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Chapter 6

Losses consist of —
-Bearing friction

-Brush friction

-Windage

-I’R losses (copper losses)
-Brush Losses

-Iron Losses
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Chapter 6

I’R Losses

R depends on -

Appendix AX2 - values of

Po&

Armaure, series field, commutating poles,
compensating winding.
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Chapter 6

R=pL/A
p=pol+a

R = Resistance of conductor ((2)

L = Length of conductor (m)

A = Cross section of conductor (m?)

p = resistivity of conductor at temperature t ({2 m)
Po = resistivity of conductor at 0°C () m)

« = temperature coefficient of resistance at 0°C
(1/°C)

T = temperature of conductor (°C)
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Chapter 6
Power loss per Kg material expressed as:
Pc=10003p /¢
Pc = specific conductor power loss (W/kg)
J = current density (A/mm2)
p = resistivity of the conductor () m)
¢ = density of the conductor (ka/m?)

copper conductor
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Chapter 6

Brush Loss - I2R small —

Brush Contact Loss V 1-2 Vdc

Iron Loss — Hysteresis, Eddy currents
Losses higher in teeth at hiaher B

A cm?

voltage drop

Srban @ 0810 1.3V

brush
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Example 6-1

A dc machine turning at 875 rpm carries an

armature winding whose total weight is 40 kg. The

current density is 5A/mm? and the operating

temperature is 80°C. The total iron losses in the

armature amount to 1100W. Calculate

a. The copper losses

b. The mechanical drag (Nm) due to the iron
losses
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Chapter 6

Windage, friction, & iron loss not based on load
IR loss based on load
Efficiency not same as load changes

7) = (Po/Pi)*100% where Pi = Po + losses

7) = efficiency (%)
Po = output power (W)
Pi = input power (W)
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Example 6-2
A dc compound motor having a rating of 10kW,
1150 rpm, 230V, 50A, has the following losses at

full load;
bearing friction loss 40 W
brush friction loss 50 W
windage loss 200 W
total mechanical loss 290 W
iron loss 420 W
copper loss in shunt field 120 W
copper loss at full load
a. Inthe armature 500 W
b. In the series field 25W
c. In the commutating winding 70W
total copper loss in the armature ckt at
full load 595 W

UNIVERSITY OF i i i
SOUTH FLORIDA Electric Machines and Drives

ORID
POLYTECHNIC Thomas Blair, P.E.
(tom@thomasblairpe.com)

Example 6-2
Calculate the losses and efficiency at no load and
at 25%, 50%, 75% and 150% of the nominal rating
of the machine.

LOSSES FULLLOAD NOLOAD 25%LOAD 50%LOAD 75%LOAD 150% LOAD
bearing friction loss 40w 40w 40w 40w 40w

brush friction loss 50W 50W 50w 50w 50w 50W
windage loss 200w 200w 200W 200w 200W 200W
total mechanical loss 290w 290w 290w 290w 290w 290w

iron loss 420W 420W 420W 420w 420w 420w
copper loss in shunt field 120w 120w 120w 120w 120W 120w
copper loss at full load

a. In the armature 500W ow 31.25W 125W 28125W  1125W

b. In the series field 25W ow 15625W 625W  140625W 56.25W

. In the commutating winding 70 W ow 4375W 175w 39.375W  157.5W
total copper loss in the

amature ckt at full load 1425W  830W 867.1875W 978.75W  1164.6875W2168.75W.
motor load 10000 0 2500 5000 7500 15000
efficiency (%) 94.38 0 7425 8363 86.56 8737
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Chapter 6
Temperature Rise —based on 400C

Class

105°C

¢ comparable thermal life at 130°C.
asbestos, clc., with suitable bond
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Typical limits of Chapter 6

machines ome
1. Max temp of e
insulation for ;'?/,——
service life B
2. Max temp Pl '
using o T e
resistance  ° ww— i i -
calculation e ‘
3. Max ambient I
temp. o L
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Example 6-3

A 75kW motor, class F insulation, opeates at full

load in ambient temperature of 32°C. If the not

spot temperature is 125°C, does the motor meet
the temperature standards?
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Chapter 6

Resistance Method — average value
For Aluminum, use 228 instead of 234

th = (Rh/Rc)(234 + tc) — 234

th = avg temp of winding when hot
Rh = hot resistance of winding
Rc = cold resistance of winding
tc = avg temp of winding when cold
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Example 6-4

