.  The Code allows the next standard size 
protective device where the current-carrying capacity of a conductor does not correspond 
with the device rating. 
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Since some control should be located right at the motor, a push button station should be 
wired at the motor in parallel with the starter. 



www.PDHcenter.com PDH Course E208 www.PDHonline.org 

Motor #3 – 5 hp Code letter “F” 

      More than 25ft from feeder, starting and protective switch located at motor. 
Branch circuit protection (because motor is more than 25 ft from feeder) equals: 

   25 A fuse in 30 A switch 
   (Table # 5 – Column 4 – Table #6) 

 
Because we have a tap-off switch, the branch circuit size can be less than 1/3 that of the 
feeder.  It need be only 125% of full-load current. 

   125%  x  7.6  =  9.5 A 
 

Although Table 1 shows that a smaller wire size would serve, it is recommended that no wire be 
used smaller than #12 in industrial work. 

   Conduit size for 3-#12 equals ½” 
The 25 A fuse in the branch circuit switch will provide the short circuit protection for this circuit.  
Thus, only a starter need be installed at the motor.  It could be a manual type if the motor were 
started infrequently or if low-voltage protection were not necessary.  A manual starter, size 2, 
good for 7 ½ hp could be selected (from Manufacturer’s catalogs) 

Motor #4 – 5 hp, 20 ft from feeder. 
 
Branch circuit switch is not needed if a circuit is used having a rating  
greater than 1/3 that of feeder.  This is #8 RHW in ¾ “ conduit as we 

 determined for Motor #1. 

 
We will assume that this 5 hp motor requires frequent starting so that  
a magnetic starter is required.  We will also need a fused switch (or  
breaker) to provide short circuit protection.  Let’s select a switch  
type combination starter – NEMA size 0 with 30 A fuse clips with 30 A 
 fuses (from manufacturer’s catalogs).  It is important to select the right size starter so 
that trouble can be localized at the motor and the feeder will remain operative. 
 
Note:  There is 30 ft of feeder between the tap-off for Motors #3 and 

  #4.  A branch circuit switch could have been put at tap-off for  
  #3 and smaller wire run all the way to Motor #4.  Because this 
  would limit future growth, it was decided to run the #4 feeder 
  all the way. 

Voltage Drop – Feeder and Branch Circuit 
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Voltage drop of feeders should be not more than 2% equals: 
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   2%   x   480 V    =  9.6 V maximum 
 

We determine current flowing in each part of the feeder and apply the appropriate distances 
from the beginning of the feeder.  The 50 % growth factor should be applied and, to allow for 
the worst condition, assume growth to be located at end of open-wire feeder. 

Voltage drop “per A  per 100 ft”  - per Table 10 equals: 

   #2 wire in conduit  =  .0322 drop 
   #4 open wire          =  .0519 drop 
   Total full-load current of four motors equals: 

   34 A   +   21   +    7.6   +   7.6   =   70 A 
 

In Riser                        = (70 A  +   35 A)  x  .0322  x  10/100  =  0.34 V 

To Motor #1 Tap         = (70 A  +   35 A)  x  .0519  x  20/100  =  1.09 V 

 “ “     #2 Tap = (36 A  +  35 A)  x  .0519  x  30/100  =  1.11 V 
 “ “     #3 Tap = (15 A  +  35 A)  x  .0519  x  20/100  =  0.52 V 
 ‘ ‘      #4 Tap = (7.6 A +  35 A)  x  .0519  x  30/100  =  0.64 V 
                       3.72 V 
 
Therefore, maximum voltage drop in the feeder as planned with use of  
#2 and #4 wire is 3.72 V, well below the 2% or 9.6 V limit. 
 

Branch Circuit Drop 
 

Voltage drop in branch circuits should be not more than 1% equals: 

   1%   x   480 V   =   4.8 V 
 
Motor #1 (#8 RHW):    34 A  x  .1120  x  25/100  =  .95 V 
 
Motor #2 (#8 and #10 RHW): 21 A  x  .1120  x  20/100  =   .47 V plus  
               21 A  x  .1733  x  50/100  =  1.82 V 
                          2.29 V 
 
Motor #3 (#12 RHW):  7.6 A  x  .2720  x  40/100  =  .83 V 
 
Motor #4 (#8 RHW):   7.6 A  x  .1120  x  20/100  = .17 V 
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    We find all voltage drops in branch circuits within the allowable limit. 
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Feeder Protection 
 

Maximum fuse size is sum of fuse rating of motor branch circuit protection for motor with 
largest starting load plus full load currents of other motors. 

