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Efficiency optimization control of induction motor drives
for electric vehicles

ZHANG Cheng-hui, CUI Na-xin, LI Ke, ZHANG Cheng-jin
(College of Control Science and Engineering, Shandong University, Jinan Shandong 250061, China)

Abstract: Taking the copper loss and iron loss into account, the efficiency optimization control of induction motor
(IM) drives for electric vehicles is studied to improve the motor efficiency under light load. The search-controller based
on golden section algorithm is improved by reducing the search scope of rotor flux. An experimental system is built based
on TMS320LF2407 DSP. Loss-model control algorithm and search-control algorithm based on golden section method and
improved golden section method are compared through experimental research. The experimental results show that both of
the control strategies can improve the motor efficiency remarkably. The loss-model controller has good characteristics of
fast optimization speed and small torque and flux fluctuation. The algorithm of improved golden section search-controller
is simple, and it can achieve higher efficiency than loss-model controller. Search-controller is independent of parameter
variations and model precision, and it thus has broad application prospects.
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1 ÚÚÚóóó(Introduction)
8õ�p#Eâu�N�>Äð�(e1ectric ve-

hicles)äkÃü�À/!D($!�?9$1¤�$
�`:,�3Úu­.ð�ó���|�·,>Äð
�>°ÄXÚ9Ù�Ç`z¤�<�ïÄ�9:¯

K[1∼4]. >Äð�>°ÄXÚØ=�¦kûÐ�Ä
·�A5Ú�°�N���,
�éUþ|^�Ç
��¦����.E,�$1ó¹û½
Ù°Ä>
Å�õ$13��½G�±÷våÄ\�!$�÷

·9p�$1�I�,Ïd,>°ÄXÚ�Ç`z�

��¢�´¡��Ü=Ý=�$1���yXÚo

N�Ç�`[4]. aA>ÄÅduäkNÈ�!­þ
�!¤�$!��o�`:,Ï
¤�>Äð�>°
ÄXÚ�Ì6��.nÜ|^¥þ��Ú�Ç�`
��,�±k�*Ð>Äð�aA>Å�p�$1
��,ò�>Äð��g¿>�1¨p§Ú>³Æ
·,�Ð/��!UÚ���8�.
Cª°ÄaA>ÄÅ�Ç`z����©�3«

a.: ��½f>6��üÑ[1]!��Ñ\õÇ3

�|¢��üÑ[3]ÚÄu�Ñ�.��`y^��

ÂvFÏ: 2004−06−23;Â?UvFÏ: 2005−10−31.
Ä7�8: I[g,�ÆÄ7]Ï�8(50477042, 60474007);p�Æ�Æ¬Æ�:;��ïÄ7]Ï�8(20040422052);ìÀ�g,�Æ

Ä7]Ï�8(Z2004G04).
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üÑ[2]. ù
�Ç`züÑ�äA:. ½f>6��
üÑ¢yå5��{ü,�¿ØU�y�Ç�`;�
�Ñ\õÇ3�|¢��U
¢yCª°ÄXÚ�

�Ç�Û�`,�ØÉ>ÅëêCz�K�;�â�
Ñ�.5`zCªN�XÚ�Ç��{,äk5U
­½!Ï`�Ý¯�`:, �¢y�Ç��Û�`.
©[5]Ú[6]©OïÄ
k�ÝDaìÚÃ�ÝDa
ì¥þ��aA>ÄÅ��Ç`z¯K,æ^g·
A=f^ó*ÿìN!=f^ó,ù«�{�{E
,,�vk�ÄëêCzé���J�K�;©[7]ï
Ä
3ØÓ�=ÝÚ�Ý^�eæ^�
Ü63�

|¢��ì¢yaA>Å�Ç`z,T�{�éI
þ���CªN�aA>ÄÅ,Ø·^u�¦°N
���Ú¯�Ä��A�>Äð�>°ÄXÚ.�
©3©ÛaA>ÄÅ�Ñ�.�Ä:þ,JÑ
Ä
u�Ñ�.�aA>ÄÅCª°ÄXÚ�Ç`z�

��{; �é�7©�{3�|¢��ì3Ï`L
§¥�3^óÚ=ÝÅÄ��Øv,æ^~�^ó
|¢����{éÙ\±U?. ±TMS320LF2407
DSP���>´Ø%�ï¢�XÚ, ¢�(JL²
ü«��üÑÑU
¦aA>ÄÅCª°ÄXÚ$

1�Ñ²wü$,
U?��7©�{|¢��ì
�{{ü!�Ç`z�JÐ, ´)û>Äð�°Ä
XÚ�²L$1�k�å»��.

