
1

1

廖 聰 明

清華大學 電機系

98.02.12-23

切換式切換式((開關式開關式))磁阻馬達之驅動磁阻馬達之驅動
控制與應用控制與應用

(Driving controls and applications of Switched(Driving controls and applications of Switched--

Reluctance Motors)Reluctance Motors)

2

(1) (1) 馬達驅動系統整合實務及應用簡介。馬達驅動系統整合實務及應用簡介。

(2) (2) 馬達之操作原理通論。馬達之操作原理通論。

(3) (3) 常用馬達之驅控綜合比較特性與應用。常用馬達之驅控綜合比較特性與應用。

(4) (4) 各類磁阻馬達之結構及操控簡介。各類磁阻馬達之結構及操控簡介。

(5) (5) 切換式磁阻馬達之結構。切換式磁阻馬達之結構。

(6) (6) 切換式磁阻馬達驅動系統之主導方程式及模式建立。切換式磁阻馬達驅動系統之主導方程式及模式建立。

(7) (7) 切換式磁阻馬達驅動系統之常見轉換器。切換式磁阻馬達驅動系統之常見轉換器。

(8) (8) 切換式磁阻馬達驅動系統之電流及速度控制。切換式磁阻馬達驅動系統之電流及速度控制。

(9) (9) 切換式磁阻馬達驅動系統之關鍵參數估測及性能測試評估。切換式磁阻馬達驅動系統之關鍵參數估測及性能測試評估。

(10) (10) 切換式磁阻馬達驅動系統之常見前端轉換器及操控。切換式磁阻馬達驅動系統之常見前端轉換器及操控。

(11) (11) 切換式磁阻馬達驅動系統之轉矩漣波、機械振動及噪音探究。切換式磁阻馬達驅動系統之轉矩漣波、機械振動及噪音探究。

(12) (12) 切換式磁阻馬達驅動系統之關鍵調控事務。切換式磁阻馬達驅動系統之關鍵調控事務。

(13) (13) 切換式磁阻馬達驅動系統之多級電力電路數位控制實務。切換式磁阻馬達驅動系統之多級電力電路數位控制實務。

(14) (14) 切換式磁阻馬達驅動系統之已有功率模組與控制積體電路探究。切換式磁阻馬達驅動系統之已有功率模組與控制積體電路探究。

(15) (15) 切換式磁阻馬達系統之應用探究。切換式磁阻馬達系統之應用探究。

ContentsContents



2

3

3
AC 

source

+

-

Inverter

Vdc
AC

motor

VVVF 
3    

voltage

Rectifier
or SMR

φ

φ

EC Load

Switching 
control

Command Controller

Current feedback

Velocity and/or position feedback

馬達驅動系統馬達驅動系統 (Motor Drive)(Motor Drive)簡介簡介

為一含馬達、機械載具、轉換器、控制器、感測與轉換馬達、機械載具、轉換器、控制器、感測與轉換
等之整合系統，唯有馬達本身之適當設計與驅動系統組
件間之妥善搭配，始可得優良之運轉控制性能。

隔離驅
動電路

Isolation and
driving

Power 
stage

Control
section

Isolation 
interface

機械載具

VehicleVehicle

Requirements: low cost, reliable, miniaturization, smaller volumRequirements: low cost, reliable, miniaturization, smaller volume and e and 

weight (modularization and integration), higher efficiency (enerweight (modularization and integration), higher efficiency (energy saving), gy saving), 

low vibration and acoustic noise, etc. low vibration and acoustic noise, etc. 

4

馬達驅動系統關鍵事務馬達驅動系統關鍵事務 ((Key Issues of Motor Drives)Key Issues of Motor Drives)
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� SMR, PFC and DC
link voltage boosting.

� PAM and/or PWM 
controls. 

� Dynamic braking.
� Inrush current. 
� Battery sources.Battery sources.
�� Battery charging.Battery charging.
�� SuperSuper--capacitor buffer.  capacitor buffer.  
�� Renewable or distributed Renewable or distributed 

sources.sources.

� PWM control, harmonics.
� Random switching.
� Dynamic modeling and 

estimation.
� Dynamic control: (current,

speed and/or position. 
� Tuning control for specific motor.
� Digitization of control scheme.
� Common DSP for multiple

power stages. 
� Acoustic noise and vibration 

reduction.

� Motor type. 
� Match between inverter, motor

and load
� Voltage utilization.
� Harmonic effects.
� Driving isolation.
� Interfacing and sensing.
� Current changing rate and 

response.  
� Neutral isolation or not. 
� Reflection due to unmatched   

impedance. 
� Power module, SOC promotion.

�� Match between Match between 
motor and load.motor and load.

�� Load types. Load types. 
�� Load parameters.Load parameters.
�� Load required Load required 

performance. performance. 
�� Motion pattern. Motion pattern. 
�� Speed range, constant Speed range, constant 

torque, constant powertorque, constant power..

� Encoder types.
� Resolution.
� Interfacing to DSP.
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�� Motor rippleMotor ripple
current:current:

� Motor currentMotor current
changing ratechanging rate:

Multiple sources?Multiple sources?
Buffer storage?Buffer storage?
DCDC--link ripples.link ripples.

� Miniaturization.
�� Cost effective.Cost effective.
�� Reliability.Reliability.
�� EMI problems.EMI problems.
� Grounding and 

shielding. 



3

5

Key Components and Issues of Motor Driven PlantKey Components and Issues of Motor Driven Plant

� Motor:Motor:

⌧⌧ DC brush motor (DCM) (Least used).DC brush motor (DCM) (Least used).

⌧⌧ Induction motor (IM).Induction motor (IM).

