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Electric Vehicle Motors for Traction

Engine - Electric motor for Tractive Effort
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EV Propuision Systems & Electric motor family tree
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DC motor®] Torque-speedSA

Brushed Motor : Torque-Speed EA(V,,© 7}HH|0f)
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How changing the supply voltage and the magnetic field strength
affects the torque speed characteristic of the DC motor
Z X Electric vehicle technology’Wiely 2003.
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DC motor®] Torque-speedSA
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How changing the supply voltage and the magnetic field strength
affects the torque speed characteristic of the DC motor
Z X Electric vehicle technology’Wiely 2003.
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Motor torque (Nm)
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Tractive effort (kN)
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Electric motor family tree

®Robert C.Perrine,SR.”Design Handbook for Motors and Tachometer”Magna Physics Publishing Div.of
Motorsoft,Inc.2000

® After Sidney Davis,”Wide World of Electric Motor/Subsystems,”Design Engineering.May 1982,p.51
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Electric motor family tree
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Electric motor family tree
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Motor drives
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Classification of electric motor drives for EV and HEV applications
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Evaluation of four types of motor drives for EVS

DC motor IM BLDC motor SRM
Efficiency 2 4 5 4.5
Weight 2 4.5 5
Cost 5 4 3 4
Total 9 12 12.5 13.5
4258 UHHe 2 VI =2 28, R2 T, &[N H| 8= LIE
=,
- DCHS7|= R7IH2 2 EVESZ A& A87ts
- BLDC H&7|= 2sd0M 71E =
- SRMo| RH 7} 7HE xS
# M7 =2 25 2ot 21 EVE L 2= SRMO| 7ty HET
# SRM2 'd 20t =[O, if D &g F Alz[d HOME CHE TS 7(Qf B Wt 22{0f ACE
AFZ : ‘Selection of Electric Motor Drives for Electric Vehicles'
2008 Australasian Universities Power Engineering Conference (AUPEC'08)
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Brushed DC Electric motor
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Brushed DC Motor Drives

Commutator

(@)
Brushes Current Current N
going down coming up curront
into page out of page -

(b)
Diagram to explain the operation of the simple
permanent magnet DC motor

Cross-section through a four-pole DC motor
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Series-connected DC motor and steady-state torque-speed curve

Torque

.
Speed
Torque-speed curve illustrating the application of a series-connected DC motor to traction
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DC motor®] Torque-speedS4
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How changing the supply voltage and the magnetic field strength

affects the torque speed characteristic of the DC motor
Z X Electric vehicle technology’Wiely 2003.
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DC motor@| Torque-speed=SA
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Series motor characteristics with (a) field divert control and (b) series/parallel switching
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Efficiency map for BLDC Motor

Output torque/N.m
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The efficiency map for 30kW BLDC motor. This is
taken from manufacturer’s data, but note that in
fact at zero speed the efficiency must be 0%
Maximum efficiency 94%

Z=X; Electric vehicle technology’Wiely 2003.
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PM Brushed DC Electric motor
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Evaluation of four types of motor drives for EVS

() Wound Field Motor (b) Permanent Magnet Motor

Motor cross-sections

(a) (b)
57| ngt 7:-!7' Hl
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Permanent Magnet Brushless DC motor Drives

A New Approach was Needed

HIGHER ENERGY DENSITY -
— INCREASED FLUX
— WIDER TEETH
— LESS SLOT AREA
— PERFORMANCE PLATEAU

LOW-ENERGY HIGH-ENERGY
MAGNET | MAGNET

B-15839 |
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Permanent Magnet Brushless DC motor Drives

Electric Machine 5§
P= (2¢an( 1,)x107° [kW]
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Traditional Machine Permanent Magnet Machine
(200049F E2Hst @)

Rf 1; I M.Gottlieb’Electric Motors & Control Techniques using
electronics to increase motor efficiency and to concerve energy’
Tab Books Inc.1982

Rf 2: R C.Perrine, SR'Design Handbook for PM Motors and
Tachometers ‘Magna Physics Pub. Div.of Motorsoft, 1994
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PM DC Motor

Laminated iron stator
and rotor

magnet

‘ Conductor

Permanent

magnetic flux \

Cross-section and rotor of atwo-pole, permanent magnet DC motor
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PM BLDC motor drives

5 -

| Momentum keeps |
rotor moving

i

(b)

An arrangement of three coils 100kW, oil cooled BLDC motor

-
< \
CNU =izt RSEMS CENTER =
Renewable Smart Electro-Mechanical Systems Center 3 rmi

Smart Electro-Mechanical Systems Lab.



