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5.2 Ak W

BoAAE A 2l A RS W] wE 57
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F9e Bl Ta nFR AHEAE B4 QgEAy B 4 gl
3gelM AR BH AHEAd AN 2R BAE FH, A4
£EE 24T S Yok [60], [61]. F mFR AYPAE FF LE
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F4 el vl FElEE Btk
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Hyg = =1 (5.6)

o] T4 FAEX AV 3 ARl osiA AP X3t A&
A b A4S WE(B)9F dF qF vkolof A AT vk Pl 2 EA
A webd dF 23 A5E ) Zol xdE 4 9tk

o (igs0 its0r B ) = Ly (g0 o » By )ito + Ao (B ). (5.7)
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522 153 A A9 A w0 B A=

oF Aol Bl AN 2Ed 3FE% AHEA WAS HAEH)
CE R SE P 2 )
571719 HAA 1FE AEANAY A FHAL (51007 2o,

Vds = Rslds Ids + qus dt qs - wr qulqs a)r quslds
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21 (51004 T FIT ()7 AE71Y A SE(e)$t BlaLsto]
23] Brhd w75k S8R (5113 gol E7]Hck
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igaen | (Ron+ 0Ly ) (R + Ly ) | @l Ra+ Jor Ly, || Vi cos(ant)
_ja)hquh
: - (5.16)
(R + jo, L ) Ry + Jao, L
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VRen T Ly, an (5.17)
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DC Link: Stacked DC Link bus plates
8mF film cap under bus plates

Current
Sensor

Switching module
with gatedriver

Heat sink; 0.09K/W thermal resistance

(h
I9 7-1. ARE WY 7h AME 2A, b AFE IEE.

Bottom Side

qeapeccsncccccncnancas

Temper Moo

+
sensor Top Side

117 s



(h

a3 73, 1ZA = 5F

h & AA 4A, (Wb 2ZA 5 EF. ;H E LTH "f’} Tl
118



I 73 (he A AAE 2r AAE HoFEth 2% AMES
Ao d= "y @A Fojo] FAHGTH o] 2EES 1
(hel 32E FlA SHAT SHEY 2252 SO FAls F3A
a9 749 Alo] F(Control part)e]l Sl HHd Ao RE=R FAEHEC
1% 742 Y77 (chiller)v A-&71E AL e A E] ZF(water jacket)
Qre] Es WA = AREE

Az AW E 9] HAFEd S ST SHE AME S HAFA S
a9 7-50] Bzt o7|A diF W= -400 Ape oA 400 ApE
ARtk F4 2y vz R dWE HAPEAHL ofa BHAE
Eels ARgshe] KAFSith

0
§

A& gk

119 e



Volt 14
% oltage [V] Voltage [V]

20
10 F
RN 5r (r—i

IVxn
- Arctan
sds ) JdVxn-Arctan

1 L L
5 5 - - e -400 -300 -200 -100 0 100 200 300 400
-400 -300 -200 -100 0 100 200 300 400 .

bes 4]

iA[S 4]

“n (+h
a3 7-5. 39 AW g H|AFA
h ZA3E QA HAZFA, D AP 1A A,

Az A AEANA i AE71e) MTPA F4S S35t MTPA
=4 FA A Fee S5 A E s, S o dEUie AR
ol% @l RarE dF ARE 0 AZ AEHA, ¢F AR
&

gto] £EE Aot HdS S IS MTPA =43 5719
.‘1

AzAb A AlFsE MTPA A AAGth wheba A ZAlelA
AEstis MTPA s A7 A A Al o] &siglrh. AFAEA
MTPA =& S AF, Farle Atd AF =24 eld 95

AFrte s H3 Aol 7] WEel, #& EA 99 £k Ao

50 O Measured Experiment set )
O Given_data
0 ]
-300 -250 -200 -150 -100 -50 0
4]
1% 7-6. MTPA HE.
2 22 &t
. - L 11°

120



PIAE AaAE BAS 40T 5+ Q7] wEel, HRAA AA
2% 24 wWe Agdt

ARAA WA AgEH] AN ABNE e AMelA
&7)(soaking) AT, HE/ZE L% BE Aol £Uge W, ¥al

&5 AojstAA iy AE7]9 gHuld WA= 7 (open)dte] 1000

O-

A0l &% AlFE -0.1072 %/l CE AAMETH o] AAtE LEASFE=

AR A7t O AgE A & 5
AGFEo] 1 2% FH Agd)
A;S [Wb-t] /\;.x [Wh-1]

-
o Ay

— ' =aT +bT st
ds mag mag

— -3 0 2
[y =0127.(1-1.072. 1,;'-%(ng,20» ‘ ¥ = 0.027- (1-0.884- 107 (T, -20)-1.767- 107 - (T, -20)

40 60 80 100 120 140
Temperature of magnet[ °C]

40 60 80 100 120 140

Temperature of magnet[°C]

h (th
% 7-7.1000 r/min oA %o wE 2}A o] Huw A& W3
(b 12k ZAE (WD 22 AL

121



78 7-8L AAel R E Z7A17]H 3000 r/mindA] =Ad A w
A4S wolFEuh o] IOl Valocs W HAE7IS AHEIZ AR
Aejelr ANAEe A4st] Hau ALHS AT Ao, Vuus
JHEIZF o Hs7lE FRe AHE A o A" dF
Aotk A¥e] ztolE IWE HAPA BGOSR Qs HAYsH=
Aoz A = 9k I 77 () oA I 23 2x AFES
AbgEte], ¥ 7-89 2EE AR 22 ¥ 799 ) o] Axo
st FrEA Wl s A" 2mv A FdskH, o] Eo
ZFole] Ao & 2°C 7t frk F 7HA W Al SA8HA %5
e e 2% Zols wEshd A
L5 Aol FE ifolt) o

e, A%717 5

N

1% 7-8.3000 r/mind|A] X9 W2 Huw A& W

Tmug [”C]

90

E
80 [ /\(I.s ‘ oc
e ?

70r

60 Q
50 Q

40
30

Q
20 ?

122



Temperatures under soaking condition] °C]

< 0

Fe" &7

o>

12

90
80 [

[Wh-t]

r
/\ds

70
60 -
50 -
40

30

20
10

ure of magnet[ °CJ

npera

Tem

(h
3} 714 2)

h

&
=

Aol AR AHY AL A

=
=

a9 7-10. &%

Njo

%

Hr

o

o|J
XN

slth. ¥A47|e] 2% %

uj =l 80 °Coll A

o1 80 °C o3&}

ks

X

obzre] oAt YA LETF

- o

-

3}7]

50 °C7MA] 7}&

A
ol
ol

J)

—_
fite)

Fo] % oA

S

714 4% (3000 r/min) ©]

B

(1500 1r/min~6500

el

=
a

o4

ofu) 2

1%1_]_,

r/min) ]| 4|

gkt

kS goluat

=
[¢)

]

o

H
138 7-119]

Z 7}

H}

qrs)

Al

Sl el A

7144 53000 r/min), 192 Nm(283 Ap) o

L —
L

4 ®st

=
=

Njo

h\!

i
o}

o

a4~
=

A d= A

9

o

w2}

123



0.1 5

0.1 o

0.09 +

0.08 -

0.07 +

0.06 -

0.05 +

0.04

0.03 =
3000

2500

Tmag["C]