⌧⌧ PermanentPermanent--magnet synchronous motor (PMSM).magnet synchronous motor (PMSM).

⌧⌧ SwitchedSwitched--reluctance motor (SRM).       reluctance motor (SRM).       

� Power electronic converter and its switching control:Power electronic converter and its switching control:

⌧⌧ DC/DC converters (DCM).DC/DC converters (DCM).

⌧⌧ Inverters (SineInverters (Sine--wave, squarewave, square--wave) (IM, PMSM).wave) (IM, PMSM).

⌧⌧ Asymmetric bridge converter (Asymmetric bridge converter (UnipolarUnipolar
squaresquare--wave) (SRM).wave) (SRM).

� Power sources: AC mains, battery or renewable sources.Power sources: AC mains, battery or renewable sources.

�� Energy management technology. Energy management technology. 
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The motors employed in some typical The motors employed in some typical HEVsHEVs

www.euripides2008.de/download/vortraege/Balle_EURIPIDES.pdf

(Induction motor)

(Permanent-magnet synchronous motor)

(Switched(Switched--reluctance motor)reluctance motor)
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Electric Motor Drive Selection Issues for HEV Propulsion Systems: A Comparative Study

IEEE Trans. Vehicular Technology, vol. 55, no. 6, pp. 1756-1764.
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Converter - Motor - Mechanical load 間之配合 (以直流馬達為例)Converter Converter -- Motor Motor -- Mechanical load Mechanical load 間之配合間之配合 ((以直流馬達為例以直流馬達為例))
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負載在各運轉情況下所需之轉矩,馬達均
應有能力提供.

馬達所需之電流ia係由電源流經換流器供
給，故在負載在各運轉情況下均應注意功
率元件之額定。

馬達之Te：與ia,av成正比。

馬達之銅損:與ia,rms 之平方成正比。

馬達之換向能力:與ia,max 有關。

電晶體之電流額定: ia,max, ia,av, ia,rms。

馬達與換流器之電壓及功率額定: 

>rated :  Constant power operation via Constant power operation via 

field weakeningfield weakening。

ωr

θr

Te

ωr

Motor : Electrical power to mechanical power conversion:  

Mechanical dynamic equation :

(電源)
Power

Converter

(強電) (機電介面)

MotorMotor
Mechanical
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BLoad (Damping ratio) 
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(耦合)

(機械負載)

(控制)

position 
sensorcurrent 

sensor

reTP ω=

)dt/d(JBTT rrLe ωω ++=

Motor drive產生轉矩
必須於全速度範圍均
滿足負載之轉矩要求
且有較佳之驅動特性
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影響煞車電阻影響煞車電阻影響煞車電阻影響煞車電阻
及變頻器之開及變頻器之開及變頻器之開及變頻器之開
關電流額定關電流額定關電流額定關電流額定

馬達及變頻器額定出馬達及變頻器額定出馬達及變頻器額定出馬達及變頻器額定出
力限制係出現於列車力限制係出現於列車力限制係出現於列車力限制係出現於列車
在高速下之加速情況在高速下之加速情況在高速下之加速情況在高速下之加速情況

10

一些常用馬達轉矩一些常用馬達轉矩--速度特性速度特性

�� Induction motor (IM)Induction motor (IM) constant=emT
constant

=memT ω
constant

2 =memT ω
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�� PermanentPermanent--Magnet SynchronousMagnet Synchronous

Motor (PMSM)Motor (PMSM)

IEEE Trans. Vehicular Technology, vol. 55, no. 6, pp. 1756-1764.

�� Key features of Key features of PMSMsPMSMs::

⌧⌧ Advantages: Advantages: 

⌧⌧ Limits: inherent narrow constantLimits: inherent narrow constant--power region.   power region.   

Improvements:Improvements:

(a)  the use of proper types of (a)  the use of proper types of PMSMsPMSMs..

(b)  suitable field(b)  suitable field--weakening by excitation setting. weakening by excitation setting. 

(c)  field(c)  field--weakening via commutation advanced shift.            weakening via commutation advanced shift.            

(d)  voltage boosting.             (d)  voltage boosting.             

SPMSMSPMSM IPMSMIPMSM

12

TorqueTorque--speed characteristics of speed characteristics of 

SPMSM and IPMSM SPMSM and IPMSM 
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Control alternatives of IPMSM for yielding Control alternatives of IPMSM for yielding 

different torquedifferent torque--speed characteristicsspeed characteristics
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IPMSM with deeply 

buried magnet 
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Base speed

IPM with deeply buried
magnet having larger
reluctance torque (suited 
for higher speed running)  

IPM with shallowly 
buried magnet having 
larger magnetic torque

IPMSM with shallowly 

buried magnet 

Rotor

Rotor

Rotor design alternatives of IPMSM for yielding Rotor design alternatives of IPMSM for yielding 
different torquedifferent torque--speed characteristicsspeed characteristics
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�� SwitchedSwitched--Reluctance Motor (SRM)Reluctance Motor (SRM)

�� Key features of SRM:Key features of SRM:

⌧⌧ Advantages: simple and rugged, faultAdvantages: simple and rugged, fault--tolerant operation, tolerant operation, 

simple control, good torquesimple control, good torque--speed characteristic with speed characteristic with 

wide constantwide constant--power region.  power region.  

⌧⌧ Disadvantages: Higher torque ripple, vibration and acoustic   Disadvantages: Higher torque ripple, vibration and acoustic   

noise.   noise.   

Improvements:Improvements:

(a) field(a) field--weakening via commutation advanced shift.            weakening via commutation advanced shift.            

(b) voltage boosting.             (b) voltage boosting.             

