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Agenda

3 case studies for high reliability power systems

Design concepts

Start with basics for simple circuit design

Considerations for temperature, safety, etc.

Build system with transformers, switchgear, etc.

Overall power system design

2008 National Electrical Code (NEC)

“Bible” for designing electrical systems in USA
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U.S. Typical System Voltages

120 V, for most small loads like laptops

120/240 V, 1-phase distribution

208Y/120 V, 3-phase distribution

480Y/277 V, 3-phase distribution

4.16Y/2.4 kV, 3-phase distribution

12.47Y/7.2 kV, 3-phase distribution

Utility Distribution: 12 kV, 23 kV, 34.5 kV, etc.

Utility Transmission: 46 kV, 60 kV, 115 kV, etc.

All at 60 Hz
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480 V, 3-Phase Power
Simple Circuit Design for 480 V, 100 Hp Pump
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Simple Circuit Design for 480 V, 100 Hp Pump

BASIC ELEMENTS

Load: 100 Hp pump for moving liquid

Cables & Conduit: Conveys power, safely, from 
motor starter to pump

Motor Overload: Provides protection to motor from 
overload conditions (e.g., bimetallic strip, electronic)

Motor Contactor: Allows passage of power to motor 
from source

Circuit Breaker (OCPD): Provides overload and short 
circuit protection
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Simple Circuit Design for 480 V, 100 Hp Pump

Cables & Conduit: Conveys power, safely, from 
power source to motor starter

Power Source: 480 V, 3-phase, 60 Hz

Control: Not shown in single line diagram

Control Methods: Level switch, flow sensor, pressure 
sensor, manual start/stop, automated control system, 
PLC, DCS, SCADA, etc.

PLC = Programmable Logic Controller

DCS = Distributed Control System

SCADA = Supervisory Control and Data Acquisition
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Simple Circuit Design for 480 V, 100 Hp Pump
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Simple Circuit Design for 480 V, 100 Hp Pump
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Simple Circuit Design for 480 V, 100 Hp Pump

DESIGN CALCULATIONS

A. Determine full-load current, IFL

B. Size motor starter

C. Size overcurrent protection, breaker

D. Size conductors for cables

E. Size grounding conductor

F. Size conduit for cables
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Simple Circuit Design for 480 V, 100 Hp Pump

A. Determine Full-Load Current, IFL

Three methods

1) Calculate from power source

2) Directly from motor nameplate

3) From NEC Table 430.250
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Simple Circuit Design for 480 V, 100 Hp Pump

1) Calculate IFL from power source:

kVA
IFL = --------------------------------------

Sq Rt (Phases) x Voltage

Where, Phases = 3

Where, Voltage = 480 V, or 0.48 kV

Where, kVA = kW/PF

Where, PF = Power factor, assume typical 0.85

Where, kW = Hp x 0.746 kW/Hp
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Simple Circuit Design for 480 V, 100 Hp Pump

Thus, kW = 100 Hp x  0.746 kW/Hp = 74.6 kW

kVA = 74.6 kW/0.85 PF = 87.8 kVA

And, 

87.8 kVA
IFL = ----------------------------- = 105.6 A

Sq Rt (3) x 0.48 kV
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Simple Circuit Design for 480 V, 100 Hp Pump

2) IFL directly from motor nameplate:

Depends on whether motor has been purchased to 
inspect motor nameplate

Many different motor designs

Results in different IFLs for exact same Hp

High efficiency motors will have lower IFL

Low efficiency and lower cost motors will have 
higher IFLs
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Simple Circuit Design for 480 V, 100 Hp Pump

3) IFL from NEC Table 430.250

NEC Table 430.250 = Full-Load Current, Three-Phase 
Alternating-Current Motors

Most common motor type = Induction-Type Squirrel 
Cage and Wound Rotor motors

NEC Table 430.250 includes IFLs for various 
induction motor Hp sizes versus motor voltage

Motor voltages = 115 V, 200 V, 208 V, 230 V, 460 V, 
and 575 V.
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NEC Table 430.250, Motor Full-Load Currents
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IFL for 100 Hp, 460 V, Induction Type Motor
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Simple Circuit Design for 480 V, 100 Hp Pump

Three methods, summary

1) Calculate from power source = 105.6 A

2) Directly from motor nameplate = Depends on 
motor design and efficiency

3) From NEC Table 430.250 = 124 A

Why is there a difference?
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Simple Circuit Design for 480 V, 100 Hp Pump

Three methods, summary

1) Calculate from power source >>> 

a) Does not account for motor efficiency

b) Had to assume some typical power factor

c) Smaller Hp motors will have very low PF
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Simple Circuit Design for 480 V, 100 Hp Pump

Three methods, summary

2) Directly from motor nameplate >>>

a) Most accurate

b) Actual motor may not be available to see 
nameplate

c) Usually the case when design is executed before 
equipment purchase and installation

d) Even after installation, motor may have to be 
replaced

e) New motor may be less efficient, or higher IFL
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Simple Circuit Design for 480 V, 100 Hp Pump

Three methods, summary

3) From NEC Table 430.250 >>>

a) Most conservative, since IFL is usually higher

b) Avoids installing conductors for high efficiency 
motor (lower IFL), but may be too small for a 
replacement low efficiency motor (higher IFL) 

c) This is safety consideration to prevent a fire

d) Use of IFL from table is required by NEC for sizing 
conductors

e) For 100 Hp, 460 V motor, IFL = 124 A
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Simple Circuit Design for 480 V, 100 Hp Pump