Largest starting load is 25 hp motor, code letter “F”. 
Fuse rating  =  300%  x  34 A  =102 A (round at 100 A). 

 

So the fuse size would be 100 A. (Table 7) 

  Sum of currents  =  100 A  +  21  +  7.6  +  7.6  =  136.2 A 
 
Nearest standard fuse size is 150 A 
 
Another rule:  Overcurrent protective devices for loads continuing for long 
periods of time must have a rating not less than 125% of the circuit loading 
 

Full load current including 50% growth equals: 

   70.2 A   +   35.1 A   =   105.3 A 
  125%   x   105.3 A   =   131 A, 
  (so the 150 A fuse selection is right) 
 
These 150 A fuses must also protect the conductors. 
 

 Current-carrying capacity of #2 wire in conduit  =  115 A 
 Current-carrying capacity of #4 wire in air          =  125 A 

 
This 150 A DE fuse is permissible under the code (Art 210.19), to 

protect the motor feeder.   However, closer thermal protection will be 

obtained by the use of a 125 A DE fuse which will still allow the starting  

inrush of the motor. 

 
Note:     If starting in-rush current is abnormal, a 200 A fuse could be  
used.  In some cases where two or more motors start together, larger 
feeder conductors my be required as well as larger fuses. 

For Circuit Breaker 
  
 Rating  =  250%  x  34 A  =  85 A  (Table 7) 
  
 Sum of currents  = 85 A  +   21  +  7.6  +  7.6  =  121 A 
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 Breaker size  =  125 A 

Heating Load Problem 
 

Let’s assume this same plant has an 80 KW, 3-phase furnace located 100 ft from the distribution 
panel (including 10 ft riser and 10 ft drop).  It is planned to run a branch circuit from the 
distribution panel for this load using interlocked armor cable. 

 

Figure 2 

Solution 
 Current per phase  =  Total Wattage      =     80,000 W   =   105 A 
    Volts  x  1.73                440 V x 1.73 
 
 150%  x  105 A  =  158 A   (50% added for growth factor) 
 

Assuming three conductor, varnished-cambric insulated cable with galvanized steel armor, #1/0 
size has a current-carrying capacity of 155 A (Table #11)  This matches the load plus 50% 
growth, close enough. 

Voltage Drop 

The voltage drop factor for three conductors in iron conduit can be used for the factor 
for galvanized wrapped armor cable.  (If it had been aluminum wrapped, conductors in 
non-magnetic conduit would have been used.) 

   Drop  =  158 A  x  .0208  x  100/100  =  3.28 V 
 
   (Table #10,  100% power factor) 
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   Allowable drop  = 3%  x  480 V  =  14.4 V 
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Feeder Protection 
 

There are no starting currents to consider so the circuit should be protected by a fuse or breaker 
set at rated current-carrying capacity (155 A) of the #1/0 RHW wire.  Since the standard rating of 
the protective device doesn’t correspond with the capacity of the wire, the next standard rating is 
permissible.  This is a 175 A breaker or a 200 A switch fused at 175 A.   Furnace protection calls 
for 125 A fuses in a 200 A switch or 125 A breaker  

Lighting Load 

 

                   0                             54                         107                      160 

Figure 3 
 

 Let’s assume the manufacturing area will have about 50-60 FC of lighting requiring 32 
KW and the storage area about 25 FC with 10 KW.  However, because the storage area may be 
used for production purposes in five years, and because we have to wire the area for 25 FC, we 
might just as well wire it now for the 60-120 FC level.  This would increase the storage area 
lighting load to 19.2 KW for a lighting total of 51.2 KW. 

 We will also want to supply about 5 FC for convenience outlets for small tools.  These 
can be supplied from the lighting circuit.  Three 25 KVA, 480/120/240 V single phase 
transformers will be supplied from one three-phase feeder.  Incidentally, where at all possible, 
the lighting circuit should be kept separate from motor and heating circuits when the loads are of 
a fluctuating nature. 

 The transformer feeder will run down the center of the plant and each of the three 
transformers with their disconnect switches will be spotted to cover about 1/3 of the area.  There 
will be a 10 ft riser section and a short 5 ft run to the transformers since they will be located up in 
the truss-work.  Wire in conduit will be used. 