PM BLDC motor drives

thyristors

current
source

thyristors

The armature is now the stator, and the switches
have been replaced by thyristors.
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PM BLDC motor drives

Phototransistors Phototransistors P11
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Light source
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Phototransistors

|

Three-phase unipolar-driven brushless DC motor
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PM BLDC motor drives

Hall element Magnet

(a)

L . (b) .
Principles of a three-phase unipolar motor: (a) cross-section,
(b) principles of operation

Phase I 11 111
Y
[®]
s\ m
(= 2
25 XX AXX
120° ' 120°

Relationship between torque and rebolbing angle when a
direct current flows in each phase
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Rotor Types
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Slot - Slotless rotor

Slotted rotor

Glass fibre

Moving-coil rotor
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Examples of interior-rotor brushless permanent-magnet rotors
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Pole shoe

PM Field Systems

Magnet

Magnet Pole shoe

7

(b)

Comparison of (a) a field system using samarium-cobalt magents

and (b) the one Alnico magents.
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Moving Coil -coreless —Motors

Moving-coil (coreless) motors

As explained in the previous chapter the
armature structures of DC motors can be
classified into the three fundamental types:
slotted, slotless, and moving-coil motors,
which are also known as coreless motors, have
recently progressed and are now used in a
variety of applications, This chapter will focus
on an explanation of the characteristics of
moving-coil motors.
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Moving coil motor

(Outside field type . ( Faulhaber winding

Rhombic winding
Bell winding

(Cylindrical types :
_Inside field type
Moving-coil motors <

windi
( Pancake motors Ball winding
 Disc types Printed motors
Three-coil motors
Classification of moving-coil motors
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Coreless rotor

N N N 7
\ NN /
PR 2 Y/
\\\\

12 TN

Structure of a bell winding rotor. (The

dashed line indicates the resinated part.)

T
Coreless rotor of the ball winding method Cutawav view of a ball winding rotor
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Permanent Magnet Brushless DC motor Drives
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Brushed DC Motor Drives
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Smart Electro-Mechanical Systems Lab.

SoIxd 2 HI0{E40l THE EVE motor IHES

HA. Toliyat et al ‘Handbook of Electric Motors’ Marcel Dekker.2004



EV & DC 289 <Al

< EVE BE|(DC 2E|), =2}0| & AA 0| n2{s|jof & A}t

1. RE EIY, XA or 2
2. 2AY

a. ARt Ar£0| EESI? HolSte £ MO k[ =717

b.  F7[Xt 0| chopper EE= A L{X[0f 2|3 MO &[=7}?
c. H= 7|AH| (Transmission gear ratio)

d. 2[dHS0| A E[=7}?

Tire size.

4. System voltage.

5. Vehicle performance

Z|CH 7= (Maximum acceleration)
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Mzl &= (Cruise speed)
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EV 201 Hl&t

37| % 2H(Aero-dynamic)0j| 2|3t drag C, Drag coefficient

~18.357
10°

3 A  Frontal area - m?
P, (CyA)(km/h)” (hp)

Speed - kilometer per hour

ZAle| #H3l Change of grade

W  Vehicle weight - kg
_3.72

P 1 (W)(km/h)(%) (hp) % Percent grade

¥ X Rolling resistance due to tire friction

p_ ?igf (W)(km/h)(lOOy) (hp) Typical friction coefficient between tire and road
0.012< 1£<0.017
715 8+ X Acceleration requirements
38.029 i 2
P — W) (a)(km/h) (h a  Acceleration rate - m/s
, =222 (W) () (kmih) (hp)
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EV Motoro] &4

< S Z20i ZF pZHjAQ] RE| 27 &3 A|AHED}

© B FEFU0ML 10% BAE T Mode Speed in time Power req.
. =3 g & (drive-train efficiency): 95% : :
TeE 23 y) ° Accelerating 0-48 km/h in 18s 25.58 hp
(~ Drag coefficient C, =0.3 Cruising 48 km/h 6.51 hp
Frontal area - m?  A=18 m’ Grade climbing | 10% at 48 km/h 31.77 hp
< Vehicle weight W =1360.7 kg Top speed 88 km/h 27.67 hp
friction coefficient 1=0.012
\. between tire and road 40
:ﬂ —
A At M Kol o0
accel 22.64144 2558 2.938556 E 20
cruise 4.011444 6.51 2498556 o
grade 28.31144 31.77 3.458556 10
top speed  12.09617 27.67 15.57383 _|
18 38 55 80
Time-seconds
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EVE DC ZHQ ¥HEd

& BE HZ A kLS ROk o2t K|S R }e] SHOME 2% 0fof B,

«  ZX|C{$ 3} : 31.77 hp at Grade climbing

+ X|&%53} : RMS power

rms

- J > (p)’ xtime

~ \ running time + standstill time / k

2

I:S(Zi?j tdt +6.51° x15+31.77% x5

. =125 hp
38+17+25/4
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E=K(l,)o  Openci

Hs710M H71HH

.3, 2)

rcuit voltage

Me=E3 M= K(I)

T =K(|f)|a Torque (N-m)

=0.9512%*
pu

Typical saturation curve

1.4
T, =0951""" (1 =1, =1 in a series motor)
3
o _V-IR s
Pu T g5 0454 (V =Vavg(pu)) E
¥
Pou = (Tpu )(wpU)
2.0
ls (p.u.
(R=0.045 pu)  (p.u.)
CNU sgitistm RSEMS CENTER - ﬁﬁ_‘)
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DC 2 E9 =4

Per-unit speed VS per-unit torque Per-unit speed VS per-unit power
for typical series motor for typical series motor
224 41202

224
20}
18+

1671

Per unit speed
| =~ I~ B A
> & o b &
(
(f
Per unit speed
—A——A—A-ﬁ!\’
5 K ® & @ 2