B. Size Motor Starter

U.S. uses standard NEMA class starter sizes

Main difference is in size of motor contactor

Motor contactor must be sized to carry full-load 
current and starting in-rush current (about 5.5 x IFL)

Allows motor starter manufacturers to build starters 
with fewer different size contactors
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Simple Circuit Design for 480 V, 100 Hp Pump

For 460 V, 3-phase motors:

NEMA Starter Size Max Hp

1 10

2 25

3 50

4 100

5 200

6 400

7 600



Page - 24

Simple Circuit Design for 480 V, 100 Hp Pump
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Simple Circuit Design for 480 V, 100 Hp Pump

For 208 V, 3-phase motors:

NEMA Starter Size Max Hp

1 5

2 10

3 25

4 40

5 75

For same motor Hp, IFL is higher for 208 V vs. 460 V; 
thus, max Hp for 208 V is lower
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Simple Circuit Design for 480 V, 100 Hp Pump

Size Motor Starter Summary

For 100 Hp, 460 V, 3-phase motor:

Motor starter size = NEMA Size 4
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Simple Circuit Design for 480 V, 100 Hp Pump

C. Size Overcurrent Protection, Breaker

Circuit breaker comes with combination motor starter

Size is based on the motor IFL

Minimum breaker size = IFL x 125%

For 100 Hp, 460 V, 3-phase motor,

Minimum breaker size = 124 A x 1.25 = 155 A

Next higher standard available size = 175 A

Maximum breaker size >>> per NEC
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Simple Circuit Design for 480 V, 100 Hp Pump

NEC Table 430.52 = Maximum Rating or Setting of 
Motor Branch-Circuit Short-Circuit and Ground-Fault 
Protective Devices

Depends on type of motor

Depends on type of OCPD
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NEC Table 430.52, Maximum OCPD for Motors
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Simple Circuit Design for 480 V, 100 Hp Pump

Per NEC Table 430.52,

Maximum OCPD for 100 Hp, 460 V motor = IFL x 
250%

Maximum breaker size = 124 A x 2.5 = 310 A

Next higher standard available size = 350 A

Why the difference?
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Simple Circuit Design for 480 V, 100 Hp Pump

Recall, 

Minimum breaker size = 175 A

Maximum breaker size = 350 A

To allow for motor starting in-rush = IFL x 5.5

In-rush current = IFL x 5.5 = 124 A x 5.5 = 682 A

682 A exceeds 175 A and 350 A breaker, but breaker 
won’t trip during normal starting of about 5 seconds

Breaker is inverse time, not instantaneous, and 
allows short-time overcurrent conditions
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Simple Circuit Design for 480 V, 100 Hp Pump

D. Size Conductors for Cables

Conductors must be sized to carry full-load current, 
continuously

Sizing criteria is based on IFL x 125%, again

For 100 Hp, 460 V, 3-phase motor,

Minimum conductor ampacity = 124 A x 1.25 = 155 A

NEC Table 310.16 governs conductor ampacity
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Simple Circuit Design for 480 V, 100 Hp Pump

NEC Table 310.16 = Allowable Ampacities of 
Insulated Conductors Rated 0 Through 2000 Volts, 
60°C (140°F Through 194°F), Not More Than Three 
Current-Carrying Conductors in Raceway, Cable, or 
Earth (Directly Buried), Based on Ambient 
Temperature of 30°C (86°F)

includes ampacities for copper and aluminum 
conductors

Standard engineering practice = use Cu conductors

Includes temperature ratings of 60°C, 75°C, and 90°C

Use 75°C because of rating of device terminations
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NEC Table 310.16, Conductor Ampacity
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NEC Table 310.16, Conductor Ampacity
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Simple Circuit Design for 480 V, 100 Hp Pump

The U.S. uses a non-universal system for identifying 
conductor sizes

AWG = American Wire Gage (higher the number, the 
small the conductor diameter)

kcmil = Thousand circular mils (based on cross-
sectional area)

A more universal method is to identify conductor 
sizes by the cross-sectional area of the conductor, 
using square millimeters, or mm2

NEC Chapter 9, Table 8, Conductor Properties, has a 
translation table
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NEC Chapter 9, Table 8, Conductor Properties
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NEC Chapter 9, Table 8, Conductor Properties
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Simple Circuit Design for 480 V, 100 Hp Pump

For 100 Hp, 460 V, 3-phase motor,

Minimum conductor ampacity = 124 A x 1.25 = 155 A

Minimum conductor size = 2/0 AWG (67.43 mm2)

Ampacity of 2/0 AWG (67.43 mm2) = 175 A
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Simple Circuit Design for 480 V, 100 Hp Pump
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Simple Circuit Design for 480 V, 100 Hp Pump

Cables for 480 V power circuits are available with 
standard 600 V class cables

Cables must be suitably rated for dry, damp, or wet 
conditions

For above ground applications, dry and damp rated 
cables are acceptable

For underground ductbank applications, dry and wet 
cables are essential

Many different kinds of 600 V insulation/jacket type 
cables are available
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Simple Circuit Design for 480 V, 100 Hp Pump

The four most common 600 V cables are as follows:

RHW = Flame-retardant, moisture-resistant thermoset

THHN = Flame-retardant, heat-resistant, 
thermoplastic 

THWN = Flame-retardant, moisture- and heat-
resistant, thermoplastic 

XHHW = Flame-retardant, moisture-resistant, 
thermoset
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Simple Circuit Design for 480 V, 100 Hp Pump

Standard engineering practice is to use heavy duty 
cables for reliability and fewer chances for failures