Solution 
  Phase Current    =    75,000 VA     =    98.5 A 
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                      440 V x 1.73 
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(Remember we do not apply the 50% growth factor to lighting feeders.  Should lighting levels be 
increased to say 120 FC for greater efficiency, a new feeder could be installed to carry additional 
load.) 

  #2 RHW will carry 115 A in conduit  (Table #3) 
 
  #3 RHW wire carries 100 A, but the size is uncommon, so we   
 choose #2. 
 
  Conduit size  = 1 ¼”  (Table #4) 

Voltage Drop 
For fluorescent lighting, use the 90% factor figures in the voltage drop table.  Voltage drop for 
most distant transformer is – 

 Riser            98.5 A  x  .0339  x  10/100              =   .33 V 
 To #1 Transformer Tap       98.5 A  x  .0339  x  27/100               =   .90 V 
      To #2      “ “ “       98.5 A  +  57 A  x  .0339  x  53/100=  1.40 V 
 To #3      “ “ “       57 A  x  .0392    x   53/100              =  1.18 V 
 Tap to #3 Transformer        57 A   x   .0392  x    5/100               =     .11V 
                    3.92V 

 Allowable voltage drop for this transformer feeder is 2% or 9.6 V (the same as any power 
or heating feeder).  We are well within the limit with #2 RHW in conduit.  It should be noted that 
the voltage drop for the 120/240 V conductors from the transformers to the lighting panelboards 
should be held to a maximum of 1%. 

 The feeder protective device should be fused for the capacity of the wire (115 A for #2 
RHW in conduit).  This requires a 125 A fuse in a 200 A switch.  The breaker rating would be 
125 A.  The transformer tap-off switches will be 60 A with 60 A fuses   (De-rate switch for 80% 
for continuous type load) 

 
Note: There are tables available and special slide rules by use of which this problem 
could have been solved much easier and faster.  This problem was solved arithmetically 
to gain an understanding of the fundamentals involved although in most instances it is 
more practical to use one of the shortcut methods. 
 

Electric Service Entrance 
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 Having determined the electric power, heating and lighting requirements, the service 
entrance equipment may now be considered.  The service entrance may be defined as the 
entrance conductors and necessary equipment to control the electrical supply to a building.  The 
necessary equipment includes the switchgear, supply bus, ad connectors.  Equipment controlling 
the service must be located at the point of entry. 
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 A maximum of six feeder circuit switches may be used at the service entrance, except 
that when a main disconnect is used, the number of feeder circuits may be increased.  This main 
disconnect must be sized to provide adequate protection to the supply bus.  The sixth switch may 
be used to feed a secondary bus from which additional feeders up to six may be fed without a 
main disconnect. 

 If one entrance supply bus is insufficient to meet growth needs, another similar bus may 
be added right beside the existing one.  Main switches must be provided for both entrance 
circuits. 

 Circuit breakers are used for the service just as switches and fuses are.  They provide 
more flexibility, safety, and better protection from such faults as undervoltage and single 
phasing.  Frequently, they are combined in a built-up panelboard as part of the service entrance.  
They make a much neater installation and are preferred in most cases. 

 If, by necessity, the point of entry must be a distance away from the control device and 
the entrance conduit exposed, this conduit may be encased by two inches of cement or fireproof 
plaster. 

 Always plan service entrance requirements to include future expansion of power, heating 
and lighting loads. 

 The sum of cross sectional areas of all contained conductors at any cross section of a 
wireway or trough shall not exceed 20% of the interior cross sectional area of the wireway. 

 In addition to these rules, the diversity and demand which would be encountered in the 
system must also be considered  

Diversity 

 Diversity means that all motors win not be running at full load at one time.  All lights in 
the plant will probably not be on at one time.  The heating load which is thermostatically 
controlled will be cycling.  This is diversity. 

Diversity Factor.  

 Average diversity figures have been developed for various types of equipment.  These 
are expressed in percentages and are known as diversity factors.  (Table #11)  Lots of judgment 
must be used in applying diversity factors and the figures varied in the light of information on 
what actual practice will be. 

 Although there may be diversity between several feeders, this diversity factor is usually 
considered to be 100% to be on the safe side. 