2 >>>ÄÄÄððð���°°°ÄÄÄXXXÚÚÚ^̂̂aaaAAA>>>ÄÄÄÅÅÅ���êêêÆÆÆ

���...(Model for IM in electric vehicle drives)
aA>ÄÅ¥þC���´Äu�)Ó��

^=^|ù����Kïáå5�, ²Ln�
���(3/2)C�!¥þ^=C�(VR), aA>ÄÅ
3 d − qÓÚ^=�IX¥�Ä�êÆ�.�L«

�[8]µ

vds = Rsids +
d
dt

ψds − ω1ψqs, (1)

vqs = Rsiqs +
d
dt

ψqs + ω1ψds, (2)

0 = Rridr +
d
dt

ψdr − ωsψqr, (3)

0 = Rriqr +
d
dt

ψqr + ωsψdr, (4)

Te = np

Lm

Lr

(iqsψdr − idsψqr). (5)

Ù¥: vL«>Ø, iL«>6, RL«>{, ψ L«^

ó,eId, q ©OL« d¶, q ¶Cþ,eIs, r ©O

L«½!=fCþ, ωl, ωs©OL«ÓÚ^=>�ª

ÇÚ=��ªÇ, Te�>^=Ý, np�>ÄÅ4é

ê.

3^|½�¥þ��¥, d−q�IX� d¶÷=

f^óΨ r���½�,¤±kψdr = ψr, ψqr = 0. Ï
d,dª (5)��

Te = np

Lm

Lr

iqsψr. (6)

Ù¥

ψr =
Lm

1 + Trp
ids. (7)

ã1�Ñ
aA>ÄÅ^|½�¥þ��XÚ�
nµã. þI “∗”ÒL«�Ônþ�ë��.TXÚ
^u�y�©JÑ�>Äð�aA>ÄÅ�Ç`z

��üÑ�5U.

ã 1 aA>ÄÅ^|½�¥þ��XÚ�nµã

Fig. 1 Field oriented control scheme for induction motor

3 aaaAAA>>>ÄÄÄÅÅÅ������ÑÑÑ©©©ÛÛÛ���ïïï���(Loss anal-
ysis and modeling of IM)
aA>ÄÅ��Ñ�)½=fÔ�!½=fc

�!,Ñ�ÑÚÅ��Ñ4Ü©. Ù¥, cüÜ©�
Ñ�ÚÓo�Ñ�80%�m,¡����Ñ.c��
)µ6�ÑÚ^¢�ÑüÜ©,�>Åc��(�
ëê!>ØªÇÚ^Ï�Ýk', î­K�XÚ�
�Ç.
aA>ÄÅ����Ñ�±L«�[9]

Ploss = (a1 + a2ω
2
r )ψ

2
r + a3

T 2
e

ψ2
r

. (8)

ª¥

a1 = Rs/L2
m, a2 = 1/(Rr + Rfe),

a3 =
L2

r

n2
pL

2
m

(Rs +
RrRfe

Rr + Rfe

).

dþª�±�Ñ,b�>ÄÅëêØC,3�½
�=f�ªÇωrÚ�½�K1=Ý^�e,>ÄÅ
����Ñ�=f^óΨr���k', �Ò´`,
3>ÄÅÑÑõÇØC�cJe,�±ÏL·�À
JÚ��=f^óΨrò>ÄÅ��Ñü���.
�ÑÅ��ÑÚ,Ñ�Ñ,aA>ÄÅ��ÇL
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«�

η=
ωrTe

P loss+ωrTe

=
ωrTe

(a1+a2ω2
r )ψ2

r +a3
T 2

e

ψ2
r

+ωrTe

. (9)