16

一些常用負載轉矩-速度特性

� Fan, blower and centrifugal
pump: 

ω
m

T
L

P
d 2

P
d 1

� Constant power loads 

(Coiler drive):      
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2
mLT ω∝

mω

mLT ω/1∝

32 , mmL PT ωω ∝∝

� Constant torque loads 
( low-speed elevator): 

LT

constant
=LT

mω

mL PT ω∝= constant,
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� Freight train hauled by diesel-electric locomotives 

� Commercial road delivery vehicles.  Commercial road delivery vehicles.  

� Other systems: (a) subway trains, (b) streetcars,

(c) trolley buses.

Envelope of speed-torque characteristics.

TorqueTorque--Speed Characteristics of Transportation DrivesSpeed Characteristics of Transportation Drives

ωωωωb

TLTmax

ωωωω
max

Constant- power
curve

(Base speed)

12

ωωωωm

Constant- torque
curve
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Electric VehiclesElectric Vehicles

�� Key features of EV load and drives:Key features of EV load and drives:

⌧⌧ A wide speed range is critical for passenger car.   A wide speed range is critical for passenger car.   

⌧⌧ Internal combustion engine needs speed transmission (gear boxInternal combustion engine needs speed transmission (gear box) to modify the) to modify the

torquetorque--speed patterns under different speed ranges, whereas the   speed patterns under different speed ranges, whereas the   

motor may possess adequate torquemotor may possess adequate torque--speed profile via speed profile via fieldfield--weakeningweakening..

And regenerative braking is achievable for motors.  And regenerative braking is achievable for motors.  

Yamada, E. and Zhengming Zhao, “Applications of electrical machine for vehicle driving system,”

Power Electronics and Motion Control Conference, 2000. Proceedings. IPEMC 2000. The Third International, 

vol. 3, pp.1359-1364, 2000.
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Types of Hybrid Electric Vehicles (HEV)Types of Hybrid Electric Vehicles (HEV)

““Toyota Hybrid System THS II Toyota Hybrid System THS II ”” www.toyota.co.jp/en/tech/environment/ths2/SpecialReports_12.pdfwww.toyota.co.jp/en/tech/environment/ths2/SpecialReports_12.pdf

Definition:Definition:

Series HEVSeries HEV Parallel HEVParallel HEV
Series/parallel Series/parallel 
Hybrid HEVHybrid HEV

20

Comparative evaluation of commonly used motors for EVComparative evaluation of commonly used motors for EV

IEEE Trans. Vehicular Technology, vol. 55, no. 6, pp. 1756-1764.
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Key Parameters of an Inverter-Fed Motor Drive
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Three −

�� Adverse effects of armature ripple currentAdverse effects of armature ripple current : (i) increase losses; : (i) increase losses; 

(ii) cause  torque ripple, vibration and acoustic noise, (ii(ii) cause  torque ripple, vibration and acoustic noise, (iii) EMI)  i) EMI)  

�� How to reduce armature ripple current How to reduce armature ripple current 

� Consideration Factors:

(a) Armature ripple current.

(b) Switching losses.  

(c) Dead-time in converter transfer function.

(d) DC link voltage capability and boosting.  

22

Ripple Torque due to NonRipple Torque due to Non--ideal Current Waveformsideal Current Waveforms

110V
t

DC current:

Ripple

AC 

current:

Ripple

Motor

ehee TTT += 1

ave TT =1

ehee TTT += 1

Current

tω
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Effect of Ripple Current on Mechanical Effect of Ripple Current on Mechanical 
Torque and SpeedTorque and Speed

� The speed of an inverter-fed motor:

⇒++=+= )/( dtdJBTTTT rrLehave ωω

rhavr ωωω +=

↓↑⇒↑↑↓ rhfeh morforBJorT ω)()()/( 1

:

�� Effects of torque ripple (speed ripple): Effects of torque ripple (speed ripple): 

driving performance is degraded: driving performance is degraded: 
the generation of vibration, acoustic noise, etc.the generation of vibration, acoustic noise, etc.

24
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↓↓ )f(or)B/J( 1
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� Example: Six-step inverter-fed induction motor:

The effects of ripple current on torque and speedThe effects of ripple current on torque and speed

�� Inverter output waveform: Inverter output waveform: 

depends on the employed depends on the employed 

switching approach. switching approach. 
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Classification of PWM MethodsClassification of PWM Methods

�� 方波切換或稱六塊波切換方波切換或稱六塊波切換 (Six(Six--step switching)step switching)

�� 脈寬調制脈寬調制(Pulse(Pulse--Width Modulation, PWM)Width Modulation, PWM)：又分：：又分：

(a) (a) 方波方波 PWM (SquarePWM (Square--wave PWM)wave PWM)

(b) (b) 正弦波正弦波 PWM (Sinusoidal PWM, SPWM)PWM (Sinusoidal PWM, SPWM)

(c) (c) 修正式修正式 SPM ( Modified SPWM)SPM ( Modified SPWM)

(d) (d) 規則取樣規則取樣 PWM (Regular Sampled PWM, RSPWM)PWM (Regular Sampled PWM, RSPWM)

(e) (e) 諧波注入式諧波注入式 PWM (Harmonic Injection PWM, HIPWM)PWM (Harmonic Injection PWM, HIPWM)

(f) (f) 最佳最佳 PWM (Optimum PWM)PWM (Optimum PWM)

(g) (g) 選擇諧波消去選擇諧波消去 PWM (Selective Harmonic Elimination PWM)PWM (Selective Harmonic Elimination PWM)

(h) (h) 電流控制電流控制 PWM (CurrentPWM (Current--Controlled PWM)Controlled PWM)