Demand 
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The estimated demand on the feeder is obtained by multiplying the diversity factor by the 
connected load.  Load growth, however, must be included for sizing the service entrance or the 
substation. 
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Example: 
  

Having considered the various plant loads earlier, we now must determine the service entrance 
requirements.  The following data has already been determined: 

 

 

 

                Load      Feeder              Protection 
    With 50%           Armor 
  Actual   Growth    Open   Cond,  Cable  Switch   Fuse   Breaker 
 
Motors         70        105.3        #4       #2       ---       200 A   150 A   125 A 
Heating   105     158         ---                  #1/0     200 A   175 A   175 A 
Lighting     98.5       98.5       ---        #2       ---       200 A   125 A    125 A 
 
    Total   273.5A    361.8A  
 

 Applying diversity factors from Table 8 to these load figures (including growth): 

   
  Motors   105.3 A   x   50%   =     50 A  (rounded) 
  Heating  158    A   x   80%   =   126 A 
  Lighting   98.5  A   x   80%   =     79 A 
 
         255 A 
 

 255A would then be the load for which we should size the service entrance, assuming 
there will be no plant expansion within five years. 

  

 Referring to Table #3, we see that 250 MCM or 350 MCM RHW cable will do the job.  
However, we choose 3-500 MCM.  Here’s why:- we have used only three spaces on the supply 
bus and we are permitted six.  Three 500 MCM’s provide spare capacity of 125 A or 49%.  This 
is food practice since industrial use of power has been doubling every 10 years. 

 Conduit size is the same 3” for 3-500 MCMs as it is for 3-350 MCMs. 

 Installation cost would be the same and the difference in material cost would not be 
significant compared to the rest of the system. 

 Wire Trough should be 6”  x   8” for either 3-#500 MCM or 3-#350 MCM.  

  Length of the Trough wireway should be 6’ to 8’ long depending n switch frame sizes. 
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 Instead of a Trough, a preferred service entrance installation consists of a bus duct and a 
built-up panelboard.  A six-position cabinet would allow three spaces for future feeders. 
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One-Line Diagram

 When it comes time to modernize an existing electrical system or to design an entirely 
new system, an invaluable tool is a good up-to-date one-line diagram of the system.  It will be 
especially valuable when planning additions to an existing system or modernizing it step by step.  
A one-line diagram indicates by single lines and standard symbols the course and component 
parts of an electric circuit of system of circuits.  

 The following items, if given special attention during preparation will help to insure 
complete, accurate, and easily interpreted diagrams: 

 

     1.  Maintain Relative Geographic Relations  

         As far as practical, approximate relative position of components should be 

         maintained. 

     2.  Avoid Duplication
     A one-line diagram is a sort of diagram shorthand and for this reason every line,   

     symbol, figure, and letter has a definite meaning.  Therefore, the duplication of 

     names should be carefully avoided. 

3.  Use Standard Symbols:- Table #9

4.  Show all known facts

No detail within the scope of the diagram should be considered as unimportant, and the 
rule to be followed should be – when in doubt, show it.  Use of the following check list 
may help avoid the omission of some important details: 

a. Manufacturer’s type and rating of devices 
            
            b.   Ratios of current and potential transformers, taps to be used on 

        multi-ratio transformers, and connections of double current 

        transformers. 

            c.  Connections of power transformer windings. 
 
d. Circuit breaker ratings in volts and amperes, the interrupting 

              rating, type and number of trip coils on circuit breaker. 

e. Switch and fuse ratings in volts and amperes. 
 
f    Functions of relays. 
 
g.  Ratings of machines and power transformers. 
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h.   Size and type of conductors. 
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i.   Voltage, phase, and frequency of all incoming circuits,  indicate wye or delta 
     system , grounded or ungrounded. 

 
   5.  Show Future Plans

  
          Future plans should be set forth in the diagram, either diagrammatically or by 

          explanatory notes. 

   6.  Include Correct Title Data 
  
Care should be exercised in the assignment of titles to one-line diagrams to assure that 
they accurately identify the intallation without confusing it with another job. 

One other important point concerning one-line diagrams which is actually a warning to 
anyone responsible for preparing them:- Tell what you know on the one-line sketch, but 
nothing which you do not know. 

Voltage Selection 

Nominal System and Equipment Voltage Ratings.   
  