3
Tl
100 4
10
90 100
80 90 4
70 - 80 -
70
60
60 4
50
50 -
40 - 40 -
30 304
20 - 20 -
10 —+ =
10 500 1000 1500 = e ‘200
2000 100
200 150 400 g 0500 1000 1500 2000 2500 3000 w [rming 220 30000 O Lorque [N-m]
Torque [N -m] w [r/min]
X [Wht, .
wcRs X (Wbl E VA
012 4 *7
14 |
0.1 4
12 o
0.08 - 1o
0.06 - 8|
0.04 6 -]
0.02 - 41
2
0
0
-0.02 -
500 200 2+
0 1000 150
50 1500 5500 100 500 1000 150 200
2000 100 2500 50 1500 2000 100
1500 4000 150 ) 3000 0 ; 2500 30000 T N-
500 200 /) . w [r/min] orque [N -m]
. T N w [r/min] Torque [N -m]
w [r/min] orque [N -m]

) (=h (b
a9 7-11. 250 BE JF7] 54 ¥st
Oh A L5, (Wb AR AA 5, (FH dF A%, (@D qF A%, () 712 FE YA

1

5 428t
1214 e



DF A&e AN Lxol daA 14 dFAow @I, gF A%
A4 exel A 2 G9Aee @k gol wafgs. e
ADE AR FE uAE A4 exd ey 24 opdew
ZAAT ofu AgH AFES 19 7120 ®ojxitk.

rlo

A = A (0 T, ) Toag + By (@ T2 )-

rpm e ) "mag pm? 'e

A = A (0 T ) Toag” + By (0. T2 ) Trag +Co (@ T2 )-

mag pm? ‘e ) "mag pm? e

o] A4E el £EE FAF Auh 19 7139 molAT)

(7.1)

=
o) AN LEE 95 %A FAsH

[d

>
)
flo
w
PN
N

P A9 AW £x7F S B2 gadke A%
Adeat e Feolr] wiel, &% F% A Alxdo] At} o
AA Qe st expE A 2 FH oxpe] EFEo] woZi
gl S wzba siadgs 24zb W2z (chiller)  (on)Tt
LX) T WA &, 9xo] wEkA A PAHY Lr=
g AielM molfo] A 2x o WMEte A9 AN
LA BA 2L 50 °C ~ 60 °C 9] Fog FZAA Wt o]
FA% AQ 2x9 Wstx, AW AH FH exE 7 C AL
BT o] exph BAsE BES AN 2xrl Fibo]l niE
RO, AAY 2% =4 F7|7b =g7] wel, 24 w7kl whebA
Sa7E AA Btk A4 Lxe] Z7ho] WE: RRoA o3t
AAE @4 AF Aol A | BZhh o] JoS A9 RE
QGoAolr F4 oA 5 °C ol LAE )

Zol o] oxk= ;WAL Yo o3 AAA AL X
AR AR 2 Hol 126 °C7FA] TSk, A =& 82 °C7HA]
o

Zheth 229 Satel BAQlel AN 2t 2 FEEE & ¢ Ak

20 3
—

Hu
X
rE
%
i)
(kA

125



-1.35 =
3000
2500
2000 4500

w [r/min]

Aq[vat/OCZJ

100 " 1000

A, [Wh/C]

1000 500

h

" 3000

2000

Torque [N -m] o0 w [r/min]

)]

126

200

0.12 5

0.1+

0.08 -

0.06

0.04 =
0 3000
50
100

Torque [N -m]

B [Wh1/°C]

(=h
a9 7-12. A8 AME & AlFE (7]') Aai, (L]') B, (E]') Aq, (E]') B, (1:!]—) C,.

2500

B, [Wh-1]

50

100
2000 1500 150

1000
500 200
w [r/min] Torque [N -m]

Wb

150 e
100 N 2000 2500 3000
50
1000 1500

Torque [N -m] 0 500 w [r/min]

h

S -



LT R ] .
e e == R A || BN ARARIANN
damm // [ T = — . I_JI_IJ_JQ\J_LILJ_ L L
SRR . e L
A ?
T, [50 Nm/div, mid : 0 Nm] . o
Ce0s ~ los” [0 AVIV, mid : O AT =, 1800 (r/min)/div, mid < O r/min]

a a Toun=i26°C |
Trmag_av[10 °C/div, mid:50°C]\ hﬁﬁ .
Hf:ﬁj&ﬁ%%&

Tl NN

Tnag =82 °C
- Tmag err[10 °C/div, mid : 0°C

. f /\)rﬂg? T 7 T
B e i B A e S - B
rgr . T \T\ju 7:\ \iﬁm i
: s ’ e Tag e[ 10 °C/div, mid : 50°C]
\/ S o Tsw_av[150C/diV| mid:70°C] .__,/. o LT _ S o
. Off i On—» Off o
Transient due to load variations

«~—Off——» Chiller is off. <——0On—— Chiller is on.
% 7-13.MTPA ZZ A AtE 7|23 FaA|AE AMS 25 4 ¥Y 25

127



oF AoA 7|4 &£E o]dtel A MTPA oMo &% 3 As5S
gt 71A HE ol EHRoAxE FAgHE Holr] g,
AFZHByE 80 o= 1gskal, oFAE AR A

T W= 1500 #/min oA 6500 r/min ©]31, FHUj
A2 F7]E 300 Aol th o] A oo AA L= WFA| 7] HEA
w AF7] 54 a9 7-14 o vEhd vk A X & dF
A& qF A5 WEkE A (72)8F Zo] A x| ualA 3
Vestth 2 (7.2)9] AFES ¥ 7154 Stk AEE (1R

ASSZ d% A5} qF A4S Fdss 2e Py 2 2 Fela
B 20] AHEE AFEES Sxel A (74)
of AFER dF A%Y ¢F A%S wdAt:
A o) gy,

o
iy
-
kel
r:c‘_){d‘
i}
-
¥0
K

-
POV
flo
ol
%
[U8]
o
ko
kl

ﬂ’drs:Adl(wrpm'Im)Tmag*_B ( Drom» Im)

r (7.2)
A = A (s 1) Trg” + By (@rpms 1 ) Trnag + Co (@ 1 )-
x(wrpm'lm):AX (wrpm)|m2+BX( rpm)l +C ( rpm)' (73)

Y ( rpm) A(X rpm + BYX rpm (74)

Z47ke] o A Hul =4 extE F4A (759 7ol FoE 5
Atk 9 7-162 olgfd WRlFe] tid Hof 4 eAE Kotk

T = Maximum(‘T -T

mag _err _ Max mag _est mag

) (7.5)

128



T c T [°C]
mag [ o
120
100 -
904 100
80
70 - 80 -
60 - =
60 =
50 -
40 40
30
20
20
10 0
300
200 8000 300
100 2000 4000 G000 200499 5000 4000 6000 8000
1[4 00 w [r/min] 1[4 0o w [r/min]
w40 w w4y
. E_ [VAs]
/ e
/\dx [Wh-t] A;: W] react
0.12 0.05
0.04
0.1
0.03
0.08
0.02
008 0.01
0.04 0+
0 001 +—p 300
0.02 - —— 100 L R 200
8000 . ——— 200 1000 00
70006000 5000 4000 3000 3500 0 2000 3000 4000 50006000 7000 go000 104 ]
) I w [r/min] w4
w [/min] v Ay

)]

h

vh
99 714, AT 800 W LEo] BE AF7] B4 Wk 0h AY LE, (b 2R BH L5, (Th dF A%,
@haF A&, @H R} T AU,

129



4, [Wh-1/°C]

B, (Wb
« 10.4 0.11 5
R 0.1
0.09
-1.1 0.08 4
0.07
1.2 0.06
0.05 4
1.3 0.04
0
0.03 +
=
14 8000 T
7000 go0o #0400 ,
5000 4000 4000 w [r/min]

2000 300
1000 1, [4
w [r/min] wl f”‘]
Bq [Wh-1/°C] c, Wb
4, (Wb 1°C?)
105 0.04
x107 7
) ) ) N 0.03 |
7 6 -
1
o 5 0.02
-1 4
0.01
2 34
" 8000
-3 ey -
Ve <" 6000 2+ 0
a "~ 4000 300 ~"" 300
300 550 [ 2000 ~ 200 0.01 = 200

- R 14 K
50 o i 1000 - 1000 2000 wonT
0 w [r/min] 2000 100 2000 100
Iy 4,0 3000 4000 30004000 5000 gogo 0

5000 7000
6000 0 . 1 /4
w [r/min] 7000 Iy [Apk] w [r/min] [ pAJ

(*h (=h (vh
a9 7-15. ¥ 19 A5FE ODAa, (YD) Ba, (D Ag, (BB, (7 C.