⌧⌧ 磁滯控制磁滯控制 (Hysteresis control)(Hysteresis control)，或稱，或稱 BangBang--Bang controlBang control，或，或
ON/OFF  controlON/OFF  control，，或或Adaptive Current controlAdaptive Current control。。

⌧⌧ 定頻控制定頻控制 PWM (FixedPWM (Fixed--Frequency PWM control)Frequency PWM control)，或稱，或稱
SubharmonicSubharmonic PWM controlPWM control，或，或 Ramp Comparison PWM  controlRamp Comparison PWM  control。。

�� 空間向量調制空間向量調制 PWM (Space Vector Modulated PWM, SVMPWM):PWM (Space Vector Modulated PWM, SVMPWM):

(a) Current control(a) Current control
(b) Flux and Torque control(b) Flux and Torque control
(c) (c) 其他控制法則其他控制法則

�� Discontinuous PWM (DPWM):Discontinuous PWM (DPWM):

DPWM3, DPWMMAX, DPWMMIN, DPWM3, DPWMMAX, DPWMMIN, 

GDPWMGDPWM (DPWM0, DPWM1, DPWM2)    (DPWM0, DPWM1, DPWM2)    

�� 隨機切換隨機切換 (Random switching)(Random switching)

26

Typical waveforms of some commonly used motorsTypical waveforms of some commonly used motors

1i

1e

rieT ω/)( 111 ×=

dt
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ω
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� Ideal case: torque is ripple-free, speed is ripple-free.

� Actual case: back-EMF and current waveforms are far from ideal >> 

the ripple torque and hence the speed ripple exit. 

� The back-EMF waveform depends on the winding type and 

the permanent-magnet pole shape.  

� Remedies: machine design and electronic approaches.   

� Square-wave

BDCM
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� Sine-wave BDCMs
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Actual current 

� Switched reluctance motor

� Switched reluctance motor:

The winding excitation is applied according to the 
sensed rotor position.

Absolute rotor position sensing is required.           
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發電機與電動機發電機與電動機((馬達馬達))之分類之分類

發電機與電動機在結構上一樣，僅作用方式不同。兩者在
機械結構上，均具有定子(Stator)與轉子(Rotor)；在電磁作
用上，具有磁場繞組(Field winding)與電樞繞組(Armature 

winding)。磁場繞組與電樞繞組設置於定子與轉子之方式
有兩種方式：

發電機與電動機在作用之方式上為：

發電機

在磁場中之導體通以電

流,產生力進而使承載

導體之轉子產生轉矩.

電動機

在磁場中之導體被外力

帶動,產生電動勢,可

供給電負載產生電流.

電樞繞組

磁場繞組 定子

轉子 電樞繞組

磁場繞組 定子

轉子

Case 1: 如直流機 Case 2: 如同步機

32

以直流電機為例以直流電機為例

直流發電機直流發電機 直流電動機直流電動機

Load

Electric 
power

Mechanical
power = 

Electric 
power

Mechanical
power = 

Load

Field ArmatureArmature
Field

Prime
mover

DC
source

+

mmT ωmmT ω

mT
mω

mT
mω

(DC generator)(DC generator) (DC motor)(DC motor)

�� Generator:  Generator:  e = B l ve = B l v �� Motor:  Motor:  f = B l if = B l i

-

Mechanical

Electrical 
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Structure and Developed Torque of a DC Motor (with brush) Structure and Developed Torque of a DC Motor (with brush) 

� Torque generating capability of a DC Motor is the best among all motors,  

since the flux and armature conductor current are kept in quadrature in nature.  

hyperphysics.phy-astr.gsu.edu/Hbase/magnetic/motdc.html

IΦKT aa=

I a

I a

T rω

34

發電機與電動機發電機與電動機((馬達馬達))運轉模式兼具之應用場合運轉模式兼具之應用場合

抽蓄水力發電廠 (Pumped-storage plant)

Hybrid electric vehicles (HEVs)

� Electric machine: motor/generator, starter/generator

� Example: parallel HEV:

T
ra

n
sm

is
si

o
n

EngineLiquid
fuel

Motor/Motor/
generatorgeneratorBattery

Five possible modes:

� Engine only traction

� Electric only traction

� Hybrid traction

� Regenerative braking

� Battery charging from engine
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�� 旋轉電機分類旋轉電機分類

直流機: 

永磁式永磁式 (Permanent(Permanent--magnet, PM)magnet, PM)

他激式他激式(Separately excited) (Separately excited) 

自激式自激式
(Self excited) (Self excited) 

並激並激 (Shunt excited)(Shunt excited)

串激串激 (Series excited)(Series excited)

複激
(Compound) 

連接
方式

長並聯(Long shunt)

短並聯(Short shunt)

激磁
方式

差複激(Differential compound)

助複激
(Cumulative
compound)

平複激
(Flat-compound)

欠複激
(Under-compound)

過複激
(Over-compound)

常用馬達之綜合比較特性與應用

馬達驅動控制性能追求之對象：

�並激馬達：IM, BDCM (PMSM)

�串激馬達：SRM

36

交流機: 

同步機同步機(Synchronous machine)(Synchronous machine)

感應馬達感應馬達
(Induction motor)(Induction motor)

三相
單相

三相

單相

分相馬達(Split-phase motor)

電容馬達(Capacitor motor):
Capacitor-start
Capacitor-run
Capacitor-start capacitor-run  

蔽極馬達(Shaded-pole motor)

萬用(普用)馬達(Universal motor)

(即串激馬達)

其他

繞線式(Wound-rotor or slip-ring)

鼠籠式(Squirrel-cage)

(鼠籠式)
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特殊電機特殊電機: : 

步進馬達 (Stepping motor)

切換式磁阻馬達 (Switched-reluctance motor (SRM): 

((為具有轉子位置感測之可變磁阻步進馬達為具有轉子位置感測之可變磁阻步進馬達 ))

直流無刷馬達 (Brushless DC motor, BDCM)

((為具有轉子位置感測之同步馬達為具有轉子位置感測之同步馬達))

超音波馬達 (Ultrasonic motor)

其他馬達

速度驅動
(方波式)

位置伺服驅動
(弦波式)

直接驅動馬達 (Direct drive (DD) motor)：

Possess  high and smooth torque at low speed, no gears are requiPossess  high and smooth torque at low speed, no gears are required.  red.  

