PHENRMNOBEERS &2 5
e

(Driving controls and applications of Switched-
Reluctance Motors)
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Key Components and Issues of Motor Driven Plant

B Motor:

DC brush motor (DCM) (Least used).

Induction motor (IM).

Permanent-magnet synchronous motor (PMSM).
Switched-reluctance motor (SRM).

B Power electronic converter and its switching control:

DC/DC converters (DCM).
Inverters (Sine-wave, square-wave) (IM, PMSM).

Asymmetric bridge converter (Unipolar
square-wave) (SRM).

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

B Energy management technology.

The motors employed in some typical HEVs

Asynchronous (Induction motor)
- BOSCH
- SIEMENS
«  CONTINENTAL TEMIC...

* Permanent magnets (Permanent-magnet synchronous motor)

- TOYOTA

- HONDA

« AISIN

- HITACHI...
+ Reluctance (Switched-reluctance motor)

- VISTEON
«  Wound rotor

- VALEO

« HITACHI

- DENSO

- BOSCH

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




Table 1 Electric propulsion adopted in the automotive industry.

HEV Model Propulsion System & } 3
# Permanent Magnet
Synchronous Motor
De Motor Tovota/Prius (Japan)
PSA Peugeot-Citroén / Berlingo (France)
— L e Induction Motor
Switched Reluctance Motor Renault/Kangoo (France)
Heolden /ECOmmeodore (Australia) = -
e
> & Induction Motor
. I cot Magnx Chevrolet/Silverado (U SA)

Syachronous Motor

Nissan/Tine (Japan)

Induction Motor

Synchronous Motor

8

L 0l Magnel DaimlerChrysler/ Durango (Germany/USA)

Honda/Insight (Japan)

Induction Motor

BMW/X5 (Germany)

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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O Permanent-Magnet Synchronous
Motor (PMSM)

e Constant torque ————m i LTSI
Power |

T'orque

B Key features of PMSMs:

Advantages:
Limits: inherent narrow constant-power region.

Improvements:

(a) the use of proper types of PMSMs.

(b) suitable field-weakening by excitation setting.
(c) field-weakening via commutation advanced shift.
(d) voltage boosting.

>
Base speed Masimum speed - Speed

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

Torque-speed characteristics of
SPMSM and IPMSM

SPM motor IPM motor

-—— IPM motor ——| Q.QQ
e

\ D
Motor speed [rpm| :
Fig.7 Torque curves of SPM motor and [PM motor

Torque [Nmj}

Fig.8 The structures of an SPM motor and an [PM motor




Control alternatives of IPMSM for yielding
different torque-speed characteristics

I Maximum output via
! id field-weakening

/ control and/or shift

Maximum TPI
via id control
and/or shift

Torque

Speed

Base -speed

Rotor design alternatives of IPMSM for yielding
different torque-speed characteristics

IPMSM with deeply IPMSM with shallowly
buried magnet buried magnet
L
I

! IPM with shallowly
buried magnet having
larger magnetic torque

e g g q

IPM with deeply buried

magnet having larger
/ reluctance torque (suited

for higher speed running)

Torque

> Speed 14

Base speed




O Switched-Reluctance Motor (SRM)

Power

Torque|

B Key features of SRM: B e S —

Advantages: simple and rugged, fault-tolerant operation,
simple control, good torque-speed characteristic with
wide constant-power region.

Disadvantages: Higher torque ripple, vibration and acoustic
noise.

Improvements:
(a) field-weakening via commutation advanced shift.
(b) voltage boosting.

Speed

15
R S
O Constant torque loads O Fan, blower and centrifugal
(low-speed elevator): pump: 7, o w2, P o< 3,
T} =constant,P =< @,
a)m
wm
T; = T, o @2
cénstant L Om
I » T

| . — 1

wm
O Constant power loads
(Coiler drive): 7; «1/a,, &
| d2 = TL




Torque-Speed Characteristics of Transportation Drives

B Freight train hauled by diesel-electric locomotives

B Commercial road delivery vehicles.

B Other systems: (a) subway trains, (b) streetcars,
(c) trolley buses.

Constant- power
curve

e speed)
____________ ‘ Constant- torque

curve
—
Tmax L
Envelope of speed-torque characteristics. 17
Electric Vehicles
i Ascent [%]
motor 20%

"\ Truck

for different types of vehicles

g N
8 Passenger car é \
g 5 A
E ~— Compact car — g A 10%
2 2 [ ICengine N
[ N —
TSN
_ E ~
vehicle speed [km/h] 8 *7g—< ~
Fig.2 Constant power characteristics required e —4\_5‘/
2
g
(=1

; vehicle speed [km/h]

Fig.3 Tractive force vs speed diagram of IC engine
with transmission and DC shunt wound motor.

B Key features of EV load and drives:

A wide speed range is critical for passenger car.

Internal combustion engine needs speed transmission (gear box) to modify the
torque-speed patterns under different speed ranges, whereas the
motor may possess adequate torque-speed profile via field-weakening.
And regenerative braking is achievable for motors.

Yamada, E. and Zhengming Zhao, “Applications of electrical machine for vehicle driving system,” 18
Power Electronics and Motion Control Conference, 2000. Proceedings. IPEMC 2000. The Third International,
vol. 3, pp.1359-1364, 2000.




Types of Hybrid Electric Vehicles (HEV)

Definition:

Automobile hybrid systems combine two motive power sources, such as an internal combustion engine and an electric
motor, to take advantage of the benefits provided by these power sources while compensating for each other’s shortcomings,
resulting in highly efficient driving performance. Although hybrid systems use an electric motor, they do not require external
charging, as do electric vehicles.