For all power circuits, use XHHW-2, 90°C wet and dry 
(cross-linked thermosetting polyethylene insulation)

For small lighting and receptacle circuits, use 
THHN/THWN, 90°C dry, 75°C wet
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Simple Circuit Design for 480 V, 100 Hp Pump

E. Size Grounding Conductor

Grounding conductor is very, very important

Required for ground fault return path to upstream 
circuit breaker (or OCPD)

Breaker must sense the fault and trip in order to clear 
the fault

Or, if a fuse, the fuse element must melt through

NEC Table 250.122 governs the minimum size of 
grounding conductors
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Simple Circuit Design for 480 V, 100 Hp Pump

NEC Table 250.122 = Minimum Size Equipment 
Grounding Conductors for Grounding Raceway and 
Equipment

Standard engineering practice is to use Cu 
conductors for both power and grounding

Size of grounding conductors is based on rating of 
upstream breaker, fuse (or OCPD)

Why?

If grounding conductor is too small (and therefore 
higher impedance), the OCPD may not detect the 
ground fault return
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NEC Table 250.122, Grounding Conductors
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Simple Circuit Design for 480 V, 100 Hp Pump

For 100 Hp, 460 V, 3-phase motor:

Minimum size breaker in starter = 175 A

Next higher size breaker in NEC 250.122 = 200 A

Then, grounding conductor = 6 AWG (13.30 mm2)

Maximum size breaker in starter = 350 A

Next higher size breaker in NEC 250.122 = 400 A

Then, grounding conductor = 3 AWG (26.67 mm2)
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Simple Circuit Design for 480 V, 100 Hp Pump

Min

Max
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Simple Circuit Design for 480 V, 100 Hp Pump

For most motor applications, the minimum sizing 
calculation is adequate (using IFL x 125%)

Concern would only be with motor starters that take 
an excessive amount of time to start

Thus, grounding conductor = 6 AWG (13.30 mm2)
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Simple Circuit Design for 480 V, 100 Hp Pump

F. Size Conduit for Cables

Size of conduit depends on quantity and size of 
cables inside

First, calculate cross-sectional area of all cables in 
the conduit

Different cable manufacturers produce cables with 
slightly different diameters

If actual cable data sheet is available, then those 
cable diameters can be used

If not, such as during design, the NEC Table is used
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Simple Circuit Design for 480 V, 100 Hp Pump

NEC Chapter 9, Table 5 = Dimensions of Insulated 
Conductors and Fixture Wires, Type XHHW

Table includes cable diameter and cable cross-
sectional area

Select cable cross-sectional area since we have to 
calculate based on cable areas and conduit areas
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NEC Chapter 9, Table 5, Cable Dimensions
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Simple Circuit Design for 480 V, 100 Hp Pump

For 100 Hp, 460 V, 3-phase motor,

Circuit = 3-2/0 AWG (67.43 mm2), 1-6 AWG (13.30 
mm2) GND

In one conduit
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Simple Circuit Design for 480 V, 100 Hp Pump



Page - 55

Simple Circuit Design for 480 V, 100 Hp Pump

Per NEC Table:

Area of 2/0 AWG (67.43 mm2) cable = 141.3 mm2

Area of 6 AWG (13.30 mm2) cable = 38.06 mm2

Total cross-sectional area of all cables = 
3 x 141.3 mm2 + 1 x 38.06 mm2 = 462.0 mm2
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Simple Circuit Design for 480 V, 100 Hp Pump

Next, select minimum conduit size for 462.0 mm2 of 
total cable cross-sectional area

Criteria of minimum conduit is governed by NEC 
Chapter 9, Table 1 = Percent of Cross Section of 
Conduit and Tubing for Conductors

Very rarely does a circuit have only 1 or 2 cables (DC 
circuits)

Majority of circuits are over 2 cables

Thus, maximum cross section of cables to conduit is 
40%, also known as “Fill Factor”
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NEC Chapter 9, Table 1, Maximum Fill Factor
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Simple Circuit Design for 480 V, 100 Hp Pump

Why does the NEC limit the fill factor to 40%?

Two major factors:

1) Cable Damage During Installation – If the conduit 
has too many cables in the conduit, then the pulling 
tension increases and the cable could be damaged 
with broken insulation

2) Thermal Heat Management – Heat emanates from 
cables when current flows through them (I2xR), and 
elevated temperatures increases resistance and 
reduces ampacity of conductor
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Simple Circuit Design for 480 V, 100 Hp Pump

Similar to cables, different conduit manufacturers 
produce conduits with slightly different diameters

If actual conduit data sheet is available, then those 
conduit diameters can be used

If not, such as during design, the NEC Table is used

NEC Chapter 9, Table 4 = Dimensions and Percent 
Area of Conduit and Tubing, Article 344 – Rigid Metal 
Conduit (RMC) or Article 352 and 353 – Rigid PVC 
Conduit (PVC), Schedule 40

Standard engineering practice = 21 mm diameter 
minimum conduit size
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NEC Chapter 9, Table 4, RMC Conduit Dimensions
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NEC Chapter 9, Table 4, PVC Conduit Dimensions
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Simple Circuit Design for 480 V, 100 Hp Pump

RMC is usually used above ground and where 
mechanical protection is required to protect the 
cables from damage

PVC = Poly-Vinyl-Chloride

PVC is usually used in underground ductbanks

PVC Schedule 40 is thinner wall than Schedule 80

Concrete encasement around PVC Schedule 40 
provide the mechanical protection, particularly when 
trenching or digging is being performed later
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Simple Circuit Design for 480 V, 100 Hp Pump