線性馬達 (Linear motor)

38

� 直流有刷馬達直流有刷馬達:: without rotor position sensing 
Excitation type: Integral-hp drives, traction drives, steel machinery,  paper machinery.
PM-type: (Lower ratings) Automotive auxiliaries, aircraft auxiliaries, small position servos, 

speed servos. 

�� 感應馬達感應馬達 (Scalar control):(Scalar control): without rotor speed sensing 
Three-phase squirrel-cage: Pumps, fans, compressors, general industrial speed drives,

traction, electric vehicles, elevators.
Three-phase wound-rotor type: High-power industrial drives with limited speed range 

and/or high starting torque requirement. 

Single-phase squirrel-cage: Low-cost industrial and domestic appliances.

� 感應馬達感應馬達 (Vector control):(Vector control): with rotor speed sensing (incremental type):
vector control is necessary for highvector control is necessary for high--performance speed drives and position servo drives. performance speed drives and position servo drives. 

� 傳統同步馬達傳統同步馬達:: without rotor position sensing 
High-power industrial drives, fans, compressors, tractions. 

�� 直流無刷馬達直流無刷馬達(PM(PM--type type PMSMsPMSMs with absolute rotor position sensingwith absolute rotor position sensing) ) (lower ratings)

Square-wave: computer peripherals, office machinery, small fan, potable tools, air

conditioners, domestic appliances, electric vehicles, elevators.

Sine-wave: Servo drives, motion control devices, advanced home appliances.

�� 步進馬達步進馬達:: without rotor position sensing to perform positioning control
Low-power computer peripherals, motion control devices.

� 開關式磁阻馬達開關式磁阻馬達:: with absolute rotor position sensing 
Low-cost wide speed drives, domestic appliances, aerospace applications.

Applications of motorsApplications of motors



20

39

�� An elementally rotating electromagnetic device:An elementally rotating electromagnetic device:

One phase winding on stator and one winding on rotor  One phase winding on stator and one winding on rotor  

s
i

r
i

θ
m

ω

rotorpole
Salient − 

s
i

r
i

θ
m

ω

rotorpole
Salient − 

rssrrrrsssf
iiLiLiLW ++= 22

2

1

2

1

Unified Operation Principles of Electric MotorsUnified Operation Principles of Electric Motors

40

θθθ ∂

∂
+

∂

∂
+

∂

∂
= sr

rs

rr

r

ss

s

L
ii

L
i

L
iT 22

2

1

2

1

Reluctance torques due to the 

variations of self-inductances 

with rotor position Torques due to the variation 

of mutual inductance with 

rotor position (excitation 

torque)

The electromagnetic developed torque 
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� The stator and rotor currents can be DC or AC.

� For single-phase motor, there is no starting torque and the  

pulsating torque exists. 

� If the rotor is not equipped with winding, i.e.,            , then 0=
r

i

θ∂

∂
= ss

s

L
iT 2

2

1

� The rotor should have saliency. The synchronous reluctance   

motor, variable reluctance stepping motor and switched-

reluctance motor belong to this type. To obtain better torque 

generating capability, the winding current waveform switching 

control should be made in accordance with the pattern of   ,  

which is nonlinear function of rotor position, current level and 

frequency. 

ss
L
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� If the rotor is non-salient or cylindricalcylindrical type:

Thus the doubly-excited operation should be adopted. The slip rings 

and brushes are used for AC motors, and the commutators and brushes 

are used for DC motors. The winding currents for various types of 

motors are:

DC motorDC motor:: and       are all DC currents.

AC excited synchronous motorAC excited synchronous motor:: is AC and     is DC. 

AC permanent synchronous motorAC permanent synchronous motor:: is AC, rotor is equipped 
with permanent magnet. BDCM is basically a PMSM with  
inverter commutation being made according to the sensed rotor 
position.    

AC induction motorAC induction motor:: is AC,     is induced AC current with 

frequency smaller than those of      . 

SwitchedSwitched--reluctance motor:reluctance motor: a kind of synchronous motor with singly  

excited unipolar square-wave winding currents.

� Each type of motor possesses its key parameters affecting the moEach type of motor possesses its key parameters affecting the motor driving  tor driving  

performance, and they can be properly tuned to yield better perfperformance, and they can be properly tuned to yield better performanceormance. 

ri

si ri

si

si ri

si

θ∂

∂
= sr

rs

L
iiT

si
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直流馬達直流馬達((有刷有刷) (DC Motors) ) (DC Motors) 

� Two basic equations: 





ωΦ=  voltageGenerated :Generator
law) s(Lenz' emf Back :Motormaa KE



=  torqueGenerated  :Motor

law) s(Lenz'  torqueRetarding  :GeneratorIΦKT aa

� 機電整合主導公式
� 馬達及轉換器之象限：

Forward driving and regenerating braking

Backward driving and regenerating braking

+

-

Ea

Ia

Tωm

Ra

a a mE I T Neglecting losses= ω ( )

excellent is capability generating Torque

44

Structure and Developed Torque of a DC Motor (with brush) Structure and Developed Torque of a DC Motor (with brush) 

� Torque generating capability of a DC Motor is the best among all motors,  

since the flux and armature conductor current are kept in quadrature in nature.  

hyperphysics.phy-astr.gsu.edu/Hbase/magnetic/motdc.html

IΦKT aa=

I a

I a

T rω
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m
t

sr

a sr ae

sr

a sr a

V

K T

R R R

K
K K Iω = −

+ +
=, Φ

∞→⇒=∝ ωω mm loadNoTT   ) ( 0,/1

Series MotorSeries Motor

�� Universal motor: AC and DC are all okay.Universal motor: AC and DC are all okay.