Series/parallel
Series HEV Parallel HEV Hybrid HEV

—= Drive power — Electric power — Drive power — = Elzctric power — Drive powsr —#=Elscric power

Baltery [:] Battery Battery

| i :

| T :
PR

P | Generator ¥
: Inverter Inverter o~ Inverter
] p] Power split device H
: ' \
Engine

Mator Engine Motor

1
A\
m Motor/generator Engine
Drve wheels [|l Reduction § m Drive wheels | I Reduction é | IDrive whesls
gear qear

Generator

Reduction
gear

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

Comparative evaluation of commonly used motors for EV

TABLE II
ELECTRIC-PROPULSION SYSTEMS EVALUATION
Propulsion ( ‘ ]
Systems | V7
DC
Characieristics
Power Density 25 35 5 35
Efficiency 25 3.5 5 3.5
Controllability 5 5 4 3
Reliability g 5 4 5
Technological 3 5 4 4
maturity 4 5 3 4
Cost
& 5 e -
¥ Total : £ @ -
22 27 25 23

20
IEEE Trans. Vehicular Technology, vol. 55, no. 6, pp. 1756-1764.
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Key Parameters of an Inverter-Fed Motor Drive

Induction motor
or AC motor

Rectifier
Three —
phase | .* koad
AC d
source L \
J,B

Control  f¢ t.,tA

B Consideration Factors:

(a) Armature ripple current.

(b) Switching losses.

(c) Dead-time in converter transfer function.
(d) DC link voltage capability and boosting.

B Adverse effects of armature ripple current : (i) increase losses;
(ii) cause torque ripple, vibration and acoustic noise, (iii) EMI)

B How to reduce armature ripple current 21

Ripple Torque due to Non-ideal Current Waveforms

Ripple

DC current: 7%%474404

110V

Ripple

AC A
current: \\of

Current

Te =To1 +Tep

'S

N T =Ty

3
]
&
+
3

=
v

22




Effect of Ripple Current on Mechanical

Torque and Speed

® The speed of an inverter-fed motor:

T, =T, : T, + B, + J(do, | df) =

o, =a,, +@:

T, Lor(J/B) T or(fi )T or(mf )T:> a,, J

@ Effects of torque ripple (speed ripple):
driving performance is degraded:

the generation of vibration, acoustic noise, etc.

23

The effects of ripple current on torque and speed

B Example: Six-step inverter-fed induction motor:

To =To1 +Ten
A
T =Ty 1

(ign

Al

1 TT %TITH;,, ‘

I 0 ! (5 7 13 (Harmonic
} g{“J order)
Producing Producing
6th order 12th order W, =0, + Oy
harmonic harmonic A

a

L\ PN

(J/B)dor(fi)d

torque torque _
B = Oy

"

v

W Inverter output waveform:

(J/B)Tor(fi)?T

—

depends on the employed Wy = 1 + Wy
A
switching approach. 0, =y,

12



Classification of PWM Methods

W Sk e e N Bk 47 i (Six-step switching)
B ?% F3 4| (Pulse-Width Modulation, PWM) : x 4
(a) * ;& PWM (Square-wave PWM)
(b) & 5% ;& PWM (Sinusoidal PWM, SPWM)
(c) & & ;¥ SPM ( Modified SPWM)
(d) 3R] B~ PWM (Regular Sampled PWM, RSPWM)
(e) #471 » X PWM (Harmonic Injection PWM, HIPWM)
(f) 3 i PWM (Optimum PWM)
(g) E #3424 PWM (Selective Harmonic Elimination PWM)
(h) & i 4241 PWM (Current-Controlled PWM)
R % ¥ (Hysteresis control) » £ £ Bang-Bang control » &
ON/OFF control » £ Adaptive Current control °
T 454 PWM (Fixed-Frequency PWM control) » & £
Subharmonic PWM control > £ Ramp Comparison PWM control °
B 7 %% £33 4] PWM (Space Vector Modulated PWM, SVMPWM):
(a) Current control
(b) Flux and Torque control
() # & 441 Rl
B Discontinuous PWM (DPWM):
DPWM3, DPWMMAX, DPWMMIN,
GDPWM (DPWMO, DPWMI1, DPWM2)

B %§ 1%+ 3% (Random switching) 25

Typical waveforms of some commonly used motors

» Square-wave i
BDCM “

Tl = (€1Xi1)/(0’.

I e

dw,

P =Zepiy =To@, = T, =T +Bo,+]—

B Ideal case: torque is ripple-free, speed is ripple-free.
B Actual case: back-EMF and current waveforms are far from ideal >>
the ripple torque and hence the speed ripple exit.
B The back-EMF waveform depends on the winding type and
the permanent-magnet pole shape. 26
B Remedies: machine design and electronic approaches.