130 s



[°CJ|methodl

mag_err_Max
300

250

50

2000 3000 4000 5000 6000 7000
w [r/min]

[°C]|method2

mag_err_Max

2000 3000 4000 5000 6000 7000
w [r/min]

[°C]|method3

mag_err_Max

2000 3000 4000 5000 6000 7000
w [r/min]

I 7-16. A =3 2
b ¥4 1, b B 2, B 37 ,A }r]
131



A ezt

=
T

o} At

2
T

3k A

O]

on

— Q O

N © S}
Tl | o -
m | o <

=
N

3|2 |9
Era % —
[de) Ne} S <
jans X <

Rl

—

—_

N

o

v =] )

I 7o) )
mw ®Q S
a I\ I\

5x6x19

7-1. Z el o

X

A

F et
(1>100 A)

[s]

(I.<100 A)
[e)

Azl A
A

shlet.

gl

=
=

Mol 22k

A€

s

Q
a

il

-

s

14

O]

l
o[ A

S|
=

=

1o},

o

3t (1.=100 A)o]

AR 28 7-16014 HolR
[¢}

7-19 7] = o

o

=2

A}t

=

3T
ar

L

b (I.<100 A)S} %

°

T8 Aol
29 A%E

A3

=

o] A2l Hol
y

=
=

[e)
-
A

& 7
7-17%

o
=
2]
=

7

ol A 24f
a

=
T

J_,NO
wal

Hir

BT

w31,

o]

M
B

z|

LERE

aloll

-

T
¢}
—_
file)
%o
!

o

7]
0% Qla oA} AAL HEol o

v
ar

JHelA BE

A4

oL
L=

s

3 % gk ol9e) mE

A4 Em7F A7

0
gl

1o},

T T

= =]

o]7] w&ol, 227} 9.5°C & Ay

AER = =
~ T

Z7hat

il

32 (off)
A

7191 &(on) I <

2 7ol A

4%

W 3k v

— -
a1

&3l A

i
=t

132

44

o]

=
AN

Eo]#



ojmj ¥

gt

3 A4 2]

s}
ol

taL, o @2f 5 °C olstz A

S

At = =7

9

A, B 2%

=
=

o] 4% A

3
-

7}3kct.

=
[€)

81 °C77}A

T -
a1

ol

ol

o

133



e e st o

0 o e e e o e R AR A RN l‘

e e e e e e P ®@rpm [1800 (r/min)/div, mid : 0 r/mln]1

g [80 A/div, mid : OA]

Wil : i [80 A/div, mid : 0 A] - >

Sk s e o s o

500s

Trnag =81 °C

e
s
-

B Off > 0N« Off>}

~—Qff—— Chiller is off.
<—On—— Chillerison.

R
_ “\n\ |
| | |
Trag_est[10 °C/div, mid : 50 °C]
on e Off >k on -

Tsw_a[16 °C/div, mid : 70°C]1

Transient due to load variations
Bl Transient due to magnet temperature variation

a3 7-17. AFZ 80004 AHAF A3,

134 e



]3] =

v} @ oﬂ

s

o

X AR

Eay
=

™
Nio

o]

0

S

0
o

H] 4

AHEH 9

470l A

3}
ol

TR

ol
To
0

e

A

A

o] Ag AHE AHEE IME S v

€]

KE

b, IWE H|

S

59 At o] 19l 9

ol

A3 7)8 5}

oAtk wepd 7w

B

o
o

)

ol

T

g
o

L

X

w

K

B

723 EEeyA

=

o

PN
T

45719

\

‘AO

o

o]

J)
T

el
100

135



1500 r/min, I, =100A ,, 5, =80°
Dead time compensation ON e
L Flag_Comp=1

Treg ea[3°CIdVI~

20.8°C
Trag=20.8 °C

Flag Comp:O] :

. _Agy A

0.08 Wb ¢

Ads 110.002Wh -t / div]

|
\‘

0.0128 Wh t»

O[0 006Wh- t/dlv]

- =

qs cal

Ags o [0-006Wh -t/ div]

[0-197VA-s/div]

react 0

E,...[0-197VA-s/div]

FIag_Comp:l\'

Tinag est[3°C/d iV]\'

0, > = < o
208°C Tmag_est[3OC/d|V]'} Tmag=20.8 °c FIag_Comp:O-f Tmag_208°c 208°C
7 Jds e [0.002Wh -t/ div]—, = ——
0.08Wbtr ¥ PEASS ST ] «008Wbt
' /o o |1 002Wb -t/div] :
0,012 Wh 15 s aol0008WD-t/div] | A ,[0.006Wb-t/divI =, A N2 [0.006Wh -t/ div] 2 ol0.006Wb- t/dw]f 0.0128 Wh t
“Zms” ms
- Ereacto[0-197VA s/ div] B ; remo[o 197VA. s/dlv
E,..:[0.197VA-s/ div] E....[0.197VA-s/div]
19 7-18. JIHE HAZAY 2 770 UE 2= 4 45 Hli
o
4 .-"'{\..f g _” ':j-r 1]-|r
—

136



Al AE7]ef o
7] o]5o0] 20002 1AH H-$ 1200 r/min| A EA7}F

KN
=

3

H

ol A

_l_

N

ol
Jlo

A

3

4

Z+7} 16 Nm, 108 Nm, 192 Nm% wjo] =

7 w95 %

g of] 4]
Axbech 1 Ay 3

rad/s= 74

)

<0
<0
%o

)

17 AZAT-= t)edZo] 0.247 rad/s, 3.06 rad/s, 5.66

5]

13 7202 (4.17)~(4.19) 4 A<

et

A 2w 95 % e

gel F

ey

?8]/\

5of ok

3t

jo

Al

o]

ilin

Fo] vropddebE, H¥7] o

Z|

ar

=

o uwhEhA

o
ﬁo

r
¢

B

137



. 37, =12.125—

AR

Tmag_av[10 °C/div, mid : 0 °C] D)

/
| IS S S SIS —— /
Tinag ex[10 °C/div, mid : 0 °C] j
- —
T,=16Nm, o, =1200r / min 5
h
3r, =0.98s
A
Timag_av[10 °C/div, mid : 0 °C] 1
j
{
|
- i
j 0425 3r i Magnified
T mag e[ 10 °C/div, mid : 0°C] L Ter 7| \waveform
. >
T, =108Nm, @, =1200r/min 5
(+h
3r, =0.53s
A
Timag a[10 °C/div, mid : 0°C] 3
f
{
4 e
T ‘j 0535 V!
i | Magnified
Trmag es[10 °C/div, mid : 0 °C] =3, = waveform
. >
T, =192Nm, @,,, =1200r / min 5
(th