A dc motor is at ambient temperature of 190C and
has shunt field resistance of 22 (). At full load field
resistance is 30 (). The corresponding ambient is
249C. If motor has class B insulation, calculate
following;

a. Average temperature of the winding at full load.
b. Full load temperature rise by resistance
method.

c. Whether motor meets class B rise standard.
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Chapter 13 — Three Phase Induction

Machines
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Chapter 13

Stator — laminated core, slots, 3phase winding
Rotor — laminated core, slots, 3phase winding or
squirrel cage winding

Squirrel cage induction motor

Bare copper (aluminum) bars welded to copper
(aluminum) end rings

Wound rotor induction motor

Three phase winding — three slip rings — external
resistor
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Chapter 13

Stator, rotor, end-bells, cooling fan,
bearings, terminal box
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Chapter 13

Faraday’s Law:
E=BIV=NAP/AL
Lorentz Force:

F=BIi
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Chapter 13
Rotor, Stator, Enclosure
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Magnet Moving Across Conductor

1.Voltage induced (E=<BIV) -> current
induced

2.Forced induced (F<<Bli) -> direction with
velocity

3.Ladder accel until equilibrium reached.

lenath 1
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Chapter 13

Current displaced
120°

Induce Magnetic
Flux

Evaluate one cycle
at 60° increments
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Chapter 13
Flux Pattern at instant 1
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Chapter 13
Flux Pattern at instant 2
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Chapter 13
Flux Pattern at instant 3

) 9 ¥ ¢ |
POODOBDD moe
z Flux patter at instant 3.
UNIVERSITY OF 0 : :
SOUTH FLORIDA Electric Machines and IE)nves
POLYTECHNIC Thomas Blair, P.E.

(tom@thomasblairpe.com)

Chapter 13
Flux Pattern at instant 4
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Chapter 13
Flux Pattern at instant 5
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Chapter 13
Flux Pattern at instant 6

Figuro 13.61
Flux pattern al instant &
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Chapter 13

Field speed =120 * f/ p

Salient Pole Stator -> Smooth Stator
Phase group -> group = #phase *
#poles(*#winding)

Group = 3*2=6

#slot = #coils

Lap wound coil construction
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Chapter 13

Phase B & C displaced by 1200
2 Pole machine shown

group 1
group 1 phase 8
phase A\ ly=-5A)

(1= +10 A)

group 2,/
phase A

INIVERSITY OF i i i
OUTH FLORIDA Electric Machines and Drives
POLYTECHNIC Thomas Blair, P.E.

(tom@thomasblairpe.com)

Chapter 13
N = 120*f/p
Speed is %2 2pole &) o 1
4 pole motor
Construction

Group=3*4=12

Figure 13.10b
Four-pole, full-pitch, lap-wound stator and resulting
magnetic field when I, = +10Aand b, = £, = 5 A.
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Chapter 13
N = 120*/p
Speed is 1/4 2pole . Fieryy

aroup 8
8 pole motor et
Construction A

Group=3*8=24

Figure 13.11
Eight-pole, full-pitch, lap-wound stator and resuling
magnetic field when |, = +10Aand b = = ~5 A,
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Chapter 13
Stator construction
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Chapter 13

During start, higher impedance — during
run, lower impedance

FIGURE 4.5.3 Typical rotor bar and slot shapes

for squirrel-cage rotors. Double cage, at right, uses
two separate conductors in each slot.
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Chapter 13

Slot wedges to retain
coils in place ——

7z 7?5—

— Fillers 10 take up
space, keeping
/ coils tight in slots

jj‘w
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g
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FIGURE 4.5.23  Cross section of random-wound stator slot, left, shows
how round wires are randomly packed into areas occupied by top and bot-
tom coil sides, with insulating separator plus slot cell or liner. At right, sim-
ilar sectional view shows rectangular wires of formed and taped coils used
for higher voltages
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Chapter 13
Insulation System oo

" Class 8
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Chapter 13

Motor efficiency —
Efficiency = Pout / Pin * 100%

For nominal efficiency, there is minimum efficiency
per NEMA

May not pay back unless run time large.