13



Va | —

& 4

i3 Curmrent

\ —
Outgaing 4\ Incoming
Vo — —1 phase \ phase
o

Torque V

e —

Torque

a8 | ac [ Bc | Ba [ca [ cB | —V—V—V—V—V—| lf_

Commutation sequence

Ha | |

Commutation
Ho conanon ae [ ac [Bc [ Ba [ca[ce |
He

Fig. 2: (a) Trapezoidal Drive waveforms (b) Current And Torque At Commutation

www.analogzone.com/qrnt0605.pdf 27

» Sine-wave BDCMs

u >  Rotor -
e l
Vd
-] i,
w —
i
PWM
scheme

14



P=e,, +e,ip+e. j.=constant=T,w,

29

» Switched reluctance motor

1 2aLA(49)
A4 98
LA(er) L

| "

Actual current

i A WCurrent command P

"
eon enﬁ”

B Switched reluctance motor:

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

® Absolute rotor position sensing is required. 30

15



FRPETEP(5E)L L~

o

. FRPER
adaals Tﬁ-
Ll
Winding) o l@ﬁ*% EHTREEK
FoAfES

Case 1: 48 i

BHEe = 3

RS L BT

~/n“-, ’_::_"'_ 4 :‘!’E‘—rﬁ Té ’E{i\‘

#‘ﬁ; £ é #- - % XiF
25 3 %+ (Stator) ¥ #& + (Rotor) ; &7 & i¥
3 B3tk (Field wmdmg).b? T 4% 4 & (Armature

3""';’\:7.]]‘?-01-,:5'%'11’}‘

L—;— bkiﬁ—3-7 = '\4

Case 2: 4rfe # #%

pe o 2k 5

THRSEE =+

o
BEH 2 AR
b, AL R ER, T

A2 A EETAFALRE. o
) 20k A Y 1
e R ’5‘&‘ = IJIJ
3T B n T g
(DC generator) (DC motor)
Electric Electric
power «<—— power
+
Load| Electrical DC

Mechanical
power =T,,@,,

B Generator: e=Blvy

Mechanical

B Motor: f=Bli

Mechanical
power =T, @,

32




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

B 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.

When eleetric current
passes through a coil in
a magnetic field, the
magnetic force =
produces a torque T Ka QD Ia
which turns the
DC motor

Brush

Magnetic force

F=ILB
acts perpendicular
to both wire and
T r magnetic figld

Coils

Commutator
Brush

33

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

&

FIWHTEPIE)TRWN L2 ™ 58

@ % k4 % T i (Pumped-storage plant)

@ Hybrid electric vehicles (HEVs)

O Electric machine: motor/generator, starter/generator
O Example: parallel HEV:

Five possible modes.:

» Engine only traction
Electric only traction
Hybrid traction
Regenerative braking
Battery charging from engine ~ ~ 7

Motor/ =
genctatr

Transmission

34

17



¥R EFE AR R

BT AN

A ;% (Permanent-magnet, PM)

B # 3" (Separately excited)

e - ¥ (Shunt excited)
(Segllflé;;éited) ® ¥ (Series excited) . N
5@%—[ £ # 7 (Long shunt)

-\

o 4& # 75 (Short shunt
AE BT ( )

% 4f i#(Differential compound)

(Compound) '
Uais e
) — KA
B AT (Under-compound)

(Cumulative T g %

[EE T R T compound) 1 Futcompouny
AR
m 5 iE 0 IM, BDCM (PMSM) (Over-compound)
W ¢ k5 i SRM .
F #% % (Synchronous machine) -[ ; : A
RN E]
Ve ﬁk .
_[@?:%SL 7% (Wound-rotor or slip-ring)
i & # ;' (Squirrel-cage)
RS
(Induction motor) — 4 4p 5 i£ (Split-phase motor)
— % 7% 5 i (Capacitor motor):
Capacitor-start
H4p — Capacitor-run
(B4 7Y Capacitor-start capacitor-run
— jr1&5 & (Shaded-pole motor)
— # * (& * )5 i (Universal motor)
(g k)
- _',E'_ f*ﬂ'
36
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FARTH: —

— it 5 i (Stepping motor)
B S (Switched reluctance motor (SRM):
(FEJHEIERPLIVRBERHELE)

R SRH

__ # ;% k5 i (Brushless DC motor, BDCM) (3R
(FEFHEFERRZFHEE) =3 PPRERH

('M /ﬁs«‘r\‘)

? #&5# 5 i (Direct drive (DD) motor) :
Possess high and smooth torque at low speed, no gears are required.

— %+ 58 i (Linear motor)

L 424 & 5 i (Ultrasonic motor)

—_ﬁa,%xi

37

Applications of motors

B E ;i3 #15 i 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.

B R &5 iE (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.

B R &5 £ (Vector control): with rotor speed sensing (incremental type):
vector control is necessary for high-performance speed drives and position servo drives.

B @i 5 iE: without rotor position sensing
High-power industrial drives, fans, compressors, tractions.
B T & A5 E(PM-type PMSMs with 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.

B 4 i& 5 id: without rotor position sensing to perform positioning control
Low-power computer peripherals, motion control devices.

B @ RSV 5 iE: with absolute rotor position sensing a8
Low-cost wide speed drives, domestic appliances, aerospace applications.

19



Unified Operation Principles of Electric Motors

B An elementally rotating electromagnetic device:
One phase winding on stator and one winding on rotor

1 1
W, ==L i2+—L i’+L ii

f 2 2 s r
\ 1
AY 1
\
P’
. m !
1
s
(o,
«—
o > p
1 Salient —
: pole rotor
i
i
T
|

39

The electromagnetic developed torque

1,90L,. 1 ,0L oL
=i ——t+—i il —"

20 27 38 ' g0

;

Reluctance torques due to the
variations of self-inductances

with rotor position Torques due o the variation
of mutual inductance with
rotor position (excitation
torque)

40

20



B The stator and rotor currents can be DC or AC.
B For single-phase motor, there is no starting torque and the
pulsating torque exists.
B [f the rotor is not equipped with winding, i.e.,; =(), then
r
1.,0L

T=—i"—%
2% 96

B 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 L,
which is nonlinear function of rotor position, current level and

frequency.