1Y 7-19. FE7] o150 20007 AT A 2% FF YgF W3
(b 16 Nm, (1}) 108 Nm, (t}) 192 Nm. o 11 - =
. s A etist



Tmag_av[lo oC/diV, mid : 0 OC] \

3r, =3.01s

I —

1 /r,__

-

Trmag e[ 10 °C/div, mid : 0 °C] j

T, =16Nm, w,,, =1200r /min

2s
b
3r,, =3.12s
Tmag_av[10 °C/div, mid : 0 °C]
\ L F__
/
Tmag_est[10 °C/div, mid : 0 °C] j
T, =108Nm, @,,, =1200r /min 5
(+h
3r, =2.97s
Trnag_av[10 °C/div, mid : 0 °C] N
Tmag_est[lo OC/diV, mid : 0 OC] j
T, =192Nm, @, =1200r / min NI
(th
a% 720, AL PO HEI] o]F AA A
(7} 16 Nm, (-}) 108 Nm, (%}) 192 Nm. ’H &
F _..I.I._
139 / s

oj] & w



T4 AHAN 22 T4 AT

BomeldE sgeld AdE mFsh JdEEAZ Agd wES
ANAEAL TEE O AE7 A Agate] BEdh 19 7218 A
Me] F9) F3H43(500 Hz, 600 Hz, 900 HA)Yl @S F9]5k Avtolch.
I% 721 PhE 500 Hz Fo4el AET Age @S W 4
sl Ede mE 13w dF Agusd wsE HojEth fE
SrSoMot 27 625 vminold dF AYEATL EAT} Zhg

el wx gashd ga BEYE A2 2 5 ok o2 625

S 1xy ARORE QA dF 1Ty JAYEAE FHY. o,
900 Hz % A] 750 r/min oA t& Fu5xt ©t 34 E258E
5 z

9 A7 Agkel 183 g3k wxst Aol 12 A

140



th [mH]

0.3 T
—*— 150 [r/min]
0.28 —*—300 [r/min] | |
' 450 [r/min]
—*— 600 [r/min]
0.26 [ —*—750 [r/min] | |
—#—900 [r/min]
—— 625 [r/min]
0.24 B
0.22
02
0.18
0
T, [N-m]
h
th [mH]
0.3 T T
—*— 150 [r/min]
—*—300 [r/min] | |
0264 450 [r/min]
—#— 600 [r/min]
0.26 —4—750 [r/min] | {
—*—900 [r/min]
0.24
0.22
02
0.18 . t
0 50 100 150 200 250
Te [N-m]
th [mH]
0.3 T T
4 —*— 150 [r/min]
0.28 —*— 300 [r/min]
[ 450 [r/min]
0.26 [\ —*—600 [r/min]
—4— 750 [r/min]
=900 [r/mi
024 [r/min]
0.22
02
0.18 [
0.16 . ! ! !
0 50 100 150 200 250
T, [N-m]

(h

19 721 AR FA Al dF 159 JYeAe 30 ax v 9%

7} 16 V, 500 Hz, (}) 20 V, 600 Hz, (Z}) 30 V, 900

141

0.2 T 8 57

L



a9 7228 FE8F AFLoA9 1000 r/min oA a%t AL 5z}, 73,
1A, 133}, 173}, 1930 33 1258 HAETh vl Vale 242

ad ek, F71FEA dF ALS uisiy A7IAM e FIF
al

1o
=)
QL
au)
.

©
~J
)
)
™
Z
=
>
=
£
N

S

2l
X

o

1)
1o
W
2
ol
o~

728 3P nxIE w7 EACA 6 ¥ uXIE Holw, 7

A7)+= 05V olth. 18 722 (VoA A 112 33 x9) 13%)
A 1x9E HolFErh o] 1xu AP EV|FHEA NN 123 3T
DZEE Holw, 1 A7|E 0.12V ot} 19 722 (thE ARG 17k
T azde 193 ¥ uEwE RejFE, o ARLe
E71FFZA N 183 I3t g2 Kol 1 F7]E 1.78 Vo|t} Do
aFa Aok FA AL EFEEACNAN 6xk w3t nxd RS FY
TR ot sty wjol, A nHEekA] ¢hotk: €vh shAIRE
Z71FEZA A 122 FxF mEy, 18xF FI IFXTE HEEA
aFsfopst, Wi AF71e AeAd FAFIHFEIE w2 T
182 2+ nxIe e A9 1220 ¥ xRy dF 159

al
aFT eEs gRelr] wEel, gzt F ol 79 28
Abgate] A9 erg FAsE Zo] felsith

40V, 25 kHz®] 783 FY= S €& dF 1T IYdAvE a3
, 24
a8 723 (7h) ¢ (Vb = 29 723 (thell ozl dF 1FT dYE A

=4 Ao AT AA o L E HolFErh Y 7-24%= 19 723 (hHY

d-= gy AHEXAE (G19E AREEe] AatEet dE
A o

142



vas(h) and v;S(h) [V

. . . . , . . . .
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Time [s]

b

v (h) and v;S(h) [v]

5 T T T

a7 Vas(1) 1

R v (13) |
r

Al v (12) |

L L L L L L I L L

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Time [s]

(h

v (h) and v;S(h) v

=

5 I L I I L I | L I
0  0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Time [s]

(th
7-22.1000 r/min FAX 971Ag F7+ 1xw
Oh sazsh, 7325, (h 12E%, 1322, () 17223 1 grq@ﬁ ” {J
143 ;



o
Temperature of stator winding [°C] Temperature of magnet [°C]

90

80

70 o

60 +

50

40

30

20

1000
50 100 150 200 2500 500 1000 080 100 45 500

; ,‘ /i) 200
Torque [N -m] “rom [r/min] Torque [N -m] 2500 w_ [r/min]

7h (h

L, [mH]

0.35

1000

Torque [N -m] @y [r/min]
(th
I9 7-23. 7Y FYA] dF 1T d9EE
Oh A 2= h A 25, (HdS 157 JHEA

Ld/LNorm

0.8 +
0.6
0.4
0.2 +
————
e~
——  ——
e
—_— ———— = 1000
0= — ————— ——— =
0 "
50 100 500
150 200 0o ‘
Torque [N -m] w - [r/min]

9 7-24. 7RI FAA FEE 0F 1T AYEAY] 73k
i O 1 =L —
S s kT

144



0 50 100 150 200
Torque [N -m]

b

B

0 50 100 150 200
Torque [N -m]

(h

C
900

800

700

0 50 100 150 200
Torque [N -m]

(th

29 725, T} FYA 4F 2F AGExY ex AF
7 A [mH/C?, () B [mH Cl, () € mA) A 2] SF
145 rerid

et

ETIA

=



1 I Il i i I N A 1 o Il i Il i LY - Il
A ! i SR B | ey A il Y A A IS N 1 O g
W R — Ml B Y NN ) = N U T S —
\ vr ol N “L L LR
N T. 170 Nm/div—mid - 0-Nmi \
Ie I_IU INTH/arv, g . v I\IIIIJ l
J
—\ £
Ikt N N i
[ =~ o ot R = T — i il I HAT RN —
1.2 1 Ll Rl il
W,_me__#(f' “L\-——JLﬂJJ_JM_wdr‘Lf‘TTJ—W‘ ﬂL——ﬂm%M ____l”m_f___r-‘L-——
L >S4 1100 A/AIV, MIa . UA 15 °C/divv_mid - 70 °C]
IQ\/\[_a\/ 4O /Ui, 11hiiu . 17V \IJ \¥
T 110 °C/div. mid : 0 °C] VARV
/ |||dg_ Iy k) J / /.\/‘ E B ey
ol N/ o |
— i I i b 090/~ .- 01/
/ \ I e Tmag est| L0 Cldiv, mid 55 "CV
A S 110.°0C/div-mid - S50 2766
== —~— I mag av|1V CJ/UIV, 1TIIU . 90 ©] VA ko]