For the 100 Hp, 460 V, 3-phase motor,

Total cable area = 462.0 mm2

For RMC, a conduit diameter of 41 mm has an area of 
1333 mm2

Fill Factor = Total Cable Area/Conduit Area 

Fill Factor = 462 mm2/1333 mm2 = 34.7%

FF < 40%, and is compliant with the NEC

A larger conduit could be used: 53 mm = 2198 mm2

Fill Factor = 462 mm2/2198 mm2 = 21.0% >>> OK
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Simple Circuit Design for 480 V, 100 Hp Pump

For PVC, a conduit diameter of 41 mm has an area of 
1282 mm2

Note the area of 1282 mm2 for PVC is slightly less 
than the area of 1333 mm2 for RMC

Fill Factor = 462 mm2/1282 mm2 = 36.0%

FF < 40%, and is compliant with the NEC

A larger conduit could be used: 53 mm = 2124 mm2

Fill Factor = 462 mm2/2124 mm2 = 21.7% >>> Still OK
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Voltage Drop Considerations

For short circuit lengths, voltage drop considerations 
will not apply

But for longer lengths, the increased resistance in 
cables will affect voltage drop

If so, the conductors should be increased in size to 
minimize voltage drop

Consider previous example with the 100 Hp, 460 V, 3-
phase motor circuit

Consider two circuit lengths: 25 meters, or 500 
meters for illustration
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Voltage Drop Considerations

Very basic formula for Vdrop = (1.732 or 2) x I x L x 
Z/L

There are more exact formulas to use, but the goal is 
to calculate the approximate Vdrop to then determine 
if or how to compensate

For 3-phase circuits: use 1.732, Sq Rt (3)

For 1-phase circuits: use 2, for round trip length

Where, I = load current (124 A for 100 Hp pump)

Where, L = circuit length (25 m or 500 m)

Where Z/L = impedance per unit length
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Voltage Drop Considerations

For Z/L data, use NEC Chapter 9, Table 9 = 
Alternating-Current Resistance and Reactance for 
600-Volt Cables, 3-Phase, 60 Hz, 75°C (167°F) – Three 
Single Conductors in Conduit

For most applications, assume a power factor of 0.85

Then, the column heading of “Effective Z at 0.85 PF 
for Uncoated Copper Wires” can be easily used

Sub-columns include options for PVC conduit, 
Aluminum conduit, and Steel conduit
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NEC Chapter 9, Table 9, Z for Conductors
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Voltage Drop Considerations
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Voltage Drop Considerations

For steel conduit, Z/L = 0.36 ohms/kilometer

For PVC conduit, Z/L = 0.36 ohms/kilometer

Happens to be same Z/L

Other table entries are different between steel and 
PVC for exact same size of conductor

The difference is due primarily to inductance from 
interaction with the steel conduit 
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Voltage Drop Considerations

For 100 Hp, 460 V, 3-phase motor, with L = 25 m:

Vdrop = 1.732 x I x L x Z/L

Vdrop = 1.732 x 124 A x .025 km x 0.36 ohms/km 

= 1.94 V

Vdrop (%) = Vdrop/System Voltage

Vdrop (%) = 1.94 V/480 V = 0.4%

What is criteria for excessive Vdrop?
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Voltage Drop Considerations

The NEC does not dictate Vdrop limitations

A lower than normal voltage at device is not a safety 
consideration; only operational functionality of 
device

However, NEC has a Fine Print Note (FPN) that 
recommends a maximum Vdrop of 5%

An FPN is optional, and not binding per the NEC

Thus, Vdrop of 0.4% is acceptable

NEC 210.19(A)(1) = Conductors-Minimum Ampacity 
and Size, General, FPN No. 4
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NEC 210.19(A)(1), FPN No. 4, Voltage Drop, 3%
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Voltage Drop Considerations

For 100 Hp, 460 V, 3-phase motor, with L = 500 m:

Vdrop = 1.732 x I x L x Z/L

Vdrop = 1.732 x 124 A x .5 km x 0.36 ohms/km 

= 38.66 V

Vdrop (%) = Vdrop/System Voltage

Vdrop (%) = 38.66 V/480 V = 8.1%

This Vdrop far exceeds the 5% limit

How do we compensate for excessive Vdrop?
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Voltage Drop Considerations

To compensate for excessive Vdrop, most common 
method is to increase size of conductors

Must increase size of previous 2/0 AWG (67.43 mm2) 
conductors, or lower impedance of conductors

Per NEC Chapter 9, Table 9, for 300 kcmil (152 mm2):

For steel conduit, Z/L = 0.213 ohms/kilometer

For PVC conduit, Z/L = 0.194 ohms/kilometer

Recalculate Vdrop with 300 kcmil (152 mm2) 
conductors
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Voltage Drop Considerations

For 100 Hp, 460 V, 3-phase motor, with L = 500 m,

and with steel conduit:

Vdrop = 1.732 x 124 A x .5 km x 0.213 ohms/km 

= 22.87 V

Vdrop (%) = Vdrop/System Voltage

Vdrop (%) = 22.87 V/480 V = 4.7%

This Vdrop is now below the 5% limit



Page - 77

Voltage Drop Considerations

For 100 Hp, 460 V, 3-phase motor, with L = 500 m,

and with PVC conduit:

Vdrop = 1.732 x 124 A x .5 km x 0.194 ohms/km 

= 20.83. V

Vdrop (%) = Vdrop/System Voltage

Vdrop (%) = 20.83 V/480 V = 4.3%

This Vdrop is also below the 5% limit
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Voltage Drop Considerations