0.8-
V=10
0.6
0.4+ =038
~08 041
0.2+ =04
=02 0.2
0% o5 10 2.0 30 40 45 Perunitiorque
0 0.64 1.05 1.67 22 27 3.0 Per unit current
=/ . R
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SFOIX2UE 114t EVE DC 2 HO B4

0.6G D Tire diameter rpm
@, =— Y G Gearratio - N =5.2299(km/h)
D v Vehicle velocity D

Tire diameter : 0.6 m

Vehicle gear differential : 5.21/1 ‘ N = 4000 rpm
Motor speed : 88 km/h

‘Cut and try’ process

Case 1 > Motor rated speed = 5000 rpm = 4000 rpm : 0.8 pu speed
Net power at top speed : 27.67 hp
Speed=0.8pu, V=1.0 pu - Power=1.45 pu, 1=1.5 pu
Motor size : 27.67/1.45 =20 hp

Case 2 > Motor rated speed : 4000 rpm - 1.0 pu speed
Power = 0.95 pu
Motor size : 27.67/0.95 = 30 hp

CNU s5itisim RSEMS CENTER e
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FWE 1123 EVE DC motor A HEAA

Case 1 > 20-hp, 5000-rpm Motor

Condition Speed Power Voltage Current
Top speed 0.8 1.45 1.0 1.5
Cruise 0.44 0.33 0.42 0.8
Accelerating 0.44 1.28 0.7 2.1
Grade climbing 0.44 1.59 0.75 2.6

Case 2 > 30-hp, 4000-rpm Motor

Condition Speed Power Voltage Current
Top speed 1.0 0.95 1.0 1.0
Cruise 0.55 0.22 0.4 0.5
Accelerating 0.55 0.85 0.68 14
Grade climbing 0.55 1.06 0.73 1.6
CNU &&tistm RSEMS CENTER =
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Chopper drive& At2%t HI0{JIC] S MY

E E  Source voltage
% T, ONtime T Period
§ T,/T Duty cycle
v f=1/T Frequency

AR YR R — ceecfenccnaaaad I R,

Vag = E(TO/T)
—> To [e— Time
- T >

o

ME H3} Al = L_Ef(l_Tr_ojTl amperes
0

Al T7t > PR Ixut & S7F > Jouleloss 7 > &E&E T71 28 UL

L, f § ‘ Ai T Efficiency § L, f ¢ ‘ Ai § Efficiency T

CNU &&tistm RSEMS CENTER .
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Chopper drive& At2%t HI0{JIC] S M

Basic chopper circuit Source current & Motor current
IL |m
> >

I
Diode JS Motor /

Thyrist :
yristor * Time

| v
m Wﬂl
Turn on A| A|ZF0j Cfet B8 wafes R—
(3120 K& HE TA|)
QZMZE 1_T_0 Time
dt L L T

# A|Ztol TS T2 e st2ro| g2 RIBHAIFAOF B ( Vay Of A4t H B

# LB 2f chopper drive AFO| | &H2tA| 2t 2 H 5 220 CHSF 20| AN

2 QAHEA L =01 2% 249,
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32 AHEL

T2|xp ASHEA + AKX} QASHE A

Armature inductors

Stack length

Number of slots

Number of parallel paths in armature
Slot width

Depth of copper in slot

Depth from top of tooth to top of conductor in slot
Pole height

Number of pole turns

Number of poles in series

Air gap length

2
MI|Xf OIEHEHA LzKlzI(hl"'hZ)
3Qa’b

_ K,hn?lp

2

ga

AR IHEHA L

QoSS 750 o900 —N
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Chopping Frequency-21< ¥

> I 2 QEEAN FE¥SE F= 2Y
1) Chopper F It
FIot= 37+ > BIO[ZKskin effect) & 2t F(eddy current) 7t

I
EFO o ddE FAAE TH AtEHE HaAH > =2z AHEA Ha

2) 2E HF (H™EF)

H& S7t > AXL AH0| 1A 2ol Z=HEH > 2|2 AHEA

2™ chopper F1}==: no-load - full load, QUEHEA 20% ZtA
UM HS} ME: chopper Fa}4 20 Hz > 600 Hz, QIEEIA 200 ZtA

) HAMMO K7, WREX M, end turn, H2{4]| 0| F &

2Ejo] 3|2 QAN EA- HTO| Wi,
J0j mhat BE{o] A50| HEMCh-motor 4] A] 25 WS najs MA Ee

CNU s5itisim RSEMS CENTER e
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Lise = W E, I Rated voltage and current
N N
O = &(gj 27 = Fpl N Speed P Number of poles
L=L,.C, - Typical values of C,
Shunt wound (compensating windings) 0.06<C, <0.4
Shunt wound (non-compensated) C, ~0.35
Series-wound (non-compensated) C, ~0.35

C. 8 ZAaNZY > ™A Za

HYAMo A8

—

rlo
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o N
SQUIRREL CAGE-
L ROTOR\ \
PHASE ( )

‘.Aﬂ

m‘s[ “A"
m“ " 'N

' o PHASE o
: N'Ol
' H 1
g} 1 Y-l
J= e
FLUX THROUGH ROTOR
-
= e —
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3-phase 60 Hzline