T3 YY" A= (52003 HZo] 2o sk 23
1 o] AFE a8 7258 #rh o] AFES
AFEEe] 225 FASE Ayt 9 7260 RoAXT A EE= 25

°C ol A 83 °C7}A| &7}38lH, AA & 129 °C7MA] F7}ste},

A AME Aljtd WS AEsiit. DEF gy dEdEAs
Arkg &8 A 25 A4S flal 600 Hz Fdak Ats 9 skl

s 9] Aol A7) 20V otk 19 727 (Phe QA Al

153 JAYEAE HolFEth 19 727 (Wi 1A
A B dF 159 AgPae] axs $4 AiE wejErt DS
DFT QYR AF o] AN 2| wEhd Frhshe 2g 2
ST

146 e _.i'.:



th [mH]

0.3 ’ //’ ///// / /,#’ //
=1 e
s L
e
= YTV
0.27 | (/ | | | L
T D ™ T g
hH
L, [mH]
Ve T 3Harfnon;chmb1e1r(1;?ecJ5 1

0 2 4 6 é 1I0 1; 1I4 1I6 18
Harmonic Number (Elec.)
(-h
a9 7-27. FAGHAA dF 1T AgEA
b Az AX | BE La,
h S AR HE La o) 2 24 B O ]| B 7y
147 / i e



106 ALan_ss

25 T T
ol Ath_SS
—A
Ldh_SS_Rec
1.5 4
AthfAV

4l

A5 f
2 , . , . \ . . ,
0 10 20 30 40 50 60 70 80 90
ﬂrm [Deg.]
h
10 BLanss
6 T T T T T
50
s

w
E—
=
_—
—

2
B ss
1F Bth_SS_Rec 4
Bran av
0 . . . . \ \ . .
0 10 20 30 40 50 60 70 80 90
8. [Deg.]
C
029 : . : : th’sfg ‘ CLan_ss
- CthfSSfRec
C
0.285 [~ Ldh_AV
0.28 [ 1
0.275 1

0.2

0.265 -

e
o
=
=

0.26

(*h
a9 7-28. AAGE] AT (7D Avan_ss, (L) Bran ss, (‘:]') CK_]SS-Q. ] *.'l_ =

=1 TTA

148 e



A ElA dF aFek IgE Rl AR RS ] Sl
< HsiA - (6.2)%k
HE 28 5 9k A (629 AFES 2" 7

o

7} 2n rad T Twee2m)= 31.14 °C o)t} A A
AHOA ZA el EE FAStE et AAY Re dAsH

Holt}t ol &% FA ox= 4 °C ot} TE 730 (L)) oAM=

o -~ N w &

-6 -l
100

80
0 80 100

40 40

ERF

T r°cy 0, [Deg.]

mag

I¥ 7-29. AAEHANA B AFEE 5 F4 Al A AL

149



13 7-30. ARG 2= F4 HF 2%
Ch A =7k 31°C 4 9, (b A =7} 62.8°C~62.2°CL .

150

T, (0)=31.15 [°C] L Treg (27)=31.14 [°C]
O[rad] o~ Do e[S Cldivomidzsoer o 27lrad]
3 / T'magl® p/u{l ,mid 30 °CJ
\H\\JI‘#IJMW rf"rl\lnrql }ﬂ% i “-J‘/\"rv\‘ r(\-\“l'l m‘-ﬂ-\/\'.ﬂ;\ h /\‘-’\“'“’A‘Ji A\h& AZA =S "Ih H =ru IM‘ = T
1 t & . it ! = I
Start 40s
Lan_e[0.0125mH/div, mid : 0.285mH]
/7 Lin cal0.0125mH/div, mid : 0.285mH] —
| / -
okt o e e I S S ¥
2 M B ¥ N Y S 0 g i, T 1 iy il L ESESN | R
N ‘ RWAH;J ‘twj "/%”r' Hw{ ‘ ! Muf@w
T g
B N~ ¢,[lrad /div, mid: 7]
h
T, (0)=65.8 [°C] T,y (27)=62.2[°C]
O[rad] A Tinag_est[5°C/div, mid : 70 °C] 2x[rad]
A 0,
Max(|T, =5[°C
- ( mj‘,f’-e"l) [l // Tnag5°C/div, mid : 70 °Cl—~
[ Ll e L | AN Ay A LYo ‘
{ T T e e e
Start Tmag'[5°Cldiv, mid : 70 °C] ./ R
40s
Lan_et[0.0125mH/div, mid : 0.295mH]
| Lah ca[0.0125mH/div, mid : 0.295mH] e
e M F ‘ Ty o,
Tl R Pl e Mo ¥
k ~~ @.[lrad /div, mid : 7] 1
(+h

AT

1 =



=
=

=
=

!

o] AQkE AT v Fa oy A

JXlo
N
1
o}/
!

oo
M
™

nr
9

AHE

AA = AL,

e

1747

s

7

o wWale] o
1o webA] A

[e)
PN

501—

32 A

R AL

s

A

el

-
R

]

o

P
T

]

it
i

H
NF

o] A=

=
=

L AlA]

M

+

ol

N
=

& BRI AFH TEE A4 AF7)

1A 5= e

9]

=

il

N

A

o

-

o] &) o] (hair pin)

i

700
—

s

web

£ 0

33

3
R

b}

are el of

AHA7F AL

LOn_
ils

Ak whebd Ak

A7

11!

%ﬂ%éiw]
= =1 =

3

=
=

BT

151



A9
~

o

Aol =}k

€]

5

oAUA 9 FEE AT RA, SIuE 4

oF
T

)

—

juy

a

¢
N

)

mjJ

F7F 80° A A,

719l AT

MTPA XA 0.7°Co|t}. A<l

s

o

Far, A7) A A¢

S

MTPA ZZ7oA Hu 3.7 °«C ex}7F Ay

o 4,
TEE AF719 A MTPAT Z1(deep) oFAFE: dololA Hf @t
5°C o]t}

ol
=

=1
-

=
T

601—

gz HwAd A

Aol 7=

17|

A7

ol
)

0

A

a}

o exg FPdt 1394 A

T

A

bol A

S

= A7

)

0

A

A

ey

u

Q27F A3, Y F37} 300 Hz

Sk

7] el HAE Ao

=13
-

SERRY

T
i

ol A

4

A

d

;ﬂ

Ao R A,
AAEC. webA

AU AZ

kO

o1 =
3%

W3}

132)

A

o

Gl

)

7

71Fake] 6ul, 124,

o

~X
N

gt

o web 7)E

AefoF gt
!