41

) ) o L
B If the rotor is non-salient or cylindrical type: T =i i aag

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 motor: i; and i, are all DC currents.

AC excited synchronous motor: s is AC and i, is DC.

AC permanent synchronous motor: i; 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 motor: i;is AC, i, is induced AC current with
frequency smaller than those of i .

Switched-reluctance motor: a kind of synchronous motor with singly
excited unipolar square-wave winding currents.

B Each type of motor possesses its key parameters affecting the motor driving
performance, and they can be properly tuned to yield better performance. *

21



g 5 E (3 &) (DC Motors)

B Two basic equations:

_ Generator : Generated voltage
Eqa=Ka®on { Motor : Back emf (Lenz's law)

T=k,® Ia{Motor: Generatedtorque

Generator: Retardingtorque(Lenz's law)

O Torque generatingcapabilityis excellent

| =5
E.l1.=T w,(Neglecting losses) +
\ : : Ea

® BT EEIE S Om T
L z

Forward driving and regenerating braking

Backward driving and regenerating braking "

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

B 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.

When electric current
passes through a coil in
a magnetic field, the
magnetic force =
produces a torque T Ka @ Ia
which turns the
DC motor

Brush

Magnetic force

F=ILB
acts perpendicular
to both wire and
T r magnetic field

Coils
Commutator

Brush

44

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

22



Series Motor

@ Universal motor: AC and DC are all okay.
B Large developed torque (large starting torque):

T=K,1,

B Speed will be dangerously large at light load.
Vi Ra+ Ryt Rae

W= - ,
VK AT K,
@n o< 1/NT, T =0(No load) = @,— o

Ka cID:I(sr Ia

45

AC Motors
Squirrel-cage Non-salient-pole Salient-pole
induction synchronous synchronous
motor (IM) motor (SM) motor (SM)

46
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Traditional synchronous motor (SM) vs.
brushless DC motor (BDCM)

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

B Absolute rotor position sensing or estimation (i.e.,
sensorless control) is required.

SM BDCM

8 <90°

60=90°

X

Rotor
Stator

~ Rotor

Stator 47

Structures of Synchronous Motors (sine wave type)

B Armature windings: sinusoidaly distributed
B Winding currents: Three-phase armature currents (sinusoidal balance set)

B Rotating filed produced by stator armature windings:

120 f

n, = = (rpm ), f = frequency, P = pole number

B Rotor is equipped with field, and it will run at the same speed.
B The poles of stator and rotor are displaced by a power angle ( < 90 degrees)
48

24



Structures of Brushless DC Motors (BDCMs)
(Square wave type synchronous motors)

Three-phase
Hall-effect sensor

BDCM

Two-phase 4-pole
Hall-effect sensor fan
motor (BDCM)

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

Vector control
(Predictive control with

Scalar control proper slip angular speed
being determined)

~ Rotor

~ Stator

50
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End ring

colLs

LAMINATED
CORE

Structures of Induction Motors (IMs)

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

(a) Embedded squirrel
cage;
(b) Conductive cage
removed from rotor.

52
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Typical operating points in motoring mode

A (Timax > Smax )

(Trateds Srated)
Srated =3~ 3%

No load
= synchronous speed

"~ orslip

/ . Speed
0
\
\
\

53

Operating capabilities of induction motor

A

Constant | Constant
torque | Power

Torque |

/

High

|
-
speed |

Stator voltage

Stator current

|~

>
Base speed Speed

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

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

@ Suitable field-weakening control in high-speed range.
@ DCink voltage boosting.

54
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PR BEERVR(ET IAP)

B r 5 IM, SynRM, SPMSM, IPMSM

B gz Mt Cogging torque ~ B S sF 2 JF A S Ak o

B (i) % M #& 5 (Cogging torque) : IPMSM#2 SPMSM £ 7 Cogging
torque » H ¥ IPMSM# + » F1H B 5 Lo ji(Saliency) »
RaEts f 2 B o R »x] 2 Cogging torque > F]F %
7 MR 2 MRS

(i) & iEoed 2 474 1 IPMSM2 2e % ke § o B1H % 2 ApidgE
o R RIEEE BarF 2 F Rk 0 8 B )
2 4F3f o SPMSM & 1efE » HARdFR ~ o 7 ob > F]oh 2
G 2R AR TS AR 0 MR RS 2§ R H ok
FAH L o @ SynRMFI & AR > > LRI EH 2TF iR
Moo e it IME $2~3%

(iii) = & : 2SynRM 5 1.0% * #¥ % > IM ~ IPMSM ~ SPMSM 4~
LA H2 1035142158 o d P2 W)V Ao 5B A
BRF 2 T AEEFEL N T EH IPMSM 0 @ dogt 7 &L
F ko FEY SyNRM > B E kG L it IMA & o

55

Loss Comparison of Some Commonly Used Motors

Loss comparison

120

100
§ 80 - //DStainless sleeve
< 60 - g
% 40 - T Rotor copper
- 20 4

0 4 Eiron
@ @ c§ ¢§ B Copper

56

www.irf.com/technical-info/whitepaper/imotionapmotorpcimchina06.pdf
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Classification of synchronous motors

PMSM >> PMSM + RM >> SynRM

1
1 [ :Magnettorque [___]: Reluctance torque

(1) Pure PM Macbine (2) PM/Reluctance Hybrid Machine

Increasing saliency

(3) Pure Reluctance
Machine

Increasing magnet flux

Reluctance Torque Assisted PMSM
Inset SPMSM

Fig. 2 Classification of synchronous machines by torque generating mechanism

* PMASynRM: Permanent magnet torque assisted SynRM
* SynRM: Synchronous Rluctance Motor