With increased conductors from 2/0 AWG (67.43 
mm2) to 300 kcmil (152 mm2), the conduit may now be 
too small, resulting in a FF exceeding 40%

Per NEC Chapter 9, Table 5:

Area of 300 kcmil (152 mm2) cable = 292.6 mm2

What about the previous grounding conductor of 6 
AWG (13.30 mm2) cable?
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Voltage Drop Considerations

NEC requires that when increasing size of 
conductors to compensate for voltage drop, the 
grounding conductor must be increased in size by 
the same proportion

NEC 250.122(B) = Size of Equipment Grounding 
Conductors, Increased in Size
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NEC 250.122(B), Increase Ground for Vdrop
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Voltage Drop Considerations

Must calculate % increase in cross-sectional area of 
phase conductors

Then use that same % increase for the grounding 
conductor

Increase from 2/0 AWG (67.43 mm2) to 300 kcmil (152 
mm2) = 152 mm2/ 67.43 mm2 = 225% 

Increase of grounding conductor of 6 AWG (13.30 
mm2) by 225% = 13.30 mm2 x 225% = 30.0 mm2

Use NEC Chapter 9, Table 8, to select a conductor 
close to 30.0 mm2
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NEC Chapter 9, Table 8, Conductor Properties
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Voltage Drop Considerations

NEC Chapter 9, Table 8 shows that 2 AWG (33.62 
mm2) is close to and exceeds the calculated value of 
30.0 mm2

In some cases, the increase in phase conductor may 
result in a very large %, especially when starting with 
small conductors

May be possible that applying that % increase results 
in a grounding conductor larger than the phase 
conductors

That doesn’t sound very reasonable
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NEC 250.122(A), Limit Increase Ground for Vdrop
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Voltage Drop Considerations

Thus, final circuit adjusted for voltage drop =

3-300 kcmil (152 mm2), 1-2 AWG (33.62 mm2) GND

Now, very unlikely the previous conduit size of 41 
mm in diameter, or even the next size of 53 mm will 
be adequate to keep FF less than 40%

Need to re-calculate the total cable area
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Voltage Drop Considerations
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Voltage Drop Considerations

Per NEC Chapter 9, Table 5: 

Area of 300 kcmil (152 mm2) cable = 292.6 mm2

Area of 2 AWG (33.62 mm2) cable = 73.94 mm2

Total cross-sectional area of all cables = 
3 x 292.6 mm2 + 1 x 73.94 mm2 = 951.7 mm2 

Need to re-calculate minimum conduit diameter
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NEC Chapter 9, Table 4, RMC Conduit Dimensions
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Voltage Drop Considerations

Per NEC Chapter 9, Table 4:

For RMC, a conduit diameter of 53 mm has an area of 
2198 mm2

Fill Factor = 951.7 mm2/2198 mm2 = 43.3%

FF > 40%, and is in violation of the NEC

For RMC, a conduit diameter of 63 mm has an area of  
3137 mm2

Fill Factor = 951.7 mm2/3137 mm2 = 30.3% >> OK
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NEC Chapter 9, Table 4, PVC Conduit Dimensions
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Voltage Drop Considerations

Per NEC Chapter 9, Table 4:

For PVC, a conduit diameter of 53 mm has an area of 
2124 mm2

Fill Factor = 951.7 mm2/2124 mm2 = 44.8%

FF > 40%, and is in violation of the NEC

For PVC, a conduit diameter of 63 mm has an area of   
3029 mm2

Fill Factor = 951.7 mm2/3029 mm2 = 31.4% >> OK
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Voltage Ratings of Motor/Starter & Utility Supply

Recall,

Utility supply = 480 V, nominal

Motors and motor starters rating = 460 V

Why 20 V difference?
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Voltage Ratings of Motor/Starter & Utility Supply

To give the motor a chance to start under less than 
nominal conditions

Utility can’t guarantee 480 V at all times

Heavily load utility circuits reduce utility voltage

Sometimes have capacitor banks to boost voltage or 
auto tap changing transformers or voltage regulators

Unless utility has a history of poor voltage delivery 
profiles, assume 480 V, or 1.0 per unit (pu)
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Voltage Ratings of Motor/Starter & Utility Supply

Assuming utility is 480 V, you have built-in 20 V 
margin, or 460 V/480 V = 4.3% of voltage margin

Generally, motors require 90% voltage minimum to 
start

With respect to motor: 460 V x 0.90 = 414 V is 
minimum voltage at motor terminals to start

With respect to utility supply: 480 V – 414 V = 66 V, or 
414 V/480 V = 15.9% of voltage margin



Page - 96

Voltage Ratings of Motor/Starter & Utility Supply

Prefer to avoid getting near 414 V, otherwise risk 
motor not starting

Account for lower utility voltage by design 
consideration beyond 20 V margin

Hence, the 5% voltage drop limit is important

Can’t control utility supply voltage, but can control 
design considerations
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Let’s Add a Second 100 Hp Pump

Identical 100 Hp, 460 V, 3-phase motor

Same cables and conduit, increased in size for Vdrop

3-300 kcmil (152 mm2), 1-2 AWG (33.62 mm2) GND

But run in parallel to first circuit

Why not combine all 7 cables into one larger 
conduit?