=
-

3
o

—_—
"o

=
ol
g

b},

5|

ol 7t5

F 7] R

]
=

o
HH

152



17}k
o]tk

719 A, 2.5 kHzo T3} FIHA L,

H

ZA$ 500 Hz 3T

1)
=
=

o

A2 K

N

ol

°C

2.9

L —

1o},

°
gl

LE!

g

#

B @A) wy

=
T

A4 MTPA Z 710 A]

#]2 MTPA ZAeA Hu] 4°C2

TR,

oo

X

Exs
==

b FdAe] Ao webd W@t oheky 2

nF9 Qg

A

el
ATelM= o]

|

P} g sta

bel 249 o

S

Ao A, H 5°C o]

E-1

_ZT!

ofny

R

X

i

1 rad/s=

AA 2] 95 %Es F3

ke
T

~32 F Qe A 29 95 %E F4

=
=

A

Q2=

a1, o]

8

wl
=

@ =7}

Bl

—
file)

%O
N

T

o}

5o} glet.

).

- I

of

=
=

#

°
pi

oy

A

ofiy
ajj
-

o
o]
)

Jﬁmo

-

—_
file)

o2 M,

FSL T

S

# % 3}

o
(il

Pl

o]},
w2hA]

s

Ao

il

Abgske, AE7)
Ao 3 A

il
1
o}

44

3 A9}

o

2]

-

S

| —
R

A

= A 25

_<‘);|

=
=

oy
;QL
™

153



<}

i

—

s

s

B3 Ao]9

%57

T

)

ol
~y

o

ojiy

Tor

~
UO

ﬁo
e
Mo
0

tol, 9744 %77k obd

S

AR

AN El S
— 1 =2

Al

ATAN 7))

BRI

of XAk =7 Ao

=]
LN

79 exd we Was] o

s

T
a-

A

3

=
il

ol

F ek A4

-5k
o =

=59

AE A

3kA1 7171

7]
e 2

Aol M=

H

A5 A,

Y

= 7] e ol WA BH

bt

S

!

=
il

o 2ol

A Wt

T uA

0

A

._.f,]l 1T

tr“

o

2 S

R

154



[1] S. Constantinides, “Understanding and using reversible temperature coefficients,” in Arnold
Magnetic Techonologies, 2009.

[2] M. Calin and E. Helerea, "Temperature influence on magnetic characteristics of NdFeB
permanent magnets,” 2011 7TH INTERNATIONAL SYMPOSIUM ON ADVANCED
TOPICS IN ELECTRICAL ENGINEERING (ATEE), Bucharest, 2011, pp. 1-6.

[3] S. Li, D. Han and B. Sarlioglu, "Impact of Temperature Variation on Fuel Economy of Electric
Vehicles and Energy Saving by using Compensation Control," 2018 IEEE Transportation
Electrification Conference and Expo (ITEC), Long Beach, CA, 2018, pp. 702-707.

[4] S. Li, B. Sarlioglu, S. Jurkovic, N. R. Patel and P. Savagian, "Analysis of Temperature Effects
on Performance of Interior Permanent Magnet Machines for High Variable Temperature
Applications," in IEEE Transactions on Industry Applications, vol. 53, no. 5, pp. 4923-4933,
Sept.-Oct. 2017.

[5] S. Li, B. Sarlioglu, S. Jurkovic, N. R. Patel and P. Savagian, "Comparative Analysis of Torque
Compensation Control Algorithms of Interior Permanent Magnet Machines for Automotive
Applications Considering the Effects of Temperature Variation," in IEEE Transactions on
Transportation Electrification, vol. 3, no. 3, pp. 668-681, Sept. 2017.

[6] A. Rabiei, T. Thiringer, M. Alatalo and E. A. Grunditz, "Improved Maximum-Torque-Per-
Ampere Algorithm Accounting for Core Saturation, Cross-Coupling Effect, and Temperature
for a PMSM Intended for Vehicular Applications," in IEEE Transactions on Transportation
Electrification, vol. 2, no. 2, pp. 150-159, June 2016.

[71Y. Kim and S. Sul, "Torque Control Strategy of an IPMSM Considering the Flux Variation of
the Permanent Magnet," 2007 IEEE Industry Applications Annual Meeting, New Orleans, LA,
2007, pp. 1301-1307.

[8] T. Sebastian, "Temperature effects on torque production and efficiency of PM motors using
NdFeB magnets," in IEEE Transactions on Industry Applications, vol. 31, no. 2, pp. 353-357,
March-April 1995.

[9] G. D. Demetriades, H. Z. d. 1. Parra, E. Andersson and H. Olsson, "A real-time thermal model
of a permanent-magnet synchronous motor," in IEEE Transactions on Power Electronics, vol.
25, no. 2, pp. 463-474, Feb. 2010.

[10] P. H. Mellor, D. Roberts and D. R. Turner, "Lumped parameter thermal model for electrical
machines of TEFC design," in IEE Proceedings B - Electric Power Applications, vol. 138, no.
5, pp. 205-218, Sept. 1991.

[11] M. Kamiya, Y. Kawase, T. Kosaka and N. Matsui, “Temperature distribution analysis of
permanent magnet in interior permanent magnet synchronous motor considering pwm carrier
harmonics,” 2007 International Conference on Electrical Machines and Systems (ICEMS),
Seoul, 2007, pp. 2023-2027.

[12] N. Simpson, R. Wrobel and P. H. Mellor, "An Accurate Mesh-Based Equivalent Circuit
Approach to Thermal Modeling," in IEEE Transactions on Magnetics, vol. 50, no. 2, pp. 269-
272, Feb. 2014.

[13] T. Huber, W. Peters and J. Bocker, "Monitoring critical temperatures in permanent magnet

synchronous motors using low-order thermal models," 2014 International Power Electronics_.

Conference (IPEC-Hiroshima 2014 - ECCE ASIA), Hiroshima, 2014, pp: 1508515155~ 1 !
¥ " 1

155 WA



[14] S. Li, B. Sarlioglu, S. Jurkovic, N. Patel and P. Savagian, "Analysis of temperature effects on
performance of interior permanent magnet machines," 2016 IEEE Energy Conversion
Congress and Exposition (ECCE), Milwaukee, WI, 2016, pp. 1-8.J. Clerk Maxwell, A
Treatise on Electricity and Magnetism, 3rd ed., vol. 2.

[15] C. Kral, A. Haumer, and S. Bin Lee, “A practical thermal model for the estimation of
permanent magnet and stator winding temperatures,” IEEE Trans. Power Electron., vol. 29,
no. 1, pp. 455-464,2014.

[16] D. Reigosa, D. Fernandez, T. Tanimoto, T. Kato and F. Briz, "Comparative Analysis of BEMF
and Pulsating High-Frequency Current Injection Methods for PM Temperature Estimation in
PMSMs," in IEEE Transactions on Power Electronics, vol. 32, no. 5, pp. 3691-3699, May
2017.

[17] J. H. Dymond, R. Ong and N. Stranges, "Instrumentation, testing, and analysis of electric
machine rotor steady-state heating," in IEEE Transactions on Industry Applications, vol. 38,
no. 6, pp.1661-1667, Nov/Dec 2002.

[18] M. Ganchev, H. Umschaden and H. Kappeler, "Rotor temperature distribution measuring
system," IECON 2011 - 37th Annual Conference of the IEEE Industrial Electronics Society,
Melbourne, VIC, 2011, pp. 2006-2011.

[19] D. Fernandez, D. Reigosa, T. Tanimoto, T. Kato and F. Briz, "Wireless permanent magnet
temperature & field distribution measurement system for IPMSMs," 2015 IEEE Energy
Conversion Congress and Exposition (ECCE), Montreal, QC, 2015, pp. 3996-4003.

[20] D. D. Reigosa, F. Briz, P. Garcia, J. M. Guerrero and M. W.Degner, "Magnet Temperature
Estimation in Surface PM Machines Using High-Frequency Signal Injection,” in IEEE
Transactions on Industry Applications, vol. 46, no. 4, pp. 1468-1475, July-Aug. 2010.