�� Large developed torque (large starting torque):Large developed torque (large starting torque):

�� Speed will be dangerously large at light load.       Speed will be dangerously large at light load.       

2
IKT at=

46

AC Motors

Non-salient-pole
synchronous 
motor (SMSM))

Salient-pole
synchronous 
motor (SMSM))

Squirrel-cage
induction 

motor (IMIM))
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o90<θ

N

Traditional synchronous motor (SMSM) vs. 
brushless DC motor (BDCMBDCM)

�� BDCM: A permanent magnet synchronous motor withBDCM: A permanent magnet synchronous motor with
its stator windings being excited according its stator windings being excited according to   to   
the sensed rotor position.the sensed rotor position.

�� Absolute rotor position sensing or estimation (i.e., Absolute rotor position sensing or estimation (i.e., 
sensorlesssensorless control) is required.           control) is required.           

S

S

N

SMSM

Rotor

Stator

BDCMBDCM

o90=θ

N

S

S

N

Rotor

Stator

48

N

N

Structures of Synchronous Motors (sine wave type)Structures of Synchronous Motors (sine wave type)

� Armature windings: sinusoidaly distributed

� Winding currents: Three-phase armature currents (sinusoidal balance set)

�� Rotating filed produced by stator armature windings: Rotating filed produced by stator armature windings: 

numberpoleP,frequencyf),rpm(
P

f
ns ===

120

�� Rotor is equipped with field, and it will run at the same speed.Rotor is equipped with field, and it will run at the same speed.

�� The poles of stator and rotor are displaced by a power angle (The poles of stator and rotor are displaced by a power angle ( < 90 degrees)   < 90 degrees)   

sr nn =
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Structures of Brushless DC Motors (Structures of Brushless DC Motors (BDCMsBDCMs) ) 

(Square wave type synchronous motors) (Square wave type synchronous motors) 

ThreeThree--phase phase 

HallHall--effect sensoreffect sensor

BDCMBDCM

TwoTwo--phase 4phase 4--pole pole 

HallHall--effect sensor fan effect sensor fan 

motor (BDCM)motor (BDCM)

50

Induction motor: scalar control vs. 
vector control (field-orientation control)

o90<θ

N

S

S

N

Scalar controlScalar control

Vector control Vector control 
(Predictive control with (Predictive control with 
proper slip angular speedproper slip angular speed

being determined)being determined)

o90=θ

S

NRotor

Stator
Stator

Rotor

N

S
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Rotor bars (slightly skewed)

End ring

鼠籠式轉子鼠籠式轉子

繞線式繞線式((滑環式滑環式))轉子轉子

定子及轉子定子及轉子

感應馬達之結構簡介感應馬達之結構簡介

52

Structures of Induction Motors (Structures of Induction Motors (IMsIMs)  )  

Stator (two-phase) Stator (three-phase)

SquirrelSquirrel--cage rotor (brushless)cage rotor (brushless)

(a) Embedded squirrel 

cage;

(b) Conductive cage

removed from rotor. 
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Typical operating points in motoring mode

1=s

Speed 
or slip

Torque

5%~3s

),(

rated ≈
ratedrated sT)1,( =startstart sT

),( maxmax sT

speed ssynchronou
loadNo 

≈
        

0=s

54

Scalar control: proper V/f ratio, voltage boosting in low speed.Scalar control: proper V/f ratio, voltage boosting in low speed.

Vector control: suitable fieldVector control: suitable field--orientation control with compensation.orientation control with compensation.

Suitable fieldSuitable field--weakening control in highweakening control in high--speed range. speed range. 

DCDC--link voltage boosting. link voltage boosting. 

Operating capabilities of induction motor Operating capabilities of induction motor 
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� 四種馬達：IM, SynRM, SPMSM, IPMSM

� 比較之性能：Cogging  torque、轉矩特性、效率及損失、成本。

� (i) 齒隙轉矩(Cogging torque)：IPMSM與SPMSM具有Cogging  

torque，其中IPMSM較大，因其具有凸極效應(Saliency)，在
壓縮機負載之應用上，應具有效小之Cogging torque，因需具
有低噪音及低振動特性; 

(ii) 馬達效率及損失：IPMSM之效率最高，因其除具永磁轉矩
外，尚具有磁阻轉矩，其所需之定子電流最小，而具有最小
之銅損。SPMSM無磁阻轉矩，其銅損增大。另外，因外包
鋼膜上之感生渦流所造成之鐵損，以及較大之氣隙，使其效
率稍低。而SynRM因無永磁轉矩，全靠磁阻轉矩而效率較
低，但仍比IM高約2~3%；

(iii) 成本：以SynRM為1.0當比較對象，IM、IPMSM、SPMSM分
別為其之1.13、1.42、1.5倍。由上之比較可知，欲得高性能
高效率之空調運轉操控特性，可選用IPMSM，而如欲得最低
成本者，可選用SynRM，只是效率較低，但仍比IM高些。