NEMA MG10 — Payback period calculation
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Chapter 13

NEMA nominal Efficiency Ranges

Nominal Efficiency (%) Minimum Efficiency (%)

95 94.1
94.5 93.6
94.1 93
93.6 92.4

93 91.7
92.4 91
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Chapter 13
Losses in System Transformer

Coupling
——

Loss in pump and valves

FIGURE 4.5.9 In a pump drive, power loss in
the motor alone may be minor.
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Chapter 13

Motor enclosures

TENV — totally enclosed, non ventilated

TEFC — totally enclosed, fan cooled

TEBC — totally enclosed, blower cooled

TEWAC — totally enclosed, water to air cooled
TEAAC — totally enclosed, air to air cooled

WPIl — Weather protected (two 90 degree turns in
air path)

ODP — Open drip proof
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Chapter 13

Synchronous speed vs. asynchronous speed
ns=120f/p

ns = synchronous speed (rpm)
f = frequency of the source (Hz)
p = number of poles
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Example 13-1

Calculate the synchronous speed of a 3 pahse
induction motor having 20 poles when connected
to a 50 Hz source.
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Chapter 13

Starting Characteristics —

1.Revolving field set up by applied stator voltage

2.Field induced voltage (E,) in rotor bars.

3.Induced voltage induces current in rotor bars.
4.Induced current in magnetic field induces force on
conductors in direction of rotating magnetic field.

5.As rotor speed increases — rate at which rotor bars cut
field reduces (reducing E,)

6.Reduced E, -> reduced rotor current ->reduced force
7.When load torque = motor torque, steady state
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Eg = Irotor * Rr (1-S)/S

How does Eg vary as motor accelerates to full speed?
At low speed, Eg changes little = constant impedance
device.

At high speed, Eg changes greatly = constant HP
device.
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Chapter 13

Irunning = (V - Eg) / Zmotor

At locked rotor, Eg =0

Istarting =V / Zmotor

As motor increases speed, Eg increases
Motor current decays as Eg increases
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KVA vs Speed

& T

] ol 82 03 04 035 08 0F 08 b8 1

KVA =V motor * | motor * 1.73
Since Vmotor constant in ATL starting, KVA curve
appears as current curve
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Power vs speed

Motor Power vs Speed
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Power factor vs speed

s

0667

PFE

0333

0.187
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Power & PF vs loading
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Eg = Irotor * Rr (1-S)/S

How does Eg vary as motor accelerates to full speed?
At low speed, Eg changes little = constant impedance
device.

At high speed, Eg changes greatly = constant HP
device.
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Chapter 13

Percent difference between synch speed and
actual speed = slip

s=(ns—n)/ns

s=slip
ns = synchronous speed (rpm)
n = rotor speed (rpm)
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Example 13-2

A 0.5 hp, 6 pole induction motor is excited by a 3
phase, 60 Hz osurce. If the full load speed is 1140
rpm, calcuate the full load slip.
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Chapter 13

Rotor Voltage (E,) and frequency (f,)
fo=sf

E, = s Eoc (approx)

f, = frequency of rotor voltage / current (Hz)

f = frequency of stator voltage / current (Hz)

E, = voltage induced in rotor at slip s

Eoc = open circuit voltage induced in rotor at rest
)

UNIVERSITY OF i i i
NUTH FLORIDA Electric Machines and PI’IVES
DLYTECHNIC Thomas Blair, P.E.

(tom@thomasblairpe.com)

Example 13-3

The 6 pole, wound rotor induction motor of

Example 13-2 is excited by a 3 phase, 60 Hz source.

Calculate the frequency of the rotor current under

the following conditions:

a. At standstill

b. Motor turning at 500 rpm in same direction as
the revolving field

c. Motor turning at 500 rpm in the opposite
direction to the revolving field

d. Motor turning at 2000 rpm in the same
direction as the revolving field
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Chapter 13
Motor characteristics at NL, FL, LR

TABLE 134  TYPICAL CHARACTERISTICS OF SQUIRREL-CAGE INDUCTION MOTORS

Lasding Current Torque Slip Efficiency Power factor
{perunit) (per-unit) (peraunit)
Mot size — Small* Big* Small  Big  Small  Big  Smal  Big Small  Big
Fulldoad I 1 I 1 003 004 07 09 08 087
© o oo
09 098 085 09
No-loud 05 03 [} o = =0 0 0 02 005
Locked rotr 5 4 1505 1 1 0 o 04 01
oo o W
@ 6 3 1

“Smail means under 11 KW (15 bpi; big means aver 1120 kW (1500 hp) and up w0 25 D00 hp
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THPICAL CHARACTERISTICS AND APFLICATIONS OF FOXED FREGUENCY SWaLL ARG MEDRM AC SOUIRREL-CAGE NBUCTION MOTORS

Chapter 13

Induction motors are designed to operate
successfully with voltage variations of +10%.
Effects of a 10% variation on a typical design
B induction motor at full load shown below.