Note the grounding conductor can be shared

Possible, but there are consequences
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Let’s Add a Second 100 Hp Pump

The major consequence is coincident heating effects 
on each individual circuit

Recall, heating effects of current through a 
conductor generates heat in the form of losses = I2xR

The NEC dictates ampacity derating for multiple 
circuits in one conduit

NEC Table 310.15(B)(2)(a) = Adjustment Factors for 
More Than Three Current-Carrying Conductors in a 
Raceway or Cable
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Let’s Add a Second 100 Hp Pump
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Let’s Add a Second 100 Hp Pump

Thus, for 6 cables in one conduit, the derating of 4-6 
cables requires an ampacity derating of 80%

The previous ampacity of 285 A for 300 kcmil (152 
mm2) must be derated as follows:

4-6 cable derating = 285 A x 0.80 = 228 A

Previous load current has not changed: 
124 A x 125% = 155 A

Derated ampacity of 228 A is greater than 155 A

If there are 7 cables in the conduit, why don’t we use 
the 2nd line for 7-9 cables with a derating of 70%?
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Let’s Add a Second 100 Hp Pump

Because the 7th cable is a grounding conductor, and 
is therefore not a “current-carrying conductor”

New dual circuit = 3-300 kcmil (152 mm2), 1-2 AWG 
(33.62 mm2) GND

Previous conduit size of 63 mm is now probably too 
small and will result in a FF < 40% per NEC



Page - 103

Let’s Add a Second 100 Hp Pump

Per NEC Chapter 9, Table 5: 

Area of 300 kcmil (152 mm2) cable = 292.6 mm2

Area of 2 AWG (33.62 mm2) cable = 73.94 mm2

Total cross-sectional area of all cables = 
6 x 292.6 mm2 + 1 x 73.94 mm2 = 1829.5 mm2 

Need to re-calculate minimum conduit diameter
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NEC Chapter 9, Table 4, RMC Conduit Dimensions
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Let’s Add a Second 100 Hp Pump

Per NEC Chapter 9, Table 4:

For RMC, the previous conduit diameter of 63 mm 
has an area of  3137 mm2

Fill Factor = 1829.5 mm2/3137 mm2 = 58.3%

FF > 40%, and is in violation of the NEC

For RMC, a conduit diameter of 78 mm has an area of 
4840 mm2

Fill Factor = 1829.5 mm2/4840 mm2 = 37.8% >> OK
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NEC Chapter 9, Table 4, PVC Conduit Dimensions
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Let’s Add a Second 100 Hp Pump

Per NEC Chapter 9, Table 4:

For PVC, the previous conduit diameter of 63 mm has 
an area of 3029 mm2

Fill Factor = 1829.5 mm2/3029 mm2 = 60.4%

FF > 40%, and is in violation of the NEC

For PVC, a conduit diameter of 78 mm has an area of   
4693 mm2

Fill Factor = 1829.5 mm2/4693 mm2 = 39.0% >> OK
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Cable Temperature Considerations

Why?

As temperature of copper increases, the resistance 
increases

Common when conduit is located in boiler room or 
on roof in direct sunlight

Voltage at load = Voltage at source – Voltage drop in 
circuit between

Recall, E = I x R, where I is constant for load

R increases with temperature, thereby increasing 
Vdrop
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Cable Temperature Considerations

Higher ambient temperature may dictate larger 
conductor

NEC Table 310.16 governs derating of conductor 
ampacity due to elevated temperature

NEC Table 310.16 = Allowable Ampacities of 
Insulated Conductors Rated 0 Through 2000 Volts, 
60°C (140°F Through 194°F), Not More Than Three 
Current-Carrying Conductors in Raceway, Cable, or 
Earth (Directly Buried), Based on Ambient 
Temperature of 30°C (86°F)

This is bottom half of previous ampacity table
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NEC Table 310.16, Conductor Temp Derating

Nominal
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Cable Temperature Considerations

For ambient temperature between 36°C and 40°C, 
previous ampacity must be derated to 0.88 of 
nominal ampacity

The previous ampacity of 285 A for 300 kcmil (152 
mm2) must be derated as follows:

Temperature derating @ 36-40°C = 285 A x 0.88 = 
250.8 A

Previous load current has not changed: 
124 A x 125% = 155 A

Derated ampacity of 250.8 A is greater than 155 A
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Cable Temperature Considerations

For ambient temperature between 46°C and 50°C, 
previous ampacity must be derated to 0.75 of 
nominal ampacity

The previous ampacity of 285 A for 300 kcmil (152 
mm2) must be derated as follows:

Temperature derating @ 46-50°C = 285 A x 0.75 = 
213.8 A

Previous load current has not changed: 
124 A x 125% = 155 A

Derated ampacity of 213.8 A is greater than 155 A
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Cable Temperature Considerations

The two derated ampacities of 250.8 A and 213.8 A, 
were both greater than the target ampacity of 155 A

We already compensated for Vdrop with larger 
conductors

If we had the first Vdrop example with 25 m circuit 
length, the conductors might have to be increased 
due to elevated temperature
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Cable Temperature Considerations

Recall, target ampacity = 155 A

Recall, non-Vdrop conductor was 3-2/0 AWG (67.43 
mm2), 1-6 AWG (13.30 mm2) GND

Recall, ampacity of 2/0 AWG (67.43 mm2) = 175 A 

For derating at 36°C to 40°C = 175 A x 0.88 = 154 A

Close enough to target ampacity of 155 A, OK

But for second temperature range:

For derating at 46°C to 50°C = 175 A x 0.75 = 131 A

Ampacity is too low; must go to next size larger
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What if Feeder is Part UG and Part AG?