3-phase 60 Hz line

Converter Thyristors [ I I I I
+A Q1 t0 Q6 il 50 5
-A Q7 w Q12
+B Q13t0 Q18
-8 Q19 t0 Q24
+C Q25 to Q30
-C Q31 10 Q36
secondary secondary
primary
phase A g phase B
limit  control Q4 a1 Qi3
L A > > i > >
settings settings R = S bl
: . Q6 a3 Q18 43 Q30 secondary
= - +A—Pt Pt
| Q2 s
| gate | >+ > 2 Pt g
faais »
| triggering ; = Q10 a7 a
{ processor | ¢ ig ¢ 1€ l.'<
y | Q12 Q9 Q24 g Q36
s 2 g e ¢ g -A—i¢ 14 *
Q8 an
> i - i L id
external inputs 2 LS ik L2 2 L 8
N ®
neutral
I.\\
Typical inputs to gate triggering processor
¢ Y e - ]
a.  rotor position } gate |
b.  motor speed ¢ 44— 2 | triggering |
« | processor |
¢ cycloconverter input current 1 ks ! !
22 [ T
. cycloconverter output curren e Jind
d i e P X ield excitation [e———
e. input and output voltages inputs

-

desired speed

SHrlist

CHUNGNAM NATIONAL UNIVERSITY

RSEMS CENTER
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Induction Motor Drives

Rotor, oblique
view

Rotor, end
view
The stator and rotor of an induction motor
CNU sgitistm RSEMS CENTER o
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Induction Motor Drives

350

300

Class D Class A

[ ]
wn
o

Class C

(a) (b) 200 _

150 =

100 —

Percentage of full-load torque

©) (d) 0 L | | |
0 20 40 60 80 100
Laminations from typical squirrel-cage induction motor rotors, showing the cross section of the rotor F‘ercentage of synchron ous Speed

bars: (a) NEMA design class A—large bars near the surface. (b)) NEMA design class B—Ilarge, deep
rotor bars. (c) NEMA design class C—double-cage rotor design. (d) NEMA design class D—small
bars near the surface. (Courtesy of MagneTek, Inc.)
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Rotor Type

Solid Rotor

Wound-field Rotor
RSEMS CENTER =
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Les Manz ‘Applying Adjustable-speed drives to three-phase induction
NEMA frame motors’
IEEE Trans.on Industry Applications, vol.33, no.2, 1997
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NEMA 4 34 IMO] 2IHE +1S concept

Variable
Voltage &
Frequency

/

| uununiiiiﬁiﬁi

Inverter
Power
Circuits

[

Schematic diagram of open-loop inverter-fed induction motor speed controlled drive
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NEMA & 3& IMO CIHHE S AlC] 1= 2 TorqueSd

< 7}HE S 2 ASD (Adjustable speed drive )
< [ QIHE : VSI ( Voltage-source inverter )

Rectifier Inverter Voltage
section Capacitor section (Lime to neutral)

Power Bank
? 1 AC >
T motor Time
ASD block diagram Voltage and current from a VSI-type ASD

+ Rectifier section : 34 AC HMAS MFS|0f DC Xgloz HEt
« Capacitor bank : DC M2l2 %
* Inverter section : DC I 2 HE| 7HHF QL 7HHF Ot~ (VVVF)Q| AC Helo Z HE

7 T —

CNU sxiniistm RSEMS CENTER ——
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7 83J19 J1d% ASAQ M- FIFY -1 X1

AHEY

R/
L4

PWM (pulse width modulation) inverter§ A&t 7H'H % (ASD) &

1 Y2 peak 22 RAISHHA, L FF TYoI0] WY2 RMS @& =8
:PWMinverter?| S5t RE 7|20 90 nx0t 28 71X AS.

« QIHEH &3 M7t HMYN &8 7= 22 Ao AXIE 7MKL JAS
s MR= YL EH Ao EA0 2s) 278 E.
Fundamental
” l_”_' |_| ” 1 » / Harmonics
TULLLUT]  specia
analysis L l
"""""""""""" 060 720
Voltage from a PWM ASD

1440
Spectral analysis of a PWM ASD’s voltage

Fundamental

Harmaonics
Spectral i m
analysis ...I|I.
i in PWM ASD ° o0 20 1440
Ine currentin Spectral analysis of a PWM ASD’s current
CNU sxiniistm RSEMS CENTER
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NEMA 4 3& IM2] 2ItHE s*SAI2] 1

3.0
E] > Fundamental R i)“ sz
e 2 Ji- MWW
g 1.5
o 1.0 7th
[} Harmonic
= 05 N Viine R2/s
0.0 - /
(o] 1 2 3 4 5 [5) ra
Speed (pu)
Speed-torque curves showing both fundamental Approximate per-phase induction motor
and seventh harmonic torques equivalent circuit
7|24} 60 Hz ns=1800 rpm
— Rotor iron
70zt 60*7=420 Hz ns=12,600 rpm (7pu)
-@— Top slot

(Upper cage)

™X|; s=1.0 f'=sf =60.0Hz : crowds the current into the top slot

N2&22X: 5-0011 f' =sf=0.67 : allows both slots

. — A — < Bottom slot
60 Hz 2XA|; s=0.859 o| 7axnt £ Fut (Lower cage)

7x f'=7xsf =361 Hz Crowds the current into a portion of the top slot
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NEMA 14 38 IMQ 21HE SAlI-SE0ll 02 A& 8%l

Air-gap Flux st Air-gap Flux
Rotor Bar E.M.F. Rotor Bar E.M.F.