Characteristic Voltage
110% 0%
Slip -17% +*23%
Efficiency +1% -2%
Power factor -3% +1%
Current 7% +11%
Temperature °C -4 +7*
Starting torque +21% -19%
Starting current +10% -10%
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Unbalanced voltage -> derate of motor
capability

™

«
g
2
2
=
H
g
H

9 1 2 3 4 5
PERCENT VOLTAGE UNBALANCE

Figure 3.1
Polyphase Squirrel-Cage Induction Motors Derating
Factor Due to Unbalanced Voltage
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Chapter 13

Estimate of motor current
1=6000Ph /E

| = full load current (A)
Ph = output power (HP)
E = rated line voltage (V)
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Chapter 13 LA} € 60

Motor HP| 200V | 230v | 4s0v | 575v
Motor Full Load
Current (NEMA
design)

400 - - 455 | 364

500 - - 578 | 462
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MAXIMUN LOCKED-ROTOR CURRENTS
THREE-PHASE SOURREL CAGEMOTORS
[

NEMADESIGN
LOCKED-ROTOR CLIRRENT I APERES
e RATEDVOLTAGE |

Zo0v_[230v_[_asov_| s7sv [ 2300V [ aonov
s EREE] 0 s
g » | 2 3 1

A 5 b
5 & | & 0 [

% | & 5 2

B | T 7 2

T | 122 1 i

2w | 3 7

25 5 | i3 | o

EREREEE

55 | a2 5 |
s | e | w2 i | 25

EREED HED
l ais | ma | 42 | 3=

nes | io; | sis | ai

2 |12 | e | 494 0 [
7 7 | s | 773 | eie ]
1100 25 | s | owr | ms 7 | s
fi25 ERETREE S TR NER
lis0 2n | mw | s | o | 2
00 s | s | e | s s | o5
50 ERERETNEES o | 20
00 65l | S8 o | 2 2 | @
50 7y | ees | By | o | e | 37
fioo eia | 740 | was | =% | 749 | 431
50 o601 | s | a2 | Ei | s | s
o0 w77 | a3 | s | a5 | o | e

o otor curent of Design E constantspeed induction motors, when measured vith

rated valtage and fraquency impressed and wih retor Pcked. shall nof excesd the above values.
Reference: NEMA Standards MG 1-12.35A.
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LOCKED ROTOR CURRENT IN AMPERES
i RATED VOLTAGE
200v_|_230v. v [ s7ev_| 2300v [ 4000v
2 2 8
2 2% 72 0
3 3 1 1
I a0 n 1%
5 50 2 2
7 5 k7 %
106 2 % a7
e | w7 & 5
85 | 162 81 6
%7 | 232 | 16 ]
3 [ w0 | us | e
o0 | 35 | o | wue
a0 | a3 | 217 | w4
e7 | ss0 | 2 | 232
o4 | 75 | 3 | 20
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Frotor current of Design B, € and D constant-speed induction motors, wh

it rated voltage and fregueney impressed and with rotor ocked, shall not
exceed e above values.
Risforence: NEMA Standards MG 1-12.35
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Chapter 13
Active power flow through motor
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Figure 13,15

Active pawer flow in a 3-phase induction motor
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Chapter 13

Active power flow through motor
P, — Active stator power input
Pjs— I°’R loss in stator

P; — Iron loss in stator

P, — active power supplied to rotor
P;r — I°R loss in rotor

P., — Mechanical power of rotor
P, —windage / friction losses

P_— power to load
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Chapter 13
Efficiency = Pout to Pin
7) =Pl /Pe
7 =PI/ (Pl+Pig+P; + P, +P,)

Ps — I’R loss in stator

P; — Iron loss in stator

P, — I’R loss in rotor

P, —windage / friction losses
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Chapter 13

Mechanical torque developed by shaft
Tm =9.55Pr/ns

Tm = torque developed by motor at any speed
(Nm)

Pr = power transmitted to rotor (W)

Ns = synchronous speed (rpm)
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Example 13-5

A 3 phase induction motor having a synchronous

speed of 1200 rpm draws 80kW from a 3 phase

feeder. The copper losses and iron losses in the

stator amount to 5kW. If the motor runs at 1152

rpm, calculate;

a. The active power transmitted to the rotor

b. The rotor IR losses

c. The mechanical power developed.

d. The mechnical power delivered to the load,
knowing that windage and friction losses are
equal to 2kw

e. The efficiency of the motor
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Chapters 13 continued and begin
Chapter 14 and 15 all next session
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