不同馬達性能比較不同馬達性能比較不同馬達性能比較不同馬達性能比較(應用於空調機應用於空調機應用於空調機應用於空調機)：：：：

56

Loss Comparison of Some Commonly Used Motors

www.irf.com/technical-info/whitepaper/imotionapmotorpcimchina06.pdf 

Loss comparisonLoss comparison

Sy
nR

M

Sy
nR

M

SP
M

SM

SP
M

SM
IP

M
SM

IP
M

SMIMIM

L
o

ss
 (

W
)

L
o

ss
 (

W
)



29

57
Shigeo Morimoto, “Trend of permanent magnet synchronous machines,” IEEJ Trans., 2007; 2: pp. 101-108.

Classification of synchronous motorsClassification of synchronous motors

PMSM   >>            PMSM   >>            PMSMPMSM + RM             >>   + RM             >>   SynRMSynRM

• PMASynRM: Permanent magnet torque assisted SynRM

• SynRM: Synchronous Rluctance Motor   

58

� PM-Assisted

SynRM rotor  

� SynRM

rotor  



30

59

⌧⌧⌧⌧⌧⌧⌧⌧ Some typical stator structuresSome typical stator structures

(a) 如圖(a)，為salient pole，係集中式電樞
繞組(Concentrated winding)之定子結構：
具有短的end turns，相與相間之 coupling 

較小，每一相之線圈不同時，與所有轉
子磁鐵作用時，導致性能之降低。

(b) 如圖(b)，沒有slot (Slot-less)，故沒
有齒隙轉矩(Cogging torque)，但線圈
與後鐵間之熱導低，不利負荷之增
加。又因沒有靜子齒，使得氣隙增長
成轉子表面至後鐵，為維持適當大之
PC值，磁鐵之長度須增長。

(c) 如圖(c)，為槽式用以容置分佈式繞組
(Distributed winding) ，具有shoes在氣隙
處，可減少氣隙磁導隨位置之變化，而
減少Cogging torque。

60
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換相前移調控之等值弱磁及轉矩產生能力增進換相前移調控之等值弱磁及轉矩產生能力增進

(Maximum torque point, 
maximum TPI)

(Back-EMF is reduced as the 
commutation instant is shifted forward)

Current phase
Current phase

B
ac

k
-E

M
F

Maximum 
torque 
control

�� Maximum torque control: Maximum torque control: 
The required current is   The required current is   
minimum under a particular load.minimum under a particular load.

Field-weakening 
control

62

�� 實際上，實際上， 與速度與速度、、負載負載、、馬達參數等均有關馬達參數等均有關。。maxβ

�� 角之調控角之調控：：須特別研究的課題為採用合適之方須特別研究的課題為採用合適之方

法及合適之性能評估指標法及合適之性能評估指標(Performance index)(Performance index)來來

做換向調控以達到較佳之操控性能。做換向調控以達到較佳之操控性能。

rpm
3000 6000 9000

o0

)(shift

β

o20

β最佳最佳 角對轉速之概略關係角對轉速之概略關係

β
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1
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影響PMSM馬達驅動系統操控特性之關鍵因素、參數及事務
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Voltages of Electric VehiclesVoltages of Electric Vehicles

Transition of voltages in electric vehiclesTransition of voltages in electric vehicles

Background of highBackground of high--voltage in HEVvoltage in HEV

“Trend of high voltage harness technology that supports Hybrid Electric Vehicles.”

ieeexplore.ieee.org/iel5/4239117/4239118/04239329.pdf?tp=&isnumber=&arnumber=4239329

66
Recent Trends of Electric Vehicle Technology

mizugaki.iis.u-tokyo.ac.jp/staff/hori/paperPDF/JCTrip.pdf

Features of some electric vehiclesFeatures of some electric vehicles
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THSTHS--II Specifications (Motors and voltages)II Specifications (Motors and voltages)

THS IITHS II
DC bus voltage 500V/650V

ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4510492

68

Voltage boostingVoltage boosting

202V >> 500V 202V >> 500V 

(or higher)(or higher)

www.tytlabs.co.jp/english/review/rev394epdf/e394_001ishiko.pdf
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650V650V

“Progresses for a Last Decade and Perspectives in Applications Specific Electric Motors and Drives in Japan,”

Matsui, Nobuyuki; Power Conversion Conference - Nagoya, 2007. PCC '07, 2-5 April 2007 Page(s):K-17 - K-24.  

70

Possible voltage boosting approach: boosted DCPossible voltage boosting approach: boosted DC--link link 
voltage using frontvoltage using front--end converters:end converters:

� Series connected voltage boosting circuits

1BV

2BV

fixedVVV BBd =+= 21

d

1B
V

2B
V

1d
V

212 BdBd
VVVV >+=

d

BV
1dV

BdBd
VVVV ≥+=

1

Fixed voltage

Adjustable voltage –
two batteries

Adjustable voltage –
single battery
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� Single-stage voltage boosting circuits

d

dI

d
V

B
V

B

B

d
V

d

d

d

V
V

−−
=

1
or  

1

0,0 ≥≥
dd

IV

(a)

Isolated or non-isolated
converter

dI

B
V

d
V

Two-quadrant

Four-quadrant

0or  00,or  0 ≤≥≤≥
dddd

IIVV

•

•

0or  0,0(i) ≤≥≥
ddd

IIV

0or  0,0(ii) ≤≥≥
ddd

VVI

Isolated or non-isolated
converter

(b)

One-quadrant•

72

Maximum 
torque control

Field-weakening 
control

Maximum 
torque control

�� PWM modulation strategies (fixed DCPWM modulation strategies (fixed DC--link voltage)link voltage)

�� Boosted DCBoosted DC--link voltageslink voltages � The operation range can be 

extended to higher speeds.