Rotor Bar Currents Rotor Bar Currents

Pattern of air-gap flux, and induced EMF and Pattern of air-gap flux, and induced EMF and
current in cage rotor bars at low values of slip current in cage rotor bars at high values of slip
CNU s5itisim RSEMS CENTER e
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ASDE A128t ST XMESJ|9] Torque-speed HI0f

< S TS7|Q Ful0f L}E Torque-Speed curve

© MH0M nEx}L du A0 ot MAZSH A LHEHE O W2t E3 ZA
« MM ETE S7IA7]7] Qlol| VIF ratioE boost A|Zd

breakdown torque

3.0 /
2 H
] 1 1]
: :
2 A
0 0.5 1.0 .
Speed (pu) Speed (pu)
Speed-torque curve as frequency changes. Speed-torque curve as frequency changes.
Constant V/F without boost Constant V/F with boost
£ \
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34 IMQl torque-speedSA it 2HHI0f

Torque

Speed

Torque-speed curves for inverter-fed induction motor
with constant voltage/frequency ratio

Torque ) .
Voltage Boost Region

12:5Hz 25Hz 37-5Hz 50Hz

A

Base Speed

\ 75Hz 87-5Hz

Speed

Typical torque-speed curves for inverter-fed induction
motor with low-speed voltage boost, constant
voltage/frequency ratio from low speed up to base
speed, and constant voltage above base speed

Torque

Constant Torque

= -1 - P
| —t o | = > | —f

Const. Power | High-Speed Region

v s - - A W -

Constant torque, constant power and high-speed -1

region

RSEMS CENTER
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8T 83J19 F%-Torque-Speed =

< K& HMS7|9| 0|2 Torque-Speed M

Constant Constant
Reduced? . .
for:_‘;i ' — ;orque > FE’""Y” @ Reduced Torque region: @ low speed
egion [] egion . . - o
Rated ...t cgon ' g Rotor end ring®Q| cooling fanX| & - ‘Azt g 1} X{ 5}

Torque ./

- Torque reduction

'
]
' '
g ' ' @ Constant Torque region: @ Accelrating
o | Loss ; Constant H )
5 of 4 Volts ' Loss of V/F constant ratio - ™ EJR 5 - 71
= air 4 per Hz ' Voltage
: : BHLE (rated speed)O| M Z|CH &S
— @ Constant power region: @ Cruising
ate
Speed Speed SIUHHO|-HSHE YHHAYN 2E| S5 HALE
Theoretical capability curve O| 422 J7IA7|7] 218t A} Mo +H.
> YT nxOo HE0f et &4 2 Qs AN FMe| HEf7t EatH.
7 T —
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ASDOIIAMC] 1110 &4l0fl °I8t Torque-speed Sd

Core loss :

®
A X

e a

P sl AE|2[A|A

AN
==

88

P +P =k, fB" +k f*B*+k, f*°B"

< Theoretical Torque-Speed curve VS Actual Torque-speed curve

Actual

Theoretical

O Futof H|Y =& HSofl HI5to] S71etE 2, nxate] F&o| 34 %8

Rated ; . - : Rated - Rated e ¢ = e = e — — - _E
Torque / K Torque Torque |7 A
()] E (O] ] .
> : > >
o : o o
(@] ’ (@]
= ; = P
Speed Spoed Speed Soeed Speed Srend
Slight deviation Moderate deviation Considerable deviation
£ \
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Chopping Frequency-21< ¥

> I 2 QEEAN FE¥SE F= 2Y
1) Chopper F It
FIot= 37+ > BIO[ZKskin effect) & 2t F(eddy current) 7t

I
EFO o ddE FAAE TH AtEHE HaAH > =2z AHEA Ha

2) 2E HF (H™EF)

H& S7t > AXL AH0| 1A 2ol Z=HEH > 2|2 AHEA

2™ chopper F1}==: no-load - full load, QUEHEA 20% ZtA
UM HS} ME: chopper Fa}4 20 Hz > 600 Hz, QIEEIA 200 ZtA

) HAMMO K7, WREX M, end turn, H2{4]| 0| F &

2Ejo] 3|2 QAN EA- HTO| Wi,
J0j mhat BE{o] A50| HEMCh-motor 4] A] 25 WS najs MA Ee
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AZFTE motor FHLUIHA £a& 1U0l= Akl

(N) & Fx Resultant propulsion force
510 F
=X =X =X
410 F N

accelerating force
for U<80 m/s
310 F (a=1 m/s?)

s

s/
210 M = 45 tones §<
Aerodynamic - \
1.10 F Drag force _ — \
- U (m/s)

E’r/l 1 1 1 \
20 40 60 80 100 120 140

Typical propulsion force profile for a 45-tones Maglev
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NEMA 2 32t IMQl CIHHE 25 Al9l closed loop control

Speed Feedback

Schematic diagram of closed-loop inverter-fed induction motor speed controlled drive with tacho feedback
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34 4= IMO] Efficiency