Underground ductbank has cooler temperatures

Aboveground can vary but will be worst case

What if conduit run is through both types?

NEC allows selecting lower UG ampacity

But very restrictive

NEC 310.15(A)(2), Ampacities for Conductors Rated 
0-2000 Volts, General, Selection of Ampacity, 
Exception

NEC 10 ft or 10%, whichever is less
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What if Feeder is Part UG and Part AG?

Conduit Above 
Ground
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What if Feeder is Part UG and Part AG?

Conduit From 
Underground
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NEC 310.15(A)(2), Ampacity in Mixed Conduit
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What if Feeder is Part UG and Part AG?

NEC 310.15(A)(2), Exception, says to use lower 
ampacity when different ampacities apply

However, can use higher ampacity if second length 
of conduit after transition is less than 3 meters (10 ft) 
or the length of the higher ampacity conduit is 10% of 
entire circuit, whichever is less

Higher Ampacity, 
3 m (10 ft)

Lower Ampacity, 
24 m (80 ft)
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Simple Circuit Design for a 120 V, 1-Phase Load

Duplex receptacles are generally convenience 
receptacles for most any 120 V, 1-phase load

Single loads like a copy machine or refrigerator can 
be plugged into a receptacle 

Estimate refrigerator load demand = 1000 VA

IFL = VA/V = 1000 VA/120 V = 8.33 A

IFL x 125% = 8.33 A x 1.25 = 10.4 A

Use NEC Table 310.16 to select conductor size 
greater than 10.4 A
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NEC Table 310.16, Conductor Ampacity
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Simple Circuit Design for a 120 V, 1-Phase Load

Per NEC Table 310.16, 

14 AWG (2.08 mm2) has an ampacity of 20 A

12 AWG (3.31 mm2) has an ampacity of 25 A

Both would work

But standard engineering practice is to use 12 AWG 
(3.31 mm2) minimum for all power-related circuits

Why?

To neglect ambient temperature by being 
conservative for simplicity with built-in 25% margin
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Simple Circuit Design for a 120 V, 1-Phase Load

Select circuit breaker based on IFL x 125% = 10.4 A

Breaker must always be equal to or greater than load 
current to protect the conductor

At 120 V, smallest panelboard breaker is 15 A

Next available larger size is 20 A

For small molded case breakers, must derate 
maximum allowable amperes to 80% of breaker rating

Breaker derating: 15 A x 0.80 = 12 A max allowable

Breaker derating: 20 A x 0.80 = 16 A max allowable
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Simple Circuit Design for a 120 V, 1-Phase Load

Why?

Biggest reason is that a continuous load tends to 
build up heat in the breaker, caused by I2R

The overload element in a small molded case breaker 
is a bimetallic strip of dissimilar metals that separate 
when the current flowing thru them exceeds its rating

The elevated temperature over time can change the 
resistance of the metals and move closer to the 
actual trip point

At 15 A or 20 A, the manufacturing tolerances on the 
trip point is not accurate
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Simple Circuit Design for a 120 V, 1-Phase Load

Need to be conservative and prevent nuisance 
tripping

Select 20 A breaker

Standard engineering practice is to use 20 A 
breakers regardless of the load demand

That includes a load that requires only 1 A

Why?
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Simple Circuit Design for a 120 V, 1-Phase Load

Overcurrent protection indeed may be 5 A extra in 
selecting a 20 A breaker

This really only affects overload conditions when the 
demand current exceeds 15 A or 20 A

Under short circuit conditions, say 2000 A of fault 
current, both breakers will virtually trip at the same 
time

Refrigerator is very unlikely to draw say, 12 A, 
because its max demand is 8.33 A
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Simple Circuit Design for a 120 V, 1-Phase Load

If the compressor motor were to lock up and freeze, 
that would not really be a short circuit

But the current flow to the compressor motor would 
be about 5.5 times the IFL (or the same when the 
motor starts on in-rush)

Motor locked rotor current is then 5.5 x 8.33 A = 45.8 
A

This exceeds both 15 A or 20 A, with or without the 
80% derating
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Simple Circuit Design for a 120 V, 1-Phase Load

If all breakers in a panelboard were 20 A, then it 
would be easy to swap out if breaker fails

Or use a 20 A spare breaker instead of worrying 
about a 15 A breaker being too small in the future

Cost differential is trivial between 15 A and 20 A 
breakers

Use NEC Table 250.122 to select grounding 
conductor
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NEC Table 250.122, Grounding Conductors
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Simple Circuit Design for a 120 V, 1-Phase Load

Grounding conductor is 12 AWG (3.31 mm2) based on 
breaker rating of 20 A

Circuit = 2-12 AWG (3.31 mm2), 1-12 AWG (3.31 mm2) 
GND

Recall, for small lighting and receptacle circuits, use 
THHN/THWN, 90°C dry, 75°C wet

This time we use NEC Chapter 9, Table 5, for Type 
THHN/THWN cable
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Simple Circuit Design for a 120 V, 1-Phase Load



Page - 135

Simple Circuit Design for a 120 V, 1-Phase Load

Per NEC Table:

Area of 12 AWG (3.31 mm2) cable = 8.581 mm2

Total cross-sectional area of all cables = 
2 x 8.581 mm2 + 1 x 8.581 mm2 = 25.7 mm2

Use NEC Chapter 9, Table 4 to select conduit size
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NEC Chapter 9, Table 4, RMC Conduit Dimensions
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Simple Circuit Design for a 120 V, 1-Phase Load

Per NEC Chapter 9, Table 4:

For RMC, a conduit diameter of 16 mm has an area of  
204 mm2

Fill Factor = 25.7 mm2/204 mm2 = 12.6%

FF < 40%, OK

For RMC, a conduit diameter of 21 mm has an area of 
353 mm2

Fill Factor = 25.7 mm2/353 mm2 = 7.3%, OK
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NEC Chapter 9, Table 4, PVC Conduit Dimensions
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Simple Circuit Design for a 120 V, 1-Phase Load

Per NEC Chapter 9, Table 4:

For PVC, a conduit diameter of 16 mm has an area of 
184 mm2

Fill Factor = 25.7 mm2/184 mm2 = 14.0%

FF < 40%, OK

For PVC, a conduit diameter of 21 mm has an area of 
327 mm2

Fill Factor = 25.7 mm2/327 mm2 = 7.9%, OK
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Simple Circuit Design for a 120 V, 1-Phase Load

Both conduit diameters of 16 mm and 21 mm, for 
both RMC and PVC would work

Standard engineering practice is to use 21 mm 
conduits for all circuits

Why?

Allows future addition of cables

Cost differential is trivial between 16 mm and 21 mm 
conduits
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Simple Circuit Design for a 120 V, 1-Phase Load

Also prevents poor workmanship by installer when 
bending conduit

Need a conduit bender that produces nice even 
angled sweep around 90 degrees

Small diameter conduit can easily be bent too 
sharply and pinch the conduit, thereby reducing the 
available cross-sectional area of the conduit
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Panelboard Design

The 20 A breakers for the duplex receptacles would 
be contained in a panelboard

There are 3-phase panelboards: 208Y/120 V fed from 
3-phase transformers

Where, 208 V is the phase-to-phase voltage, or 120 V 
x 1.732 = 208 V
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Panelboard Design
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Panelboard Design

There are 1-phase panelboards: 120/240 V fed from 1-
phase transformers

Where, 240 V is the phase-to-phase voltage with a 
center-tapped neutral

Phase A to neutral is 120 V

Phase B to neutral is 120 V

Phase A to Phase B is 240 V

Selection of panelboard depends on type of loads to 
be powered
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Panelboard Design

If all loads are 120 V, then either panelboard would 
suffice

If some loads are 240 V, 1-phase, like a small air 
conditioner, then you need the 120/240 V, 1-phase 
panelboard

If some loads are 208 V, 3-phase, like a fan or pump, 
then you need the 208Y/120 V, 3-phase panelboard

Given a choice on load voltage requirements, the 
208Y/120 V, 3-phase panelboard allows more 
flexibility with a smaller continuous bus rating in 
amperes
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Panelboard Schedule Calculation

1 of 3

2 of 3

3 of 3
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Panelboard Design

View 1 of 3:

Each load is entered in the spreadsheet

Each load’s demand VA is entered into the 
spreadsheet

Each load’s breaker is entered with trip rating and 1, 
2, or 3 poles (120 V or 208 V)
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Panelboard Schedule Calculation
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Panelboard Design

View 2 of 3:

Total L1, L2, and L3 VA loads at bottom

Total both sides of VA load subtotals at bottom
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Panelboard Schedule Calculation
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Panelboard Design

View 3 of 3:

Add all VA loads for entire panelboard

Calculate continuous current demand

Multiply by 125% to calculate minimum current bus 
rating

Select next available bus rating size
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Panelboard Schedule Calculation
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TVSS Design

TVSS = Transient Voltage Surge Suppression

A TVSS unit is designed to protect downstream 
equipment from the damaging effects of a high 
voltage spike or transient

The TVSS unit essentially clips the higher portions of 
the voltage spike and shunts that energy to ground

Thus, the TVSS unit should be sized to accommodate 
higher levels of energy

The small multiple outlet strip for your home 
television or computer is similar but not the same
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TVSS Design

Energy level depends on where in the power system 
you place these TVSS units

The lower in the power system the TVSS unit is 
located, the less likely the voltage spike will be high

Some of the energy is dissipated through various 
transformers and lengths of cables, or impedance

However, it would be prudent engineering to always 
place a TVSS unit in front of each panelboard for 
additional protection for all loads fed from the 
panelboard
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TVSS Design

Cost is not great for TVSS units

Prudent investment for insurance to protect loads

More important is placing TVSS units further 
upstream in power system to protect all loads

480 V switchgear, 480 V motor control center, 480 V 
panelboard, 208 V panelboard, etc.

Important to have LED lights indicating functionality 
of TVSS unit
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Short Circuit Impact on Conductors

The available short circuit can have an impact on the 
size of the conductors in each circuit

The upstream breaker or fuse must clear the fault 
before the conductor burns up

The “time to burn” depends on the size of the 
conductor and the available short circuit

Most important: the higher the short circuit, the 
quicker the fault must be cleared

Okonite has an excellent table that shows this 
relationship
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Short Circuit Impact on Conductors
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1 AWG (42.41 mm2)

4000 A Short Circuit Must clear fault 
within 100 cycles 
or 1.667 sec
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1 AWG (42.41 mm2)

10000 A Short Circuit Must clear fault 
within 16 cycles or 
0.267 sec
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4/0 AWG
(107.2 mm2)

10000 A
Short Circuit Must clear fault 

within 100 
cycles or 1.67 
sec



Page - 164

Short Circuit Impact on Conductors

For same short circuit, larger conductor allows more 
time to clear fault

Must select proper breaker size, or adjust trip setting 
if adjustable breaker to clear fault within the “burn 
through” time

Same for fuses when fuses are used
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