ã2«Ñ
ωr=1200 r/min�3ØÓ=Ý^�e
���Ñ�=f^ó�'X,ã¥w«>Å�Ñ�
K1=Ý�,p
O�.�X=f^ó�,p,>Å
�ÑküNeü,2üNþ,,�Ñ��:�=ÝØ
Ó
Cz. Ïd,ÏLN!=f^óΨr���,�±
¢yK1=Ý$1���Ç�`��.ã2w«�X
K1=Ý�~�,�Ç`z$1éA�=f^ó�
�eü,cÙ3�1�¹e,ÏLN!=f^óΨr,
�±²w/ü$>Å�Ñ.

ã 2 ØÓ=Ý����Ñ�=f^ó�'X

Fig. 2 Relationship between loss and rotor flux under

different torques

4 >>> ÄÄÄ ððð ��� °°° ÄÄÄ XXX ÚÚÚ ��� ÇÇÇ ��� `̀̀ ���

���(Efficiency optimization control in electric
vehicle drives)

4.1 ÄÄÄuuu���ÑÑÑ���...������ÇÇÇ��� `̀̀������(Efficiency
optimization control based on loss model)
�±y², ª(9)¥��Ç¼êη´��à¼ê,

éu�½�=ÝÚ=�,dª(9)é^óψr¦�¿-

Ù�u",=
∂η

∂ψr

= 0. (10)

¦)þª��

ψ∗r = 4

√
a3

a1 + a2ω2
r

√
Te. (11)

þª=��Ç`z$1éA�=f^ó. þªL²,
d��=f^óψ∗r´=ÝT eÚ=�ωr�¼ê. ã3
'�
=�� 1000 r/min��Ç�`��Úð^Ï
��ü«�¹e�>Å�Ñ.ã¥L²�1��Ç
�`���ð^Ï���'�Ñ²wü$,�X=
Ý�,p�Ñü$�ÌÝ�5��,
3�½=Ý

NC�ð^Ï��vk²w«O.

ã 3 �Ç`z��Úð^ó���>Å�Ñ'�

Fig. 3 Comparison of the motor loss between efficiency

optimization control and constant flux control

4.2 UUU???������777©©©���{{{|||¢¢¢������ììì(Improved
search-controller based on golden section tech-
nique)
Äu�Ñ�.��Ç`züÑ��°Ý´É>

ÅëêCz�K�,
��Ñ\õÇ3�|¢��
ìéëêCz°�5r. æ^�7©�{�|¢�
�ìäkÂñ�Ý¯�`:[2], Ùg´´Äk�½
=f^ó�Ð©|¢«m [ψrmin ψrmax], ��ò�
½^ó��«mþ�,=ψrmax = ψrn, �;�^ó
L$ÚåXÚ�Ø­½, ¿¦^|$13�5«,
�ψrmin = 0.1ψrn�«me�.|¢«m(½�,©
OO�ü��\:µ

ψr1 = ψrmin + α(ψrmax − ψrmin), (12)

ψr2 = ψrmin + β(ψrmax − ψrmin). (13)

ª¥: α = 0.618, β = 0.382. uÿ3ùü:�
Ñ\õÇPin1ÚPin2¿'�Pin1ÚPin2���,(½
e�Ú�|¢«m [ψrmin, ψrmax]. �½NNØ� ε,
� |ψr1 − ψr2| < ε�Ê�|¢,¿-

ψop
r =

ψr2 + ψr1

2
,

d�� ψop
r ���Ñ\õÇéA�^ó�½�.

�7©�{3�|¢�Ç`z��ì�,Â

ñ�Ý�¯, �3|¢L§¥^ó�ÅÄ§Ý

��. ©ÛÙ�Ï, ù´du�7©�{�Ð©

|¢«mL�E¤�. ���
�y�`^ó

 u|¢«mS, ò|¢«m�þ!e�©O�

�ψrnÚ 0(½10%ψrn),ù�æ^�7©�{|¢�

^ó·-��]�Czò���½^ó� 38.2%$

� 61.8%, ù���^óCz7,¦>^=Ý�)

���ÅÄ,3­1$1�$��U¬�)É~Ê
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�y�.

