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EECE 376, S15, M8

EECE 376 Electromechanics
Module 8: 

Spring 2015
Instructor: Dr. Juri Jatskevich
Class Webpage:
http://courses.ece.ubc.ca/376

Part 1: Induction Motors (Chap. 6), Lab-5
Part 2: Single-Phase Motors (Chap. 10)

Important Concepts and Objectives:
• Types and construction of commonly used Induction Motors 
• Asynchronous speed, slip & principle of torque production
• Steady-state equivalent circuit
• Power conversion, torque-speed characteristic
• Deep-rotor-bar, Standard Motors NEMA Classes
• Single-phase induction motors, principle & types
• Universal motor 
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Electromechanics Devices
Electrical Energy Generation

– Almost all electricity produced in BC (10 ~12GW) 
is produced by Synchronous Generators

Electrical Energy Utilization
– About 65% of all electricity is consumed by 

motors: mostly induction, less synchronous, etc.
– For industry it is about 85%

Electromechanical Energy Conversion Devices
– Predominant way of generating and consuming 

electrical energy
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Electromechanical Energy Conversion
Electrical 
Energy

Conversion
Device

Mechanical
Energy

Mechanical System
(Prime Mover, 
Turbine, etc.) 

or 
(Load, plant )

Electrical System
(Transmission, load, 
etc.) 

or 
(Substation, feeder, 
source, etc.)

Can the energy flow in both directions in the same device?
Can the energy flow into the device from both sides?
Can the energy flow out of the device from both ends?
What is inside that devices that can store energy? 
How does the energy gets converted?
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Most commonly used AC motor in industrial applications
• Efficient
• Reliable
• Low (or no) maintenance
• Inexpensive to produce 
• Often used with power-electronic (variable-speed) drives

Part 1: Typical AC Induction Motors (IM)
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Construction of a Typical IM
Stator

Rotor

End-bell

End-bellCooling 
fan

Cooling 
fan cover

Ball 
bearingEasy to manufacture

Stator lamination Rotor lamination
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Squirrel-Cage Rotor or Wound Rotor 
Squirrel-cage rotor winding

The rotor winding is short-
circuited and cannot be 
accessed! 

The rotor winding is 
connected to the slip-rings 
and can be accessed from 
outside => Doubly-Fed 
Induction Machine (DFIM)  
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Stator Winding 

Assume sinusoidally 
distributed windings
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Speed of a P-Pole Motor

tee ωθ =
Recall P-pole Stator System (P – number of magnetic poles)
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P ωω
2

=Referred speed & position

Synchronous speed is 2/P of the 
electrical speed

Electrical (stator) speed for fe = 60 Hz 

90030π8
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speed, n 
rpm
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=
We can always “convert” a P-pole motor into an equivalent 2-pole motor using the P/2 
factor !
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Slip & Asynchronous Speed
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syn

syn

n
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Induction machine = Asynchronous machine

⇒ Speed of the rotor is different from the speed of the stator magnetic field / 
poles

⇒ Slip – difference between the synchronous field speed and the rotor speed
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=Fractional Slip

Percent Slip

Slip frequency

Rotor speed relative to the stator magnetic field (poles) =>

eres s ωωωω ⋅=−=

Rotor mechanical speed ( ) synrm s ωω −= 1 ( ) synnsn −= 1
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Frequency of Rotor Currents

( )nn
P
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P

f synsynr −=⋅=
120120

Rotor winding (circuit) operates at 
different frequency !

This frequency is proportional to slip s
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Slip frequency Rotor electrical speed 
relative to the stator 
magnetic field

eres s ωωωω ⋅=−=
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Principle of Operation

0=
−

=
e

res
ω

ωω

• No flux crosses the rotor bars
• No current induced
• No torque produced

er ωω =a) Assume synchronous speed

and

0=−= res ωωω
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Principle of Operation (motoring)
er ωω <b) Assume        in CW, and

0>
−

=
e

res
ω

ωω
mT

Relative to the stator field!res ωωω −=
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Principle of Operation (generating)
er ωω >c) Assume        in CCW, and

0<
−

=
e

res
ω

ωω
mT

Relative to the stator field!res ωωω −=
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Principle of Linear Induction Machine
Recall Running Magnetic field

Movable platform – what 
used to be “Stator”

Stationary rail – what used to be “Rotor”

Train Propulsion System
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Linear Induction Motors (LIM)

• Propulsion System 
• Motors react with aluminum-capped steel rail on the guideway 
• LIM provide both propulsion and regenerative braking
• No moving parts
• Reduced maintenance and risk of mechanical failure 

Millennium Line
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Steady-State Equivalent Circuit
- Assume rotor has the same number of phases as stator (3-ph)

• Rotor winding (circuit) operates at different frequency 

• Rotor circuit is typically shorted (squirrel-cage)

• At ωr = 0, motor looks like 3-phase transformer

• Develop equivalent circuit per-phase

• Extend the results to 3-phase

( )nn
p

fsfsf

syn

ser

−=

⋅=⋅=

120
    



17

EECE 376, S15, M8

Steady-State Equivalent Circuit
- Recall equivalent circuit for transformer

- Stator part

- What about rotor part ?