Shigeo Morimoto, “Trend of permanent magnet synchronous machines,” IEEJ Trans., 2007; 2: pp. 101-108. 5
O PM-Assisted
SynRM rotor
O SynRM
rotor
58
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Some typical stator structures

(a) 4 ®l(a) » % salientpole > 2 & 7 ;X T t%
¥ % (Concentrated winding) 2. T+ S
£ 3 “Esfend turns > 4P £ 49 ¥ 2 coupling
ol o B - P AE 7 R BT
FRAB TR P ERIER 2T e

(b) 4=®l(b) » iX 3 slot (Slot-less) » #x it
7 # 4 4% 45(Cogging torque) » i 4 8]
BSARR B 2 A f 2
fro X FG FFE O RIEFHHE
NS Ae IR SRFREE A2
PCE > B4z £ REH L o

(©) 4rBl(c) > HH N UFE LGNSR
(Distributed winding) » £ 5 shoes & 4.
B TR F HEEEEE LR 0 6
- Cogging torque °

T, =;§[/1:,llas cos f—(Ly —Lq)Igs sin S cos 5]
L,—

IPMSM

L
22123[/1;1[“ cos B+ d 12, sin2 3]

Torque T,
A Composite
torque

Magnetic
torque

Reluctance
torque

6, (B)
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<=2 Y > > 3 /E’—‘ I 22 ~ = (Y}
ﬁ\ #B A5 f:% 2o @_99@, «I__E'ffi_:f_s iﬁ;\
(Back-EMF is reduced as the (Maximum torque point,
commutation instant is shifted forward) maximum TPI)
Current Current Optimum performance line

(strong)

(strong)

Back-EMF
Induction voltage const.

Torque

90°

180°

Current phase

90°

Current phase 180°

Field-weakening
control

!

Flux-weakening
control

O Maximum torque control:
The required current is

minimum under a particular load. Maximum

torque
control

Torque

Revolution 61
IEEJ Trans 2007: 2: 162-168

i B & Wi 2 Pk B

LI - - E § A S A S R
B S a2 AEuFEyOgEIHY 2

PER SR SR e - 1p 1% (Performance index) N

Pk e S DI E 2 R e
A

20°

(shift)

O() 1 1 1 1 1 > rpm
3000 6000 9000 62
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a las —>
+ b lps —>
Vd r—

l c lcs —_>

PWM

scheme

A
er
Sensor g 2
q—axis as —axis
bs-axis
q- axis N
Lys lps = g
as-axis ; ; 0

63

Sensor Sensor
cs-axis d- axis \ ﬂ =0

2 EPMSM B i S ¢ i fr B2 MAE TR - 82 T ir

Front—end B

converter Ly Voltage— source ):30)

inverter

4
|L ={Vd (d) |L

T d ‘ Encoder Hall
signals signals

*
Va Voltage
ag
Vg—p| Voliage boosting PWM
Other. == controller control
information scheme
. {} Veont, abe
1 .
a—»| Speed Y dgl abe ' Current [€ las| Commutation Feedbacks
control o~ control [€— s tuning  [€¢— and other
Q—>] conversion ; a ¢
scheme R | scheme |€— i scheme indices
tas Commutation
9 ¢'B(Nos) < tunincg
r .
Feedbacks Excitation| Roz.‘;).r K= Hall signals
a?fd?cl:lser - ;‘ZZZZ; dlg ;’zlc;lf::’; [€—  Encoder signals
\ (or estimation)K=(Termial voltage)

Excitation
tunin
£ 64




Voltages of Electric Vehicles

Transition of voltages in electric vehicles

1920°s

1955 — 14V (Battery 12V)

2000 —] 42V (Battery 36V)

TV (Battery 6V) for accessory

for accessory

for accessory & drive (inparf)
Advent of Hybtid-Electric-V ehicles

144~650V  for drive
42 for power accessory
14V,6V for accessory, ECU

ulti-power supply

Background of high-voltage in HEV

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

®
[
120 —
g 7z
B 5
E o
k-] £0 e Eﬂ
H k
Ewn B804
LA
200 00 600 300
Voltage rating (volf)
. ! . . 65
“Trend of high voltage harness technology that supports Hybrid Electric Vehicles.”
iceexplore.ieee.org/iel5/4239117/4239118/04239329. pdf?tp= &isnumber= &arnumber=4239329
Features of some electric vehicles
TaBLE I MaJorR ELECTRIC VEHICLES SEENINEVS 13 AND 14.
maker TOYOTA NISSAN HONDA GM FORD
name RAV4-EV Altra EV EV Plus EV1 Ranger EV
weight 1540kg 1700kg 1615kg 1350kg 2123kg
seating capacity 5 4 4 2 2
speed 125km/h 120km/h over 130km/h 130 km/h 120 km/h
range 200km (city) 200km 210km 110km (city) 95km
= 170km (highway)| (city. highway) | (10-15 mode) | 145km (highway) -
motor PM PM PM M M
type Ni-MH Lithium ion Ni-MH Lead acid Lead acid
s 95A X 5h 100A X 3h 95AX3h 53Ah 86AX3h
Battery| capacity 30V 28.8V 12V 12V 3V
voltage 288V 345V 288V 312V 312V
Recent Trends of Electric Vehicle Technology
66
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THS-II Specifications (Motors and voltages)