Power, kW Minimum efficiency, %

1.1 83.8
2.2 86.4
4 88.3
75 90.1

15 91.8

30 93.2

55 96.2

90 95.0

The minimum efficiency of four-pole three-phase
induction motors(even if they are not IM, for all
motor types) to be classified as Class 1
efficiency under EU reqgulations. Efficiency

measured according to IEC 36.2
ZX: Electric vehicle technology’Wiely 2003.
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Induction Motor Drives

- MS7|o £ Mefo| Fuis M3l X
- Field orientation control (FOC)2 A}A| MO{EEEH E3 K= &2
- 4 S 0|de £ He sA2 A52| et ooty =&

Xt A Ct X
(@) d L d

- Rl X, AMElE, 2 7X[H - A7 7-A 0| H|A

- Ol Z 2t B0M & 7ttt 5 - YA HEZO0|A breakdown
= torque'Zf 4

- HE2{$|7} 810 DCmotorECt £ - Breakdown torqueZ QI3 ==
Qe =3 (B THeE IE o Xloh &
2 7}s) - D% IO M ZE0| KoL
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Application

o UTHUME Q= 2 o 20| ERS X
o HIHEO| Qe X e 52 =& & 730N HE[EE /5= X
o TEZH|
o TIs A AF0| HZ X2
o st £7|
o 1= OH
e Gyro 2K
o E{Hl &Y
® Eddy current break
° 25 ME OiH Gas compressor, pump,
turbocharger
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Advantages

Disadvantages

7

o
0

Hi
rlo

3u!

rim

Moz o 7IM

-

SJEfO M S| P E =

oMol MHEH

ol £3 £

o\l

FAHE K| 2 Rotor M|}

Sl =2 Impedanceo| &

>0
S =4

== O
Hee=

=

f

Hir
rlo
4

3} Sliptts

Ot

2 Size9| Cage¥ 1} H|

0

Zt= BRI X e THEZE Layer

uuuuuuuuuuuuuuuuuuuuuuuuuu
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SRM
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Switched Reluctance Motor Drives

L

Magnetic field turns rotor Momentum keeps

R ; . Magnetic field turns rotor
to minimise air gap rotor moving g

to minimise air gap

P - WP

i

off
__/._“_
(b)
The principle of operation of the switched reluctance motor

(b)
The operation of an SRM with a four salient pole rotor The rotor and stator from an SRM
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synchronous reluctance motor

1. SEBAE 008
1. 4863 +008
1. 3125¢+008
1. SEP@E+BEA 1.2188e+000
1. WD6 56000 1. 1258 +808
1. 3125e+080 1.8313e+000
1.21885+000 9. 3750e-081
1. 1250e-+000 8. 4375¢-801
1.0915+008 7. SoBRe-pE1
9. 375@=-B01 B, 5625e-001
&, 4375e-001 5. 52506601
7. 50Be-BE1 4, 6675¢-801
6.5625e-081 5, 7500e-001
5. 62582-D81 2, 5125e-001
4, 6075e-001 1. 8758e-001
3. 7508e-001 9. 3750e-002
2, 8125e-001 @, BEEge+a0n
1. 8750001
9. 3758e-P02
. oueae +0en

Time= '@, 09255 !
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synchronous motor drive concept

e ?~phase 60 Hz line 3-phase 60 Hz line
Converter Yhyiuiri [ ‘ T I I I
+A Ql was  / /S o S,
-A Q7 to Q12
+8 Q1310 Q18
-B Q19 to Q24
¢ SEwon primary Cycloconverterdriving a commutatorless
S5 o ——— dc  machine. The output voltage
_ associated with phase A is a slowly
| m changing sine wave having a frequency of
phase A (gc phase B phase C 6HZ, Wthh |S 10 tlmeS |€SS than the
oo} .
limit  control g( a N as ||| supply frequency. Thyristors Q1 to Q12
settings settin, i g b N b b . .
s I“’ % @ 1l g N B[% | - secondary are triggered so as to track the desired
o 1 15 = ; i i 5 sine wave as closely as possible. This
Wawnd = g - - ‘o N g produces the saw-tooth output voltage
| . .
e e fe}-al-te | edf-c shown in Fig. 22-30. The power factor at
T [ ] e e > > the input to the motor is assumed to be
e unity. The corresponding power factor at

the input to the cycloconverter is less
than unity, owing to the delayed firing

Typical inputs to gate triggering processor

1€ €
14 A ; =1
iti |
a. rotor position p s | gete | an g | es.
b.  motor speed 14 {4— < | triggering |
. i processor }
c. cycloconverter input current ¢ e —T_T—T_T—
d. cycloconverter output current { field excitation
e. input and output voltages inputs
f.  desired speed
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synchronous reluctance motor

A synchronous reluctance motor with 24 An ALA rotor showing laminated
stator slots construction
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synchronous reluctance motor

insulation material steel

\J

Flux barrier type rotor of

Modern axially laminated rotor for

reluctance motor of the sixties

synchronous reluctance machine
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PM Assisted Synchronous reluctance motor

Specifications of prototype motors.