 It may be confusing that there are differences between the voltage ratings of electrical 
systems and various types of electrical equipment; i.e., a 440 V motor is used on a 480 V 
system.  System voltages are no-load voltages.  This voltage is decreased by the drop through 
the transformer and conductor which varies with load so that slightly lower voltage is 
available at the point of use.  Data on Table 12 helps to clarify the ratings. 

Delta and Wye Voltage Systems. 
  

 In the delta connection, (Figure 4), which is the most common three-phase 

three-wire system, the voltage between each pair of line wires is the actual transformer winding 
volts  

 An attempt should be made to balance single-phase loads across all three phase of the 
system to avoid the necessity of increasing the ratings of one of the three transformers.  If one 
three-phase transformer is used, the entire transformer must be larger to accommodate unbalanced 
loading than when a balanced condition exists. 

 In a three-phase, three –wire connection, the voltage between each pair of line wires 
equals square-root-of-3 times the transformer winding voltage.  Individual single-phase loads can 
be balanced across the three phases.  However, this is not recommended because one of the loads 
might be removed, causing a current unbalance which would probably open the protective fuses.  
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 When unbalanced loads are expected, the three-phase, four-wire wye system is used as in 
Figure 5.  This system also provides a line to neutral voltage which equals the line voltage 
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divided by the square-root-of-3.  This is also the transformer winding voltage.  The grounded 
neutral carries any unbalance in the system. 

Selection of Proper Plant Voltages. 
  

 Advantage should be taken of decreased circuit investment, lower electrical losses, and 
better voltage regulation by power as close to actual loads as possible at relatively higher 
voltages.   

 When low-voltage feeder lengths are short so that voltage drops are not excessive and 
when foreseeable loads do not exceed approximately 1,000 KVA at 480 V (1200 A) or 500 KVA 
at 240 V (1200 A), the system can be supplied direct from the power company service.  
However, 240 V is not desirable as will shown later. 

240 Volts Versus 480 Volts  
  

 Probably the two most common secondary voltages to compare are 240 and 480.  A 
majority of smaller industries and larger plants with small or medium size motor loads can 
utilize either 240 or 480 systems. 

 Economics favor the selection of a 480 V system over a 240 V system in a typical plant.  
Motor costs are the same and unit-substation costs will not differ greatly; however, starters 
and wiring favor the 480 V system.  This indicates that a 480 V system is the most 
economical system to select.  A 600 V system would probably show a greater economy.  
However, 550 V or 575 V equipment is not as readily available as 480 V, thus it is seldom 
used except in certain industries such as paper and textile. 

How To Shift From 240 Volts To A 480 Volt system 
  

 Many plants now have 240 V and are faced with the question of shifting to 480 V.  
Before converting or modernizing a system, consideration should be given to existing and obsolete 
equipment, plant processes, and possible expansion.  A study may indicate changing only portions 
of a plant to 480 V while maintaining 240 V until such time as the conversion can take place.  In 
this case, the 240 V equipment can be supplied through step-down transformers.  This is especially 
true where primary distribution is involved. 

 If the motors are of recent vintage, they are reconnectable for 440 V.  In general, motor 
starters can be converted by the installation of new thermal trips and new operating coils on 
the contactor as long as the hp rating is unchanged. 

 Making this conversion is a good time to replace overloaded motors and to change the 
underloaded motors which contribute to poor system power factor. 
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 If the plant has 120 V lighting, then 4/1 transformers would be required.  If the lighting 
were 240 V, then a decision would have to be made whether to use 2/1 transformers or the center 
tap of the 480 V power transformer. 



www.PDHcenter.com PDH Course E208 www.PDHonline.org 

 

 Heating loads create another problem.  Sometimes 240 V heating elements can be placed 
in series for 480 V.  Otherwise, 2/1 step-down transformers are required. 

 

 Conductors, safety switches, and breakers can utilize 480 V without change and it will be 
possible to carry twice the load thus permitting expansions at no additional cost.  This saving 
will help offset a portion of the motor control cost. 

 

 The major reason for converting to the 480 V system is to reduce future costs of 
equipment such as unit-substations, control, wiring , and to get better voltage regulation of the 
present system at minimum cost.  

Wye Voltages 
 

 So far, we have considered the 240 and 480 V delta secondary voltages.  The wye 
voltages that can be obtained are shown if Figure 7. 