Table-3: Application of IPM Motor drives in Japanese Table-4: THS specifications [Kamiya, 2005]
Hybrid Electric Vehicles
System THS [ THSTI
Year |Company | Brand | Vehicle type | Power [Voltage| km/litre Vehicle Prius SUV
1997 | Toyota | Prius Sedan 30kW | 274V 22 E/G 1.5L 3.31
2000 | Toyota | Prius-1 Sedan 33kW | 288V | 225 Launch 1997 | 2000 2003 2005
2004 | Toyota [ Prius-2 Sedan 50kW | 500V | 25.6 IC(&][I]&:I: About 274V soov | 650V
2005 | Toyota | Camry Sedan 60kW | 650V | 25.0 M. 30 Y 50 23
2005 | Toyota [Kluger* V6-SUV 123kW | 650V | 17.8 Power KW kW KW kW
2005 | Toyota |Estima*| Ve-Van [123kw| 650V | 18.6 Max. 305 350 400 333
" lorque Nm Nm Nm Nm
2005 | Toyota |Harrier* VB-SUV 123kW | 650V | 17.8
Max. 6000 6700 [ 12400
Speed rpm rpm rpm
Japanese 4 WD, front motor/generator, 123 kW, 12400
*  rpm rear motor, 50 kKW, nickel metal hydride battery THS I

DC bus voltage S00V/650V

Generator

Boost
Converter

Fig. 8: High voltage drive system using a dc/dc
boost converter

67
ieeexplore.ieee.org/xpls/abs_all.jsp ?arnumber=4510492

Recent R&D Activities of Power Devices for Hybrid Electrie
Vehicles

g Power
% _control unit

econdary battery

Voltage boosting
202V >> 500V

Voltage boost

converter
. <
. Inverter/
(Ol' hlghel') Generatol Converter
Motor
Power split device
Drive wheel

Fig. 5 Schematic view of THS II system of Prius.
The power control unit contains an inverter and
a DC/DC converter. In THS 11, a high-voltage
power circuit that increases the voltage up to
500V is added.

R
START NORMAL DRIVING ACE>
K
2 i@ @— Se:
Motor only Motor and engme  Motor and engine Battery charging Engine shuts off

Additional power from battery

Fig. 6 Schematic view to show how both a gasoline engine and a motor work.

www.tytlabs.co.jp/english/review/rev394epdf/e394_001ishiko.pdf
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‘IDC ®IM ASRM .PMSMI

10
L ]
® LEXUS EX400K06 THS -I
TOYOTA Prins 00 THS-II il
— 207
an
E "-.." Automatic Transmussion Flutd{ A TF)
. \‘
4 6 LHONDA s A
= CVIC  PM2 “s._
7 @y @iy o™
] HGDA A AL IRATEY
335
S 4 |WSIGHT I A
= i Water-cooling g5 q"-.’*
5 PM] 07 *0V Ty
2 -
2 2 b otm @ SR xov S
o H\\IIII WOV @ 3 S,
u T e Ajrcooling
DC2 4
w05 39V
0 PR o | TR Y L SET——

0 10 20 30 40 50 60 70 80 90 100 110120 130
Maximum power[ kW]

Fig. & Mazimm power vs. torque density plots
for a wariety of traction motors in FEVs and HEVs.

69

“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.

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

0 Series connected voltage boosting circuits

Fixed voltage i V, =V, +V,, = fired

Vo T

Adjustable voltage — Adjustable voltage —
two batteries single battery
Non-isolated Isolated
converter converter
O
+ + i + k + +
wte | L] T
; L ‘ 1 V=V +Vy >V, ) P 1 V=V +Vy 2V
+ 1
T Vaz d
d - _ - 70
O
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[0 Single-stage voltage boosting circuits

Isolated or non-isolated
converter

+
Vs

I

O B

‘ O

B O O R H
T_

Isolated or non-isolated
converter

Iy

O\&‘< +£

® Two-quadrant

d i) V,20,1 ,200r I ,<0
® One-quadrant ® d d d
(i) 7,20, V,>0 or V,<0
> > d d d
\4 0> 0,7 4> 0
¢ Four-quadrant
\4 —7VB 7d 174 > < > <
i 1-4 or —4'B Vd_OorVd_O,Id_Oorld_O
(@) (b)
71
O PWM modulation strategies (fixed DC-link voltage)
Maximum
torque control
Overmodulation PWM
e
Sine Wave PWM -
Maximum Rectangular Wave Field-weakening
torque control control
Revolution
O Boosted DC-link voltages ® The operation range can be
extended to higher speeds.
® The ratings of inverter and
—— 500V motor should be properly
considered.
e
72
IEEJ Trans 2007: 2: 162168 Revolution
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O Example: THS (Toyota Hybrid System)-II

Torque

Inverter o
for Gen. J_ 20kW
Boost Bat
v attery
Converter Battery| voltage
Inverter
for Motor /i g
Revalntion
SOKW

Needed voltage

Output Power Torque

S0kW
s [T
] E N
< /; TS | 1] i
HJ. i i
Main {1 }
Capacitor = 0 5000 0 5000
Firter (opm) (pm)
d Capacitor T Battery Fig. 17 Motor performance curve
System Voltage Command Value
. 500
Voltage boosting
202V >> 500V s
(or higher) 0
s 200 L
il - Motor Revolution,
N
N 73
IEEJ Trans 2007: 2 162—168 Fig. 18 Full acceleration test

Home air conditioner trends

Condensor
Evaporator Heat Exchanger
Heat Exchanger Outdoor
Fan
= Expansion
= Valve
l
= >
Z
=
I— Blower Fan
Compressor
Indoor Unit Outdoor Unit

Trends:

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

* Vector control >> Sensorless control.