[21] C. Du-Bar, J. Astrém, T. Thiringer, S. Lundmark and M. Alatalo, "Design of an online
temperature monitoring system for an experimental IPMSM," 2016 XXII International
Conference on Electrical Machines (ICEM), Lausanne, 2016, pp. 1533-1538.

[22]D. Park, H. Jung, H. Cho and S. Sul, "Design of Wireless Temperature Monitoring System for
Measurement of Magnet Temperature of IPMSM," 2018 IEEE Transportation Electrification
Conference and Expo (ITEC), Long Beach, CA, 2018, pp. 656-661.

[23]T.A. Lipo,, " Winding Distribution in an Ideal Machine," in Analysis of Synchronous
Machines, Taylor & Francis Group, LLC, 2012.

R419EH, £ €% AT e dd A 7] As71e d9"a
A 9 548, uab o) R, Aesta, 2017,

[25] M. A. Khan, I. Husain, R. Islam and J. Klass, "Design of experiments to address
manufacturing tolerances and process variation influencing cogging torque and back EMF in

the mass production of the permanent magnet synchronous motors," 2012 IEEE Energy
Conversion Congress and Exposition (ECCE),Raleigh, NC, 2012, pp. 3032-3039.

[26] https://www.thermocoupleinfo.com/type-k-thermocouple.htm

[27] https://www.vishay.com/docs/28762/ptsserie.pdf

[28] Haiyu Qi, S. Ganesan, Ji Wu, M. Pecht, P. Matkowski and J. Felba, "Effects of Printed Circuit
Board Materials on Lead-free Interconnect Durability," Polytronic 2005 - 5th International
Conference on Polymers and Adhesives in Microelectronics and Photonics, 2005, pp. 140-
144, A =21l

1

156 et


https://www.thermocoupleinfo.com/type-k-thermocouple.htm
https://www.vishay.com/docs/28762/ptsserie.pdf

[29] N. Takahashi, M. Morishita, D. Miyagi and M. Nakano, "Examination of Magnetic Properties
of Magnetic Materials at High Temperature Using a Ring Specimen," in IEEE Transactions
on Magnetics, vol. 46, no. 2, pp. 548-551, Feb. 2010.

[30] A. Specht and J. Bocker, "Observer for the rotor temperature of IPMSM," Proceedings of
14th International Power Electronics and Motion Control Conference EPE-PEMC 2010,
Ohrid, 2010, pp. T4-12-T4-15.

[31] A. Specht, O. Wallscheid and J. Bocker, "Determination of rotor temperature for an interior
permanent magnet synchronous machine using a precise flux observer," 2014 International
Power Electronics Conference (IPEC-Hiroshima 2014 - ECCE ASIA), Hiroshima, 2014, pp.
1501-1507.

[32] O. Wallscheid, A. Specht and J. Bocker, "Observing the Permanent-Magnet Temperature of
Synchronous Motors Based on Electrical Fundamental Wave Model Quantities," in IEEE
Transactions on Industrial Electronics, vol. 64, no. 5, pp. 3921-3929, May 2017.

[33] L. J. Garces, "Parameter Adaption for the Speed-Controlled Static AC Drive with a Squirrel-
Cage Induction Motor," in IEEE Transactions on Industry Applications, vol. IA-16, no. 2, pp.
173-178, March 1980.

[34] G. Feng, C. Lai, J. Tjong and N. C. Kar, "Noninvasive Kalman Filter Based Permanent
Magnet Temperature Estimation for Permanent Magnet Synchronous Machines," in IEEE
Transactions on Power Electronics, vol. 33, no. 12, pp. 10673-10682, Dec. 2018.

[35] S. Jurkovic, K. M. Rahman, J. C. Morgante and P. J. Savagian, "Induction Machine Design
and Analysis for General Motors e-Assist Electrification Technology," in IEEE Transactions
on Industry Applications, vol. 51, no. 1, pp. 631-639, Jan.-Feb. 2015.

[36] J.W. Choi and S. K. Sul, “A new compensation strategy reducing voltage/current distortion
in PWM VSI systems operating with low output voltages,” IEEE Trans. Ind. Appl., vol. 31,
no. 5, pp. 1001-1008, Sep./Oct. 1995.

[37] J. W. Choi and S. K. Sul, “Inverter output voltage synthesis using novel dead time
compensation,” IEEE Trans. Power Electron., vol. 11, no. 2, pp. 221-227, Mar. 1996.

[38] H. M. Ryu et al., “Compensation of voltage distortion in PWM-VSI by prediction of stator
currents at switching point,” in Conf. Rec. IEEJ Annu. Meet., Apr. 1999, vol. 3, pp. 87-90.

[39] C. Silva, G. M. Asher, and M. Sumner, “Influence of dead-time compensation on rotor
position estimation in surface mounted PM machines using HF voltage injection,” in Proc.
IEEE Power Convers. Conf., Osaka, Japan, 2002, pp. 1279—-1284.

[40] J. M. Guerrero, M. Leetmaa, F. Briz, A. Zamarron, and R. D. Lorenz, “Inverter nonlinearity
effects in high-frequency signal-injection-based sensorless control methods,” IEEE Trans.
Ind. Appl., vol. 41, no. 2, pp. 618—626, Mar./Apr. 2005.

[41] N. Urasaki, T. Senjyu, T. Kinjo, T. Funabashi, and H. Sekine, “Dead time compensation for
permanent magnet synchronous motor drive taking zero-current clamp and parasitic
capacitance effects into account,” Proc. Inst. Elect. Eng.—Elect. Power Appl., vol. 152, no.
4, pp. 845-853, Jul. 2005.

[42] C.H. Choi and J.K. Seok, “Compensation of zero-current clamping effects in high-frequency-
signal-injection-based sensorless PM motor drives,”IEEE Trans. Ind. Appl., vol. 43, no. 5,
pp. 1258-1265, Sep./Oct. 2007.

157



[43] K. Wiedmann, F. Wallrapp, and A. Mertens, “Analysis of inverter nonlinearity effects on
sensorless control for permanent magnet machine drives based on high-frequency signal
injection,” in Proc. 13th EPE Conf. Appl., 2009, pp. 1-10.

[44] D. Kim, Y. Kwon, S. Sul, J. Kim and R. Yu, "Suppression of Injection Voltage Disturbance
for High-Frequency Square-Wave Injection Sensorless Drive With Regulation of Induced
High-Frequency Current Ripple," in IEEE Transactions on Industry Applications, vol. 52,
no. 1, pp. 302-312, Jan.-Feb. 2016.

[45] D.-W. Chung and S.-K. Sul, “Analysis and compensation of current measurement error in
vector-controlled AC motor drives,” IEEE Trans. Ind. Appl., vol. 34, no. 2, pp. 340-345,
Mar./Apr. 1998.

[46] Seung-Ki Sul, "Practical Issues," in Control of Electric Machine Drive Systems, IEEE, 2011.

[47] M. Kim, S. Sul and J. Lee, "Compensation of Current Measurement Error for Current-
Controlled PMSM Drives," in IEEE Transactions on Industry Applications, vol. 50, no. 5,
pp. 3365-3373, Sept.-Oct. 2014.

[48] M. Gancheyv, C. Kral and T. Wolbank, "Compensation of speed dependency in sensorless
rotor temperature estimation for permanent magnet synchronous motor," 2012 XXth
International Conference on Electrical Machines, Marseille, 2012, pp. 1612-1618.

