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ECE330: Power Circuits & Electromechanics

Lecture 22. Induction machine

Prof. Richard Y. Zhang

Univ. of Illinois at Urbana-Champaign

ryz@illinois.edu
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Last time: Synchronous machine
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Rotor construction?

Magnetic material Reluctance machine

Permanent magnet Brushless DC

Electromagnet Synchronous machine

Rotor spins at same speed

Stator field at synchronous speed

Balanced 3ϕ stator currents

Electro-

magnet
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Wound rotor

Slip rings

Rotor is the weakest link

• Slip rings wear out

• High centrifugal forces

• Many breakable parts 

• Maintainence 

expensive and time 

consuming

Image: Youtube.com/LearnEngineering
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Squirrel cage rotor

Use induced current to excite rotor

Cheap, rugged, zero-maintence

Aluminium

(for conductivity)

Image: Youtube.com/LearnEngineering
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Works with any conductive rotor!

https://youtu.be/z-oue39E5PA 7

Wound rotor induction machine – Why??

Image: Youtube.com/LearnEngineering
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https://youtu.be/z-oue39E5PA
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• Electrical model

• Mechanical model

Next lecture: Torque-speed characteristic

8

Today
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Preliminary: Definition of Slip

Synchronous 

frequency

= 120 π [rad/s]

= 60 [Hz]

Synchronous 

speed

= 60 π [rad/s]

= 1800 rpm

Synchronous 

machine

Induction machine

Rotor frequency

Efficiency

slip
[dimensionless]
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ia(t)

ib(t)

ic(t)
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S

Electro-

magnet

ir(t)

Idc

𝑣𝑎 𝑡 = 𝐿𝑎
𝑑𝑖𝑎
𝑑𝑡

+𝑀𝑎𝑟 𝜃
𝑑𝑖𝑟
𝑑𝑡

+𝑀𝑎𝑟
′ (𝜃)𝑖𝑟(𝑡)

𝑑𝜃

𝑑𝑡

Recall: Synch mach

0

Idc ωM cos(ωt)
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ir(t)

ia(t)

ib(t)

ic(t)

Idc

+

“torque angle”

Recall: Synch mach

𝑣𝑎 𝑡 = 𝐿𝑎
𝑑𝑖𝑎
𝑑𝑡

+𝑀𝑎𝑟 𝜃
𝑑𝑖𝑟
𝑑𝑡

+𝑀𝑎𝑟
′ (𝜃)𝑖𝑟(𝑡)

𝑑𝜃

𝑑𝑡

0

Idc ωM cos(ωt)
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ir(t)

ia(t)

ib(t)

ic(t)

Idc

+

Recall: Synch mach

+

Single-phase

equivalent circuit

(this is a physical model)
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Physical model (Induction)

ia(t)

ib(t)

ic(t)

N

S

-a

+a

-c

+c

-b

+bSquirrel cage

ir(t)
Rr

𝑣𝑎 𝑡 = 𝐿𝑎
𝑑𝑖𝑎
𝑑𝑡

+ 𝑀𝑎𝑟 𝜃
𝑑𝑖𝑟
𝑑𝑡

+𝑀𝑎𝑟
′ (𝜃)𝑖𝑟(𝑡)

𝑑𝜃

𝑑𝑡
..but now very complicated b/c rotor current is no longer fixed.

Still technically true
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Electrical model (3-p)

ir(t)

ia(t)

ib(t)

ic(t)

+

Rr

+

Rr

𝑣𝑎 𝑡 = 𝐿𝑎
𝑑𝑖𝑎
𝑑𝑡

+ 𝑀𝑎𝑟 𝜃
𝑑𝑖𝑟
𝑑𝑡

+𝑀𝑎𝑟
′ (𝜃)𝑖𝑟(𝑡)

𝑑𝜃

𝑑𝑡
..but now very complicated b/c rotor current is no longer fixed.

Still technically true Mutual 

inductance

Speed

voltage
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Electrical model (1-p equiv)

+

+

+

Rr

+

Rr

+

-

+

-

Rr / s

Issue: Rotor currents 

hard to compute!