ETPOE 2
& E 142 73 mm
EFNEE 30.5 mm
EI[ e apy N2 29.9 mm
ITTXvy v TR 0.3 mm
HE 453 mm
TE GBI 24 A
BT HL 1.00 Q
T g-axis
. d-axis
2 A
NS A N \\\

Photograph of rotor and permanent magnet
for prototype motor
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PM Assisted Synchronous reluctance motor

s B RDEZZ 2N
| BZESeY

gale 0.6 B b

E

& . |

=~
(a) SynRM (b) Hybrid I = Lo L

o

/ e o e
SynRM  Hybrid I Hybrid I Hybrid III Hybrid IV |
(c) Hybrid II (d) Hybrid III (e) Hybrid IV Reluctance torque and magnet torque |

in maximum torque production. (/,=2.4 A)

Arrangement of permanent magnets in slit per pole
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Switched Reluctance Motor Drives

NS cCt
o O — O

- et Ao f&

- Agso &S 3

- UEet Moot FOoH ES-£HE 5 - EILE0| §

- 2 7 EEYHHAE S 75 - AZ LY

- E2 /| E3Y 2 E3-2d B # HEALO| EVE TS| S8

- WRE JpE1 S S&O0| Vts of 2Xl&2tet Aret2 Ot

- 2|EAO| Ad E= XAHO0[ GO d

20 g1 250 =8¢
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&)1 XSt 8 0C 2H

Permanent magnets are
an integral part of the
rotor, which is on the
OUTSIDE. A

Stator inside roto

Rotor, with embedded
permanent magnets

Solid Rotor

Plate joining axle to
outer ring of the 3 Phase Stator

rotor
Yoke attaches to SAE 5

Coils and Bell Housing

switching
electronics
in here

Rotor Mount attaches to
Flywheel

NdFeB
32 Magnets

Terminal Plate

Diagram of inside out electric motor
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Motor Type M
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7| HSA 2 DC 2EO| A

Specific power, kW/kg

10 —
5.0 BLDC, water or oil co
2.0 -
1.0
SR and BLDC,
0.5 air cooled

0.2
0.10
0.05 Induction, 2 pole, air coqled
0.02 .
0.01 — [ | -

0.10 1.0 10 . 100 200
‘ Motor power, kW

Chart to show the specific power of different
types of electric motor at different powers. The
power here is the continuous power. Peak
specific powers will be about 50% higher. Note
the logarithmic scales (this chart was made

using data from several motor manufacturers.)
&N Electric vehicle technology’Wiely 2003.
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Power range for motors and drives

Motors

10 100 1 10

3-ph. Induction

Controlled- Speed Drives

Variable Freq.*

1-ph. Induction

Cage Ind. Mot.

3-ph.Reluctance

Slipring Ind. Mot.

Variable Freq.

3-ph.Exc. Synch.

Synch. Motor

Closed-loop

3-ph. P.M. Synch.

Synch. Motor

Conventional D.C.

Conventional D.C.

-
- s -

Ironless rotor D.C. |

Brushless D.C.

Brushless D.C.

Switched Rel.

Switched Rel.

EC

T T

Al T LJ Al Ll
10 100 1 10 100 1 10

Stepping

w [ kW | Mw

Power ranges for the most common types of motor and drive.

*In the low and medium power ranges most of these drives use variable

frequency inverters of the type discussed in Chapters 2 and 7, but in the

higher power ratings (of a few hundred kW or more) and especially where a

restricted speed range is acceptable, a cycloconverter is used to provide the

variable-frequency supply
X} =:;Austin Hughes’Electric Motors and Drives’Newness

=
1T mm 3

Smart Electro-Mechanical Systems Lab.
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Evaluation of four types of motor drives for EVS

Index DC motor IM BLDC motor SRM
Efficiency 2 4 5 4.5
Weight 2 4.5 5
Cost 5 3 4
Total 9 12 12.5 13.5
- AZS5HUIECE Y 2 28, X2 5, 2[A H&S LIEHH
- DCHII e /ME R2 742 EVERE A& ArEE AO|C}
- BLDC ®&7|= 2280 7t& S5t
- SRM2 7bH He BAg zer
# M7HK| 28 B5F got Zut EVE 2 2= SRMO| 71& M- ot MEHO|C},
# SRMZ2 H2H 0t Z| &S =, LH 0 ZE 0 M 2ld HOME CHE M & 7| 2F H[ W50 220 ULt
XIZ : ‘Selection of Electric Motor Drives for Electric Vehicles'
2008 Australasian Universities Power Engineering Conference (AUPEC'08)
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CoMPARISON OF AC DRIVES FOR ELECTRIC VEHICLES - A REPORT ON EXPERT’'S OPTION SURVEY —

L.CHANG, IEEE AES SYSTEMS MAGAZINE, AuGUST 1994




EVE AC Drive

Background

- B{E 2| 7]& 2=, XiF FH7|&2 Y2|XSAte] Heler 850 3
2 0|X|&= £ CE 24

- EV FTA LS HESHE A0N, Tt MElY, 28, fXI2F W
T4, F. 37| % 28 89 7|F0| F8 13 A

- DCRE|E e oMy, Je 38, 52 2¥H|8, 2 Al0|X, &
gt 2 ols) EVolM s ACRE| RE0| &E

- |20 Switched Reluctance Motor (SRM) & EVOj| Cli$t SR
H et

CNU s5itisim RSEMS CENTER e

Renewable Smart Electro-Mechanical Systems Center - i ,I !