� The ratings of inverter and

motor should be properly  

considered.  
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�� Example: THS (Toyota Hybrid System)Example: THS (Toyota Hybrid System)--II II 

Voltage boosting

202V >> 500V 

(or higher)
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Home air conditioner trends Home air conditioner trends 

www.irf.com/technical-info/whitepaper/mce_digitalpfc_ac.pdf

Trends:Trends:

• Motor: Induction motor >> PermanentMotor: Induction motor >> Permanent--magnet synchronous motor (PMSM)magnet synchronous motor (PMSM)

•• Vector control >> Vector control >> SensorlessSensorless control.control.

•• SquareSquare--wave type  >> wave type  >> sinewavesinewave type. type. 

•• FrontFront--end switchend switch--mode rectifier (SMR)>> provide mode rectifier (SMR)>> provide boostableboostable and welland well--regulated regulated 

DCDC--link voltage with good line drawn power quality.link voltage with good line drawn power quality.

•• Common digital control environment for: Outdoor compressor PMSCommon digital control environment for: Outdoor compressor PMSM, M, 
outdoor condenser fan motor, frontoutdoor condenser fan motor, front--end switchend switch--mode rectifier (SMR).mode rectifier (SMR).

•• DSP or ASIC + microcontroller, or FPGA + microcontroller.DSP or ASIC + microcontroller, or FPGA + microcontroller.
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SMR (PFC rectifier) + AC motor drive  (Common DSP) 

www.freescale.com/files/product/doc/AN1918.pdf 

Indirect Power Factor. Correction for 3-Phase AC. Motor Control with V/Hz. Speed Open Loop. Application Using a 56F80x. Device. 
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Sensorless Control and PMSM Drive System for Compressor Applications

Dongsheng Li; Takahiro Suzuki; Kiyoshi Sakamoto; Yasuo Notohara; Tsunehiro Endo; Chikara

Tanaka; Tatsuo Ando;

Power Electronics and Motion Control Conference, 2006. IPEMC '06. CES/IEEE 5th International

volume 2, Aug. 2006, Page(s):1-5 

Features:Features:

•• SensorlessSensorless control.control.

•• SinewaveSinewave PMSM current. PMSM current. 

•• Integrated power stages:Integrated power stages:

Boost SMR + PMSM inverter. Boost SMR + PMSM inverter. 

•• DCDC--link current sensing         link current sensing         

•• Common DSP.Common DSP.

Example PMSM drive

(Hitachi)
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77www.mitsubishichips.com/Global/ catalogue/pdf/power/general_e/e_05.pdf 

Mitsubishi Power Modules

78

Intelligent Power Intelligent Power 

Module Module 

PS21245PS21245--EE
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IntelligentIntelligent

PowerPower

ModuleModule

PS21245PS21245--EE
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Toshiba ProductsToshiba Products
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Variable reluctance stepping motor vs.
Switched reluctance motor

�� Variable reluctance stepping motorVariable reluctance stepping motor

82

� By neglecting the mutual coupling and assuming   

the linear magnetic circuit, the per-phase winding  

voltage equation of a SRM can be written as:

SRM Governing Equations

=
∂

∂
++= r

r

r
r

i

dt

di
iLRiv ω

θ
θλ

θ
),(

),( ),,(),( rrr ie
dt

di
iLRi ωθθ ++

� The composite generating torque of a SRM drive 

can be obtained by summing all per-phase  

developed torques, and then the motor drive torque  

equation is:

,
1 dt

d
JBTTT r

rL
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eie
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)t(i
A

)(L
rA

θ
)(L rA θ

rθ

rθAi

onθ offθ

Current command

Actual current 

Variable reluctance stepping motor vs.
Switched reluctance motor

� Switched reluctance motor:

The winding excitation is applied according to the 
sensed rotor position.

Absolute rotor position sensing is required.           

reT ω,

r

rA

AA

)(L
iT

θ

θ

∂

∂
= 2

2

1 rθ
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Ai

Bi

Ci

Di

Commutation Instant TuningCommutation Instant Tuning

)(L rA θ

rθ

rθAi

onθ offθ

Dwell

rθ
onθ offθ

Ai

Current command

Actual current 

Without advancing

With advancing

)(L rA θ

θ∂

∂
= ss

s

L
iT 2

2

1
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(b)

1
Q

1L

2Q

1
D

2D

dcV

(c)

1L

1
Q

2Q

1
D

2D

dcV

(d)

1L

1
Q

2Q

1
D

2D

dcV

(a)

1L 2L
3L 4L

1Q

2Q

3Q

4Q

5Q

6Q

7Q

8Q

1D

2
D

3D

4
D

5D

6D

7D

8D

dcV

� Classical bridge 

converter circuit

� Operation

modes

Typical converter circuit
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PWM switching with varying frequency 

kHz 2.5

A 2

Fixed switching frequency

A 2

kHz 2.5

Varying switching frequency

� Linearly varying switching frequency
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)t(i
A

)(L
rA

θ

Switched reluctance generatorSwitched reluctance generator

reT ω,

r

rA

AA

)(L
iT

θ

θ

∂

∂
= 2

2

1
rθ

aL

uL

4θ3θ
2θ1θ0θ

)( rL θ

rθ

4θ3θ
2θ1θ

0θ rθ

i

Generator modeGenerator mode
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)(L rA θ

rθ

rθAi

onθ offθ

Current command

Actual current 

Motoring and generating mode of a 
switched-reluctance machine

)t(i
A

)(L
rA

θ

positive

)(L
iT

r

rA
AA

=
θ∂

θ∂
=

     
2

1 2

)(L rA θ

rθ

rθAi

onθ offθ

Current command

Actual current 

Motoring

negative

)(L
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θ∂
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1 2

Generating


