Lecture Set 8:
Induction Machines



About this Lecture Set

* Reading

— Electromechanical Motion Devices, 2" Edition,
Sections 6.1-6.9, 6.12

 Goal

— Understand the theory, operation, and modeling of
induction machines
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Preliminaries



Sample Applications

 Low Power:
—Shaded pole machines (small fans)

— Permanent Split Capacitor Machines
(Residential HVAC)

* Medium Power:
—Industrial HVAC
—Pumps
— Vehicle Propulsion
— Drive Applications

* High Power:

— Ship, Train Propulsion
— Wind Power Generation



Characteristics

e The Good

e The Bad

* The Ugly



Types of IM Machines

e Wound Rotor

* Squirrel Cage

e Solid Rotor



1.5 MW Induction Generator




150 Hp @ 1800 RPM




5 Hp @ 1800 RPM
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Theory of Operation: Stator MMF
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Theory of Operation: Rotor MMF



Rotor MMF
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Rotor MMF




Comparison of MMFs

e As viewed from stator

e As viewed from rotor



IM Torque Production
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Overview of Machine Models



Our Analysis

e Machine Variable Model

e Referred Machine Variable Model

* QD Model

* Steady-State Model



Machine Variable Model

* Voltage equations

Vabs — rslabs + pA abs

Vabr — rrlabr + pAabr

* Flux Linkage Equations
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Referred Machine Variable Model

e Referral of variables

i N,,
abr — Labr
Ns

, N
Vabr = —= VYabr
N r
, N
abr — NS Aabr

r

Voltage equations
=ri, + pA

\ abs s+ abs

abs

! [N !
Vabr =Ylgpr + pAabr

* Flux linkage equations
Aabs L L, 1gbs
{ 'abJ L)' L, L'abj

LI . |:Ll:f + Lms 0 i|

' 0 L +L
, N cosd,. —sinf
LSI" NS LSI" I’I’ZS|: . : r:|
- sind,  cos0,

* Torque equation

P . N . .or .
T, = _ELms [Gasiar + ipsipy ) SN G,

+ (iasil,)r - ibsiézr )cos 0, ]



5
mr}kdr

@A g

s
+ 1\/

T

igs
v;;dr

Is
+ l\l

‘FE

Ly
Vs

g4
N—
Ej.!.l'
qr
vis
aqr
!
N—s
i!S
dr
vil

33



Phasor Model
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Machine Variable Model:
Voltage and Flux Linkage Equations



Voltage Equations
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Flux Linkage Equations — Scalar Form
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Flux Linkage Equations — Matrix Form

Aazbs — Lsiabs + Lsriabr

T. .
Aabr — (Lsr) Labs "'Lrlabr

Aabs . LS Lsr iabs
Aazbr B (Lsr)T Lr iabr



Derivation of Magnetizing Inductances




Derivation of Magnetizing Inductances




Derivation of Magnetizing Inductances




Derivation of Magnetizing Inductances




Derivation of Magnetizing Inductances




Flux Linkage Equation Summary
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Machine Variable Model:
Torque Equation



Starting Point
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Derivation of Torque Equation




Derivation of Torque Equation
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Referred Machine Variable Model:
Flux Linkage Equations



Why




Starting Point
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Referral of Flux Linkage Equations




Referral of Flux Linkage Equations




Summary
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Referred Machine Variable Model:
Voltage and Torque Equations



Referral of Voltage Equations

Vabs = rslabs +pAabs

Vabr = rrlabr +pAabr



Referral of Voltage Equations

* Finally, we get
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Referral of Torque Equation

e [t can be shown that
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The Stationary Reference Frame



Stationary Reference Frame

e Stator transformation
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Stationary Reference Frame




Geometrical Interpretation
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Transformation of the Voltage Equations to the
Stationary Reference Frame



Transformation of Voltage Equations




Transformation of Voltage Equations




Transformation of Voltage Equations




Transformation of Voltage Equations
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Transformation of the Flux Linkage Equations to the
Stationary Reference Frame



Transformation of Flux Linkage Equations

of

Aazbs — Lsiabs + L;rlabr

'T' ! of
Aabr — Lsrlabs +erlabr
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Transformation of Flux Linkage Equations




Transformation of Flux Linkage Equations
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Transformation of the Torque Equation to the
Stationary Reference Frame



Transformation of the Torque Equations
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Transformation of the Torque Equations




Transformation of the Torque Equations




Transformation of the Torque Equations
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QD Equivalent Circuit



QD Equivalent Circuit

81



QD Equivalent Circuit




QD Equivalent Circuit




Comments on QD Machine

e When 1s it valid ?

* What is 1t used for ?
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Balanced Steady-State Operation
and the Phasor Model



Stator Side

* Steady-state forms
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Stator Side




Stator Side




Rotor Side

* Rotor relationships
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Balanced Steady-State Operation
Phasor Equivalent Circuit



Phasor Equivalent Circuit (2-Phase)
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Phasor Equivalent Circuit (2-Phase)

* Voltage Equations
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Chief Problems with Model

* Magnetizing Saturation

* Leakage Saturation

* Distributed System Effects

e Thermal Effects
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Balanced Steady-State Operation
of 3-Phase Machines



Phasor Equivalent Circuit (3-Phase)
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Delta Connected Machine




Wye Connected Machine
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Analyzing Machine Operation



Typical Operating Situations

o Utility gnid
— Fixed voltage, fixed frequency voltage source

* Inverter (power electronic control)

— Voltage source based inverter (variable voltage, variable
frequency)

* Volts-per-hertz control

— Current source based inverter (variable current, variable frequency)
e Maximum torque per amp control
* Field-oriented control
* Direct torque control



Derivation of Rotor Current




Torque for a Given Stator Current

e We can show
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Torque for a Given Stator Current




Torque for a Given Stator Current




Torque for a Given Stator Current
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Operation From A Current Source



Operation from Current Source

* Machine Parameters
* 460V, I-1, rms; 50 Hp @ 1800 rpm
— Stator resistance: 72.5 mg2
— Rotor resistance: 41.3 mQ
— Stator and referred rotor leakage: 1.32 mH
— Magnetizing Inductance: 30.1 mH
* Operating Conditions
— Armature current: 50 A, rms
— Frequency: 60 Hz



Current Source Torque - Speed
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Maximum Torque Per Amp Control

* Control Summary
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Maximum Torque Per Amp Control




Maximum Torque Per Amp Control




Maximum Torque Per Amp Control




MTPA Control Example

* Consider the 50 Hp example

* Suppose we want 200 Nm at a speed of 1000 rpm
* Compute the magnitude of the a-phase current, A
* Compute the required voltage

* Compute the efficiency



MTPA Control Example




MTPA Control Example




MTPA Control Example
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Operation From A Voltage Source



Operation From Voltage Source: Stator Current




Example 1

* Consider our 50 Hp machine
* Fed from 460 V I-1 rms source
* Load torque of 200 Nm

* Objective: Compute speed and current



Steady-State Operating Point
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Steady-State Operating Point




Example 2

* Consider our 50 Hp machine
* Fed from 460 V 1-1 rms, 60 Hz source
* Let’s look at machine properties versus speed



Current vs Speed
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Torque vs Speed
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Efficiency vs Speed
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Efficiency vs Output Power
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Parameter Identification



Parameter Identification

e DC Test



Parameter Identification

 Blocked Rotor Test



Parameter Identification

 Blocked Rotor Test



Parameter Identification

* No Load Test
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Volts Per Hertz Control



Volts Per Hertz Control

 The 1dea:



Volts Per Hertz Control

 The 1dea:



Volts Per Hertz Control
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