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa




EVE2 AC Drive

Type IM Drive BLDC Drive
Parameters Motor Converter Motor Converter
Efficiency(%) <1987 90.0-92.0 945 93.5-96.0 | 94.5

1987-92 91.7-970 95.0 96.3-97/.0 96.0
Power <1987 043-0.86 0.49-1.30 0.57-1.02 0.81-1.44
Density(kW/kg)  1987-92  1.00 1.70 1.64-330 1.79
Cost($US/kW) <1987 $21-$26 $81-$223 $29-$55 | $75-$223

1987-92  $16-%$30 $38-$177 $51-$70
Size(l/kW) <1987 0.12-0.57 | 0.72-1.33 0.15

1987-92  0.65 0.47 0.12

Table 1. 7| =2] EVE AC Motor drive?| H|

BLDC Drive - 52 28, 52 3 UL, HYES AlO|=
IM Drive - D& 2% 7hs, ©717 NE

SRM Drive - 52 EH7}, &2 A0 X, 58 OHE4l > EV 752| Cj9F 7Hs 4
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EVE AC Drive

Motor IM SRM BLDC

Parameters Scale  Deviation Scale Deviation Scale Deviation
Efficiency 8.1 0.8 8.2 0.9 9.1 0.8
Reliability 9.0 0.6 8.9 0.9 7.5 1.0
Power Density 7.7 1.4 7.9 0.9 8.6 1.1
Torque Ripple 6.8 2.5 7.6 2.1 7.5 2.1
Overload Capacity 8.5 0.9 7.8 1.0 79 1.4

Size 8.1 1.2 7.6 0.9 7.5 1.5

Cost 7.1 1.5 7.4 1.6 8.3 1.8

Max Speed 8.2 1.1 8.7 1.5 7.0 1.5

Table 2. IM, SRM, BLDCO| 4&'CHX H|t

23702 MBS MEXAF A
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EVE AC Drive

IM-22 38 g2 Mg X2 882 ¥2 ET9 &
F UFOIE8E, 2 37|, R2 L /=2 HUs=

SRM - SIH/%2 58, S M2y, S SJUE, 52 £32|8
S7H/5%e ME88T, FU/HL T, 52 ASE

BLDC - 2 58, %2 ME4Y, 52 S8EE, &2 37|
s 7L RS2 HUiss
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EVE AC Drive

Converter IM SRM

Parameters Scale  Deviation Scale Deviation Scale Deviation
Efficiency 8.4 0.5 8.6 0.9 8.8 0.6
Power Device IGBT 0.5 IGBT 04 IGBT 0.3
Complexity 8.4 0.8 8.2 1.0 8.5 0.7
Power Density 7.9 0.8 8.2 1.2 8.5 1.0

Size 7.9 0.9 7.9 1.5 7.9 14

Cost 8.5 0.8 7.8 1.5 7.9 1.0

Table 3. IM, SRM, BLDC #HHE{Q| H|@
23702 MNBE7}E0] MBEXA} HD
IM THE - ¥2 88, /=2 Mo STY, B2 s8HEYL, =2 T}
SRM THE - S 58, ¥2 HOSTY, S S8HEUE, R2/3 ©ot
BLDC THE - 11 88, /=2 N STY, =2 S8EL, B2/t
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EVE AC Drive

EV E=Z A|A® ME A] n{sjjo & 7|&

37|, E328 28

I

SHe

237,25 188, 52 HosE - X} 17% BLDC Mz
£ MEl4, &L T7), PEY Gl 14 15 - SUXLL| 11% SRM M3
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EVE AC Drive

Motor IM

Parameters Value Deviation Value Deviation Value Deviation

Efficiency(%) 934 1.8 93 2.8 952 16

Power Density(kW/kg) 0.7 0.5 0.7 0.6 1.2 1.1

Torque Ripple(%) 7.3 6.3 24.0 14.5 100 4.1

Overload Capacity(%) 243 56 186 57 212 54

Size(I/kW) 1.8 1.6 2.6 1.8 2.3 1.6

Cost($US/kW) 19.0 6.9 20.0 7.5 320 19.2

Max Speed(rpm) 12700 6300 12400 8260 9400 4670
Table 4. IM, SRM, BLDC®S| 2F= H|n
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EVE AC Drive

Motor

Parameters Value Deviation Value  Deviation Value Deviation
Efficiency(%) 950 21 96.1 2.0 959 19
Power Density(kW/kg) 1.8 1.2 1.3 0.2 1.7 0.6
Size(l/kW) 1.6 1.2 1.0 0.0 0.9 0.3
Cost($US/kW) 85 11 65 51 98 37

Table 5. IM, SRM, BLDC F{HE{S| 2FX H|n
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EVE AC Drive

Conclusion

- M2IXpSXtof| Cist 20| HAO uet n S8, w2 MEY, RS2 T
7 %= AC drived] CHgt A 3 7l 70| 2448

- IM drive?} BLDC drive= 7|E2Q| EVO| &, SRM driveE= [0t 2
H| e+

- TiCh4o| MEJt0| T2 E IM drives B T2, 52 MY, 52 &
£, X MN 90| 15 7bs, He £33\ B} L0|XE 0|2 EV 15
NECTER-T)

- BLDC drive= 283}, 23} 7Hs, 52 82 O|RE EV RS A2
o= XY
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