1111 ml XXX +=

mselse

mslsss

LL

XXX

ωω +=
+=

- Rotor part
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Rotor Equivalent Circuit

=arE

At stall, ωr = 0

per-phase induced voltage in the rotor at  ωr = 0

=lrL per-phase rotor winding leakage inductance

=lrX per-phase rotor winding leakage reactance

lre

lrelrslr

sLf

LsLX

π
ωω

2       =
==

When rotor moves, ωr

lrlrelrs sXLsL == ωω

Slip dependent circuit !
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Equivalent Circuit
Assume that the rotor rotates with speed ωr

Refer rotor variables to 
the Stator side

arar EaE ⋅=′

Slip dependent rotor resistance !

Use stator-to-rotor 

turns-ration a = Ns/Nr

Final circuit for the short-circuited rotor !

aII arar /=′

lrlr XaX ⋅=′ 2

rr rar ⋅=′ 2
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Determining Machine Parameters
Consider Equivalent Circuit

Tests to determine circuit parameters:

1. DC Measurement of winding 
resistance

2. No Load Test (like Open-Circuit in 
transformer)

3. Blocked Rotor Test (like Short-
Circuit in transformer)

dc

dc
s I

V
r

2
=

1. DC Measurement of winding resistance (use DC source or Multi-meter) 
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2. No-Load (NL) Test

23 NLsNLrotational IrPP −=

nlnlph IPV ,,Apply rated voltage

Measure

NLphV ,

Rotational 
losses

where reactive power

( ) 22
1

22 3 NLNLNLNLNL PVIPSQ −=−=

23 NL

NL
NLmls

I

Q
XXX ==+Combined reactance

Determining Machine Parameters

Assumed Equivalent Circuit
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3. Blocked-Rotor (BR) Test

2
BR

lrls
X

XX =′≈

BRBRBRph IPV ,,−

Apply reduced voltage
(this test may be performed 
at reduced frequency)

Measure

BRphV ,

Magnetizing reactance 

( ) 22
1

22 / BRBRBRBRBR RIVRZX −=−=

23 BR

BR
BRrs

I

P
Rrr ==′+Combined resistance

Combined resistance

lsNLm XXX −=

Leakage reactance

sBRr rRr −=′Rotor resistance

Determining Machine Parameters

Assumed Equivalent Circuit
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Power Conversion

s

r
IP r
rag

′
′= 23

Conversion powersslosss rIP 2
, 3=

Input Power

Stator resistance loss

( ) ( )ϕϕ cos3cos3 ,, phsphsasasin IVIVP =⋅=

( )sP

s

s
rIP

ag

rrconv

−=

⎟
⎠
⎞

⎜
⎝
⎛ −′′=

1

1
3 2

Air-gap power

rrlossr rIP ′′= 2
, 3Rotor resistance loss

Split rotor resistance
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Power Conversion - Torque

s

r
IP r
rag

′
′= 23

The expression for the torque becomes

Electromagnetic torque
( )

syn

ag

rm

ag

rm

conv
e

PPsP
T

ωωω
=

−
==

1

Recall the air-gap power

e

rr
e s

rIP
T

ω⋅
′′

⋅=
2

2
3

esyn P
ωω 2

=Synchronous speed

Split rotor resistance
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Electromagnetic Torque
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Electromagnetic Torque
Use per-phase equivalent 
circuit with shorted rotor

Stator current

eq
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V
I =
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Approximate Equivalent Circuit
Use per-phase equivalent 
circuit with shorted rotor
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Electromagnetic Torque
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Approximate Starting Torque / Current

Starting torque (set slip s = 1) =>

Torque-speed characteristic

( )
( ) ( )22

2

2
3

lrlsrs

r

e

s
e

XXsrr

srVP
T

′++′+

′
⋅⋅=

ω

Starting current (set slip s = 1) =>

( ) ( )22
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2
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r
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V
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V
I
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+=,

Equivalent circuit

Start-up current
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Torque Speed Characteristic

Changing the input voltage
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Example
Consider a Y-connected 7.5kW, 220V (line-line), 60Hz, 6-pole, Squirrel-cage motor 
with the following parameters: R1 = 0.294Ω, R’2 = 0.144Ω, X1 = 0.503Ω, X’2 = 
0.209Ω, Xm = 13.5Ω