* Square-wave type >> sinewave type.

* Front-end switch-mode rectifier (SMR)>> provide boostable and well-regulated
DC-link voltage with good line drawn power quality.

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

e DSP or ASIC + microcontroller, or FPGA + microcontroller. 74

www.irf.com/technical-info/whitepaper/mce_digitalpfc_ac.pdf
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SMR (PFC rectifier) + AC motor drive (Common DSP)

O el L L rmmmmsasssssses
DCBus
0 = = H .
~115-230V — H
50/60Hz MM ' J
—1 H
[ I I T TP -
I
Tempsrature,
Current & Voltage
sensors
r—= i, sl 1
| [ z2 crossing Pulss width Inhisit Temperature, valtage |
detection modulation output and fault processing P
| enerator | |
l T -
| nput e |
frequancy requency
| | messuremen: |
Milestone
1| genersson |
Speed
[ Spead v |
—————3] Commaw L Pl - ViHz |
Processing Regulato .
| Speed I
Processing
| 56F80x |
L e e - a

Indirect Power Factor. Correction for 3-Phase AC. Motor Control with V/Hz. Speed Open Loop. Application Using a 56F80x. Device. 75
www.freescale.com/files/product/doc/AN1918.pdf

Example PMSM drive m ==
(Hitachi) 1. ) N —

¢
opLa
|
L
o

S
: i1x 3
Features: Rl 12 |R.;

¢ Sensorless control.
¢ Sinewave PMSM current.
* Integrated power stages:
Boost SMR + PMSM inverter.

o
S
<k
(]
o

° i 3
DC-link current sensing 7046
¢ Common DSP. Power| | icony Tav. Controller) 4_:—‘—
S ISPM |

Figure 1. Configuration of proposed PMSM drive system

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  7g
volume 2, Aug. 2006, Page(s):1-5
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Mitsubishi Power Modules

5| B MOSFET Module
13\ B Diode Module

505 BIOVHZOY

150 14004 250 b 17004+

L

20k 5008 300 b 20000

M Codes for DIP-IPM type name
PSOQOCOO-Q00

T L Change of appasrance ar athers
Rated cument
Ghangs ofIGET chip

Changs of package
Vakage kes
Sanies name
M Codes for Power Module type name
CM150 D Y -24 NF
PM100 RL A 120

T setiea name
Votage clsss
Ghangs of sppsarsnca or ofers

Saliea name
Conrection

Tipe
M Application of IPM/IGBT to AC motor controls
{VWWF Inverter, Servo Amps, etc)

Converter Brake Inverter

 — —— 1
T i/ T Gk,
2004004 3000 16000 HH -
*:aﬁ:jjlasﬁrrlzosgg‘rpomr device for IGET ¥ 3 L ﬁ ﬁ _@J@
www.mitsubishichips.com/Global/ catalogue/pdf/power/general_e/e_05.pdf 7

Intelligent Power
Module
PS21245-E

PS21245-E

INTEGRATED POWER FUNCTIONS

4th gensration (planar) IGBT inverter bridge for 3 phase
DC-to-AC power conversion.

INTEGRATED DRIVE, PROTECTION AND SYSTEM CONTROL FUNCTIONS

« Forupper-leg 1GBTs :Drive circuit, High voltage isclated high-speed level shifting, Gantrol circuit undsr-voltags [UV) protection
Note : Bootstiap supply scheme can be applied

« Forlowerleg IGBTS : Drive circuit, Control circuit under-vollage protection (UV), Short cireuit protection (SC).

+ Faultsignaling : Corresponding to a SC fault {Low-side 1GBT) or a UV faull {Low-side supply).

« Inpul interface © 6 line CMOS/TTL compatible, Schmitt Trigger recsiver circu

MITSUBISHI SEMICONDUCTOR <Intelligent Power Module>

TRANSFER-MOLD TYPE
INSULATED TYPE
MAXIMUM RATINGS (Tj = 25°C, unless otherwise noted)
INVERTER PART
Symbol Parameter Condition Ratings Unit
veo Supply vohage Applied between P-N 450 v
vec(surge) | Supply voltage (surge) Applied between P-N 500 v
VeEs Collector-emitter voltage 600 v
=Ic Each IGBT collector current Tc=25C 20 A
+lcp Each IGBT collector current (peak} TG = 25°C, instantaneous value (pulse) 40 A
Pc Collector dissipation Tc = 25°C, per 1 chip 56 W
T Junction temperature (Note 1) —20-4150 c 78
Note 1 : The maximum junction temperature rating of the power chips integrated within the DIP-IPM is 150°C (@ Tc < 100°C) however, to en-

sure safe operation of the DIP-IPM, the average junction temperature should be limited to Tjiave) < 125°C (@ Tc < 100°C).
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MITSUBISHI SEMICONDUCTOR <Intelligent Power Modules

. PS21245-E
Intelligent eazenaoia v
POWer Fig. 4 THE DIP-IPM INTERNAL CIRCUIT
Module DIF-IFW

GET Dt ’
PS21245-E i€
u
1GETZ Dz
Ve Ho |
o Gl - v
[ 2: 15 Da
W Ho |
L b w
LviC
it g
-
Vil e wu
W ———{u
Fof—r
Vo N
forl I Toshiba Products

Motors are commonly used in home appliances. Traditional AC motors are being replaced by DG motors, which are favorable in terms
of control characteristics and efficiencies. Toshiba offers various mator controllers and drivers for brushed DG motors,

3-phase brushless motors, stepper motors and solenoids.
For details, please refer to the Toshiba Semiconducior System Catalog for Motors and Mechatronics.