Solution: Transformer 

equivalent circuitLet’s derive this circuit!

stator

freq
rotor

freq

Lumps mutal 

AND spd voltage
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Sketch of derivation

++

ҧ𝐼𝑎ҧ𝐼𝑟

𝑗𝜔𝑟𝑀 ҧ𝐼𝑎 𝑗𝜔𝑠𝑀 ҧ𝐼𝑟

𝐿𝑟 𝐿𝑎

𝑖𝑎(𝑡)

𝑀cos 𝜃

𝐿𝑟 𝐿𝑎

𝑖𝑟(𝑡)

𝑖𝑎 𝑡 = 𝐼𝑎 cos(𝜔𝑠𝑡)

𝑗𝜔𝑟𝑀 ҧ𝐼𝑎𝑗𝜔𝑟𝐿𝑟

+

𝑅

stator freqrotor freq

ҧ𝐼𝑟 =
−𝑗𝜔𝑟𝑀 ҧ𝐼𝑎
𝑅 + 𝑗𝜔𝑟𝐿𝑟

=
−𝑗𝜔𝑠𝑀 ҧ𝐼𝑎

𝑅/𝑠 + 𝑗𝜔𝑠𝐿𝑟

𝑅 at 𝜔𝑟 looks like 𝑅/𝑠 at 

𝜔𝑟/𝑠 = 𝜔𝑠𝜃 = 𝜔𝑚𝑡

𝜔𝑟 = 𝜔𝑠 − 𝜔𝑚= 𝑠 ⋅ 𝜔𝑠

𝑀

𝐿𝑟 𝐿𝑎

ҧ𝐼𝑎ҧ𝐼𝑟
𝑅

𝑠

Equivalencing the transformer 

yields our desired circuit

stator freqstator freq
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Warning: Equiv circuit not physical

+

+

+

Rr

+

Rr

+

-

Rr / s

Physical model

Computational tool

Equiv. circuit is 

but a tool for 

computing the magn 

and phase of ҧ𝐼𝑟

Actual

Fake

stator freqstator freq

stator

freq
rotor

freq

+

-
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Power transfer

++

Rr Rr / s

Computational tool

Actual
Fake

Elec.

Input

Stator 

winding 

loss

Stator 

core 

loss

Rotor 

winding 

loss

Mech.

Output

Power

across

gap
3

𝑠
ҧ𝐼𝑟
2𝑅𝑟

3 ҧ𝐼𝑟
2𝑅𝑟

3(1 − 𝑠)

𝑠
ҧ𝐼𝑟
2𝑅𝑟

Drives the 

torque

Efficiency 

≈ 1 − 𝑠

Physical model 19

How an IM works – Big picture

Rotating stator field

Induced voltage in 

“shorted” rotor

Current flows in rotor due 

to induced voltage

Current tries to oppose 

the cause – seen as 

induced voltage on stator

++

Rr

If ωm < ωs, accelerate. 

If ωm > ωs, deccelerate. 

14 15

16 17

18 19
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• Electrical model

• Mechanical model

Next lecture: Torque-speed characteristic

20

Today
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Torque [Nm] =
Mechanical power [W]

Mechanical speed [rad/s]

Rotor 

winding 

loss

Mech.

Output

Power

across

gap
3

𝑠
ҧ𝐼𝑟
2𝑅𝑟

3 ҧ𝐼𝑟
2𝑅𝑟

3(1 − 𝑠)

𝑠
ҧ𝐼𝑟
2𝑅𝑟Numerator

Denominator

Torque [N/m]

3 phases
more poles = more torque

synch

frequency

[rad/s]

A 460V (line-line), 60 Hz, 3 phase, 6-pole machine 

has a rated speed of 1140 rpm. The rotor has 

resistance 2Ω and leakage j3Ω. The stator has 

negligible resistance and leakage. 

a) What is the frequency of rotor currents in Hz?

b) What is the torque at rated speed?
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Torque-Speed / Power-Speed Curve
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http://electricalacademia.com/induction-motor/torque-speed-characteristics-induction-motor/

Next time:

20 21

22 23

http://electricalacademia.com/induction-motor/torque-speed-characteristics-induction-motor/