Assume Approximate Equivalent Circuit

a) Compute the starting current I1start
b) Compute the starting torque Tstart
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Example
Consider a Y-connected 7.5kW, 220V (line-line), 60Hz, 6-pole, Squirrel-cage motor 
with the following parameters: R1 = 0.294Ω, R’2 = 0.144Ω, X1 = 0.503Ω, X’2 = 
0.209Ω, Xm = 13.5Ω. Assume motor operates under load with slip s = 0.03 (3%)

c) Compute the torque Te
d) Compute starter current I1
Assume Approximate Equivalent Circuit
Assume no friction or rotational losses
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Example
Consider a Y-connected 7.5kW, 220V (line-line), 60Hz, 6-pole, Squirrel-cage motor 
with the following parameters: R1 = 0.294Ω, R’2 = 0.144Ω, X1 = 0.503Ω, X’2 = 
0.209Ω, Xm = 13.5Ω. Assume motor operates under load with slip s = 0.03 (3%)
e) Compute mechanical speed and power
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Torque Speed Characteristic & Rotor Type
Changing the rotor resistance
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National Electrical Manufactures Association 
(NEMA) Design Classes/Types

Practical rotor laminations for 
different NEMA Design Classes

Effective rotor resistance changes with 
frequency (which is the slip frequency) and 
therefore depends on the rotor speed =>

Different torque-speed characteristics can be 
designed by shaping the rotor winding slots!
Recall the Skin Effect!

Rotor laminations

Rotor cage
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NEMA Design Classes
Class A: normal starting torque, high 
starting current, low operating slip (0.5% < s 
< 1.5%), low rotor resistance, high operating 
efficiency (special needs for starting)

Class B: normal starting torque, low starting 
current (75% of class A), low operating slip, 
higher leakage reactance, lower maximum 
torque (general purpose motors, fans, 
pumps, etc.)

Class C: high starting torque, low starting 
current, higher rotor resistance, higher 
operating slip (compressors, crushers, 
conveyors, etc.)

Class D: high starting torque, low starting 
current, high operating slip (8-18%), low 
efficiency (high acceleration, high impact 
loads)
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Variable Frequency Drives (VFDs)

Te 

Reference
input signals

θr ,ωr 

Induction
or

Synchronous
Machine

+

-

vdc

3-Phase
AC Source

Inverter
A

B

C

A B CA B C

Controller

PI, PID, etc.

Rectifier DC-Link

A

B

C

Switching signals
(modulation)

Measured/Estimated
position and/or speed

Typical operation under nominal flux: Volts/Hertz (V/f)

Use inverter to modulate AC output 
with variable frequency and 
magnitude

( )

( )
e

rms

e

rms
ase

e

rms
as

as
assermsas

f

VV
t

V

dt

d
irtVv

⋅=
⋅

=⇒
⋅

≈

+=⋅=

πω
λω

ω
λ

λω

2

22
sin

2

cos2
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Variable Frequency Drives (VFDs)

Te 

Reference
input signals

θr ,ωr 

Induction
or

Synchronous
Machine

+

-

vdc

3-Phase
AC Source

Inverter
A

B

C

A B CA B C

Controller

PI, PID, etc.

Rectifier DC-Link

A

B

C

Switching signals
(modulation)

Measured/Estimated
position and/or speed

Typical Control Modes
Constant Speed Operation
• Control tries to keep the speed at specified value no matter what the load 

is doing => so torque is changing
Constant Torque Operation
• Control tries to keep the torque at specified level no matter what the load 

is doing => so speed is changing
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Variable Frequency Drives (VFDs)
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• Less efficient
• Low power
• Low maintenance
• Very inexpensive
• Often used capacitors & gearheads

Part 2: Single-Phase Induction Motors
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Single-Phase Induction Motors
Pulsating magnetic field bwfws FFF +=

Pulsating field Fs can be viewed as two 

magnetic fields Ffw and Fbw of ½
strength and rotating in opposite 
directions

Forward component

Backward component

emfw F θ∠=
2

1
F

embw F θ−∠=
2

1
F
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Torque–Speed (Slip) Characteristic
Recall 3-phase IM 

bwfwnete TTT −=,Recall single-phase IM (Forward - Backward)
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( ) ( )22
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2
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e
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′
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ω
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Split-Phase Induction Motors
Recall single-phase IM with 
one stator winding
No starting torque !

Use auxiliary winding (pole)
Shift phase of the current in 
auxiliary winding
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Split-Phase Motors
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Capacitor-Start/Run Motors
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Shaded-Pole Motors
In very small applications, under 50 W
Very inexpensive
High slip, Low efficiency



47

EECE 376, S15, M8

Single-Phase Induction Motors
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Single-Phase Universal Motors
Recall Series DC Motor
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Single-Phase Universal Motors

Fractional horsepower 
applications
Domestic appliances such as:

Portable tools, drills, mixers, 
blenders, vacuum cleaners, 
etc

Operate at high speeds 
(1500 – 20,000 rpm)