120/208 Volt Wye 
 

 The 120/208 V system is generally applied for commercial use, as 120 V single phase is 
available for lighting and 208 V three phase can be used for small motors.  This system is used 
rather infrequently in industry because 440 V equipment is more economical for large motor 
loads. 

240/416 Volt Wye 
 

 The 240/416 V system has the advantage of being able to handle twice the load compared 
with the 120/208 V system for the same size conductors, switches and breakers.  It finds its use 
in offices which have large 240 V lighting loads and not much motor load at 440 V.  Standard 
240 V transformers are used.  Of course, 120 V convenience outlets must be served from 240-
120/240 V step-down transformers. 

265/460 Volt and 277/480 Volt Wye 
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 The 265/480 V Wye and the 277/480 V wye systems are practically the same, the only 
difference being that 265/460 V is supplied by standard 240 V transformers, using two 5% taps 
to raise the voltage to 265, whereas the 277/480 V is supplied by a  transformer designed for that 
voltage.  The system fits industrial plants very well because of its ability to adequately operate 
large 440 V motors.  The cost of this system may be about 25% less than that of a 120/240c 
system. 
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Voltage Summary 
 

 The savings and  improved voltage regulation using 480 V over 208 V and 240 v 
indicates that 480 V is the preferred voltage for low voltage in industrial plants.  As a result, 
equipment manufacturers are standardizing more and more on 480 V 
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Power Factor Improvement. 
  

 As mentioned earlier, power factor is the ratio of actual power to apparent power, or 
watts to volt-amperes expressed as a percentage.  A high power factor is very important for 
efficient operation of electrical systems. 

 Improvement of power factor may be divided into two classifications: 

- one in which equipment operates at unity power factor, and the 
- second in which devices are used which supply leading current. 
 

Unity Power Factor Equipment 
       

       !.  Unity power factor synchronous motors. 

2. Unity power factor capacitor motors. 
3. Incandescent lamps. 
4. Resistance heaters and other non-inductive loads. 
 

 Adding this type of equipment to the system improves the power factor of the system.  
The magnetizing current remains the same, but the total actual power becomes greater in 
proportion to the total apparent power. 

Leading Power Factor Equipment 
 

 This type of  power equipment, capable of supplying leading current to the system to 
which it is connected, includes: 

 

1. Synchronous motor, overexcited to give a leading power factor. 
 
2.  Synchronous condenser which is the same as a synchronous motor except that is used 
only for power factor correction and does not carry any mechanical load. 
 
3.  Synchronous or rotary converter to supply direct current from an alternating current 
circuit.  When the converter is lightly loaded it can be operated at leading power factor by 
overexciting the fields. 
 
4.  Capacitor, a device that has the property of supplying magnetizing current to the load.  
Efficiency of capacitors is high, having losses less than one-half of 1% of their KVA 
rating. 
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 Capacitors can be applied at various points throughout the system. The most effective 
location is at the motor or point of use.  If they are installed at a central location, overvoltage 
then the load drops should be guarded against. 

Sizing of Capacitors 
  

 To improve power factor it is necessary to determine the size of capacitors needed.  This 
can be done by calculation, by graphic determination, or by tables.  As proposed in this Course, 
the simpler and accurate method of determining the required capacitors can be found in Table 13.   

 In addition, Tables 13a and 13b shows the maximum capacitor rating that should be 
switched with motors. 

 For example, what amount of capacitors is needed to raise the power factor of a 20 KW 
load from 80%  to  90%? 

 The factor from Table 13 is .266, which when multiplied by 20 KW gives 5.32 KVAR.  
The standard capacitor size selected is 5 KVAR which will result in slightly less than 90%(close 
enough) 

Capacitor Economics 
 

 The installation of capacitors at the point of use, reduces the current drawn from the 
system.  This results in lower voltage drop, less conductor size required, and less transformer 
capacity required, as well as a reduction in the power cost (depending on the power rate applied). 
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 *For 90 and 80 percent power factor, the figures shall be multiplied by 1.1 and 
             1.25, respectively 
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TABLE  2 
 

Article 310 - Conductors for General Wiring 

  
See 240.4D 
 
 
2005 Edition  National Electrical Code      70-143 
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TABLE  4 

 
          ANNEX  C   AnnexC: Tables   
 

 
              (continued) 
 
2005 Edition   National Electrical Code      70-693 
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TABLE   5 
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TABLE  6 
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TABLE  9 
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