Part Mumber Featumres
TAT262FG 3-phass brushless motor driver; 25 V1.5 A
f— P
e Cooling fans
5 TB&537PG/FG 3-phass PWM sensorless motor contraller; 5.5 Vi20 ma
_% TB&548FG+TAB4005FG 3-phass PWM sensorless motor controller/driver; 25 Wi .0 A
E ATBG5TSFNG 3-phass FWM sensorless motor controller; 5.5 Wi20 mA
AN I8 TAT291PIFG/SG Bridge motor driver; 25Vi2 A (1.2 &)
makers TA8409FGISG Eridge mator driver; 25 Vi1 A
Switching velves TATTT4PG/FG/FAG Stepper motor driver; 17 V0.4 A
TBe520PG+TA2483CP 3-phass sensorless motor controller/driver; 35 W/2.0 A
TBE539NG/FG Sina-wave PWM motor controller; 18 V/20 mA
TB8s551FG Sina-wave PWI motor controller; 12 W/2 ma
Indoar fans ATBESS6FG Sine-wave PWM motor controller with an auto lsad angle control function; 12 W2 m&
ATBE536FGIAFG PWM mator controller for 1507 18.EVi3 mA
ATBE582FG Sensorless sine-wave PWM motor controller; 18.5W2 mA
5 = TBE584FNG Sine-wave FWHI motor controller with an auto lsad angle control function; 16.5 Vi2 ma&
£ TBa539NGFG Sine-wave FWH motor controller; 18 V/20 mA
E TBes51FG Sing-wave FWM motor controller; 12 W2 ma
-_; Cutdoor fars ATBE556FG Sine-wave PWM motor controller with an auto lead angle control function; 12 V2 m&
ATBE581HG Sine-wave FWI motor driver; 500 Vi .0 A
ATBESB2FG Sensorkess sine-wave FWM motor controller; 18.5W2 ma
- TBE584FNG Sine-wave PWM motor controller with an auto lsad angls control function; 18.5 W2 ma
Louvers TAS4002FG 2-phass hipolar stepper motor driver; 35 VA A
Fitar | _Actustar ATBE60SFNG 2-phass bipalar mizrostepping mator driver; 15 V0.8 &
dssning | Fan ATBE585FG Sine-wave PWM motar driver, 45 VA 8 A
Dishwashers Pumps ATBG5TSFNG 3-phass PWM sensorless motor controller; 5.5 Wi20 ma
Washing P ATBESTSENG 3-phass PWM sensorless motor contraller; 5.5 V/20 mA
Machines ATB6588FG 3-phass PWM sensorlass motor driver; 50 V25 A
Vantilators Fan ATBE585FG Sine-wave PWI motor driver; 45 V1.8 A
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Variable reluctance stepping motor vs.
Switched reluctance motor

B Variable reluctance stepping motor

81

SRM Governing Equations

O By neglecting the mutual coupling and assuming
the linear magnetic circuit, the per-phase winding
voltage equation of a SRM can be written as:

) ~di A6, ,i) di
=Ri+L(G,,i))—+ W, = Ri N ;
v=Ri+ L(6,,i) " 26, » = Ri+ L(6,,i) o +e(0y,1,m,)

0 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:
dw,

n
T,=>T, =T, +Bw, +J 2 T, =

i=1

1
2 26, !

82

41



Variable reluctance stepping motor vs.
Switched reluctance motor

A 24 96
Lx(6,) Lat6,) —
I "
Actual current
i A WCurrent command P

r

eon eoﬁ'

B Switched reluctance motor:

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

® Absolute rotor position sensing is required. 83

Commutation Instant Tuning

LA( er ) .
( lg—>
g —>
L) TN _
— 6, 'c—
Dwell H
Without advancing D
. AAA Actual current
lg i Current command P
P r 5.0 —
0| 60[7'
48
With advancing <
. Z 46
lg % E .
V N 49r E 44
Hon aoﬁ‘ § " o
£
1 aL O 40
T = V) sS : Lo
=—1 38 . T
s ae ~02 00 02 04 06 08 10 12 14 1.6 18

Advancing duration T, (ms)
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Typical converter circuit

O Classical bridge
converter circuit

O Operation
modes

PWM switching with varying frequency

B Linearly varying switching frequency

Fixed switching frequency

Varying switching frequency

mew%wwmwmw

—»
2.5kHz

CH2=100mY: 2ms /div CH2=100mV: 2ms/div
DG - 11 (2msydiv) DE 11 (2msi/div)
NORM NORM
b N
‘ J
! | IZA"i .......... /\\ ...... ‘....IZA
4 P bk JESOOOS SUURUUNOI . S TN A 1
CH2=10dBY 2.5kHz /div

2.5kHz

86
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Switched reluctance generator

2
A
L@, l

4 Phase winding inductance
1 1

L(I \

1

1

!
N

1

L1 !

|
i
1
1
|
|
i
1
1 1
6 0, 6 0} 0,
: :
1
1
|
|
i

i (Winding current) E

.
Motormode 1 Generator mode

i d

9 6 6, 03 0, "

87

Motoring and generating mode of a
switched-reluctance machine

12/

® Motoring l ),
Actual current
T A= l ZZ\M iA Vwk//Current command P
2 00 r
7
= positive Oon Gogy iy(1)
Lo —f K
T oa O

® Generating
1

7 1.2 0La(8,) LAW
AT T g : P

r

20,
= negative l o Actual current
Ip 7 o x _Current command 0

88
eon ef)ﬁ
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