[49] M. Gancheyv, C. Kral and T. Wolbank, "Hardware and software implementation of sensorless
rotor temperature estimation technique for Permanent Magnet Synchronous Motor," 2012
Electrical Systems for Aircraft, Railway and Ship Propulsion, Bologna, 2012, pp. 1-6.

[50] M. Ganchev, C. Kral and T. Wolbank, "Sensitivity and robustness aspects of sensorless rotor
temperature estimation technique for Permanent Magnet Synchronous Motor," 2012 15th
International Power Electronics and Motion Control Conference (EPE/PEMC), Novi Sad,
2012, pp. LS3a-1.2-1-LS3a-1.2-6.

[51] M. Ganchey, C. Kral and T. Wolbank, "Sensorless rotor temperature estimation of permanent
magnet synchronous motor under load conditions," IECON 2012 - 38th Annual Conference
on IEEE Industrial Electronics Society, Montreal, QC, 2012, pp. 1999-2004.

[52] M. Ganchev, C. Kral and T. Wolbank, "Identification of sensorless rotor temperature
estimation technique for Permanent Magnet Synchronous Motor," International Symposium
on Power Electronics Power Electronics, Electrical Drives, Automation and Motion,
Sorrento, 2012, pp. 38-43.

[53] M. Ganchev, C. Kral and T. M. Wolbank, "Compensation of Speed Dependence in Sensorless
Rotor Temperature Estimation for Permanent-Magnet Synchronous Motor," in [EEE
Transactions on Industry Applications, vol. 49, no. 6, pp. 2487-2495, Nov.-Dec. 2013.

[54] D. Reigosa, D. Fernandez, H. Yoshida, T. Kato and F. Briz, "Permanent magnet temperature
estimation in PMSMs using pulsating high frequency current injection," 2014 IEEE Energy
Conversion Congress and Exposition (ECCE), Pittsburgh, PA, 2014, pp. 5198-5205.

[55] D. D. Reigosa, D. Fernandez, H. Yoshida, T. Kato and F. Briz, "Permanent-Magnet
Temperature Estimation in PMSMs Using Pulsating High-Frequency Current Injection," in
IEEE Transactions on Industry Applications, vol. 51, no. 4, pp. 3159-3168, July-Aug. 2015.

[56] D. D. Reigosa, D. Fernandez, T. Tanimoto, T. Kato and F. Briz, "Sensitivity Analysis of High-
Frequency Signal Injection-Based Temperature Estimation Methods to Machine Assembling
Tolerances," in IEEE Transactions on Industry Applications, vol. 52, no. 6, pp. 4798-4805, _

i [

Nov.-Dec. 2016. A 2T !i
I T i
1538



[57] D. Diaz Reigosa, D. Fernandez, Z. Zhu and F. Briz, "PMSM Magnetization State Estimation
Based on Stator-Reflected PM Resistance Using High-Frequency Signal Injection," in /EEE
Transactions on Industry Applications, vol. 51, no. 5, pp. 3800-3810, Sept.-Oct. 2015.

[58] D. Fernandez, M. Martinez, D. Diaz Reigosa, J. M. Guerrero, C. Manuel Suarez Alvarez and
F. Briz, "Influence of Magnetoresistance and Temperature on Permanent Magnet Condition
Estimation Methods Using High-Frequency Signal Injection," in IEEE Transactions on
Industry Applications, vol. 54, no. 5, pp. 4218-4226, Sept.-Oct. 2018.

[59] H. Polinder and M. J. Hoeijmakers, "Eddy-current losses in the segmented surface-mounted
magnets of a PM machine," in IEE Proceedings - Electric Power Applications, vol. 146, no.
3, pp. 261-266, May 1999.

[60] H. S. Jung, D. Park H. Kim and S. K. Sul, "Non-Invasive Magnet Temperature Estimation in
IPMSM by High Frequency Pulsating Sinusoidal Voltage Injection,” 2018 IEEE
Transportation Electrification Conference and Expo (ITEC), Long Beach, CA, 2018.

[61] H. Jung, D. Park, H. Kim, S. Sul and D. Berry, "Non-Invasive Magnet Temperature
Estimation of IPMSM Based on High-Frequency Inductance with a Pulsating High-
Frequency Voltage Signal Injection," in IEEE Transactions on Industry Applications.

[62] B. H. Bae and S. K. Sul, “A compensation method for time delay of full-digital synchronous
frame current regulator of PWM ac drive,” IEEE Trans. Ind. Appl., vol. 39, no. 3, pp. 802—
810, May/Jun. 2003.

[63]1 Y. Yoon, S. Sul, S. Morimoto and K. Ide, "High-Bandwidth Sensorless Algorithm for AC
Machines Based on Square-Wave-Type Voltage Injection," in /[EEE Transactions on Industry
Applications, vol. 47, no. 3, pp. 1361-1370, May-June 2011.

[64] S. Kim, J. Ha and S. Sul, "PWM Switching Frequency Signal Injection Sensorless Method
in IPMSM," in /EEE Transactions on Industry Applications, vol. 48, no. 5, pp. 1576-1587,
Sept.-Oct. 2012.

159



Abstract

In this paper, the magnet temperature of interior permanent magnet synchronous
machine, IPMSM, for electric vehicle traction drive, is estimated by exploiting an
electrical model of IPMSM. It has been proposed that the temperature can be
estimated by fundamental of reactive energy in consideration of inductance variation
at high or medium operating speed and by high frequency inductance at low speed
or standstill. The proposed methods have been verified through experimental tests
with two motors, the small scaled motor, whose magnet temperature is directly

measured by temperature sensors, and a commercial traction motor for EV.

In the proposed method at high or medium speed, stator resistance variations due
to rotating speed and winding temperature are thoroughly decoupled through the
concept of the reactive energy. It means that additional temperature sensors to
decouple the variations are not required in the proposed method. Furthermore,
accuracy of the temperature estimation is improved in consideration of not only
variation of the magnet flux linkage but also that of inductance. Temperature
estimation error from an inverter nonlinearity is also minimized. In the experimental
results with the small scaled machine, the estimated magnet temperature varies by
0.7 °C according to whether the inverter nonlinearity is compensated or not. In the
experimental results with the traction machine at a current angle, 80 °, the estimated
temperature is not affected by whether the inverter nonlinearity is compensated or
not. When the magnet temperature is estimated by using the proposed method in
medium and high speed range, the maximum estimation error in the small scale
machine is about 3.7 °C in the measured magnet temperature range from 32 °C to 78
°C and the maximum error in the traction motor is about 5 °C in the range 23 °C to
81°C.

The proposed method at low speed or standstill is neither affected by the variations
of stator resistance, because the high frequency inductance is utilized to estimate the
magnet temperature. And, the injection frequency can be increased in the proposed
method. Therefore, a square wave signal can be injected instead of a sinusoidal signal.

This proposed method was also verified in two experimental sets. When the 500 Hz

-
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sinusoidal signal is injected at d-axis of the small scaled motor, the maximum errors
at low speed and standstill are 2.9 °C and 5 °C in the measured magnet temperature
range from 22 °C to 80 °C, respectively. When the 2.5 kHz square wave is injected
at d-axis of the traction motor in low speed, the estimation error is less than 5 °C.
When the 600 Hz sinusoidal wave is injected at d-axis of the traction motor in stand
still, the estimation error is less than 4 °C.

Through these experimental results, it has been verified that the proposed methods
would accurately estimate the magnet temperature in all operation range of traction

motor including standstill.

Keywords: IPMSM, Magnet temperature, temperature estimation
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