ÏL©Û��, XJ®�>ÅK1=Ý���,

�Ç`z��éA�^ó��ÒU
�é �. Ï

d,�±�â¥þ���{¥�O�>^=Ý5�

�^ó�|¢��,=

ψop
r ∈ [ψrmin,i, ψrmax,i], Te,i 6 Te 6 Te,i+1. (14)

ª¥ ψrmin,iÚψrmax,i©O´�Te,i 6 Te 6 Te,i+1�

^ó|¢«m�þ!e.,��âl�O�½�ý(

J(½. d�^ó�|¢����u 50%ψrn, ='

��7©�{�|¢�� �C��.�|¢«m

~��,��Ó�°ÝI��|¢gê�¬�A~

�,=�± áÏ`�m. ª,,U?��7©�{

^>Å��Ñ�.��k��£(½^ó|¢«m

�����,�du§é|¢«mþe��¦�©

oÑ,Ïdé>Å�Ñ�.°ÝÚëêCzvkî

��¦. ù�Äu�Ñ�.��{é>Å�Ñ�.

Úëê°ÝLÝ�6��/�Ø��.

�Ç`z���{¦aA>ÄÅ�1�ÇJp,

�â\K1��3Ä��A�ú�¯K,
>Äð

��$1�¦kûÐ�Ä�A5. Ïd,7Læ��

��±)û. �{ü��{´�±y^>6©þØ

C,ò_CìÑÑ�¤k>6Oþ^uO�=Ý>

6[10], �æ^ù«�{>Å�]��AE�ú. �

Ä�Cªì�½>6���,æ^3â\K1�Ä

�L§¥ò½f>6y^©þ¡E��½�,
¦

�{>6�Ü^u=Ý>6©þ,={
Ids = Idsn,

Iqs =
√

I2
smax − I2

dsn.
(15)

��y^>6éuIþ���CªN�XÚ5

`´�J¢y�,�>Äð�>°ÄXÚ��æ^

^|½�¥þ���CªN�XÚ,Ù��üÑ¥

®ò½f>6©�åÝ>6Úy^>6©O?1�

�,Ïdéy^>6���Ø¤¯K.Xã1¤«,^

óN!ì�ÑÑ�y^>6,Ä�L§¥�±�B

/òy^>6 i∗ds�½���½�.

5 ¢¢¢���ïïïÄÄÄ(Experiment research)
±þnØ©Û(JÏLÄuTMS320F2407�C

ªN��Ç`z¢�XÚ��
�y. ¢�XÚ
¥�DSPÏLRS-232���PCÅÏÕ, 3PCÅ
þ�±�B/*	$1(J. ¢�>Åëêµ�
½=ÝTn=1.3 N·m, �½=�nn = 2800 r/ min,
�½>6 in = 1.7 A, np = 1, Rs=24.6 Ω,
Rr=16.1 Ω, Lm=0.97 H, Lls=0.02 H, Llr=0.02 H,

J=3.5×10−4 kg·m2. �Ý�"&ÒÏL1>?è
ìuÿ,1>?èì.Ò�HEDS5640.
ã4�Äu�Ñ�.��Ç`z��­�$1

¢�(J,=�� 1500 r/min, 3 t=1.2 s�éÄ�Ç
`z���{. K1=Ý� 0.26 N·m(0.2p.u.). `
zc�>ÅÑ\õÇd 132 Weü� 78 W, �Ç
d 30.38%þ,� 51.41%. ã4w«éÄ�Ç`z�
��{�^óψr×�eü, =Ý>6 iqsÑkþ,,
>^=ÝÚ=�ÅÄé�. ã5�>Å\�L§�¢
�(J.>ÅéÄ�­�=�� 900 r/min, 1.2 s�é
ÄÄu�Ñ�.��Ç`z���{; 2 s�â\=
�� 1800 r/min. ¢�(Jw«XÚ=��A¯,�
×���­��Ø���.

ã 4 �Ñ�.��­�$1¢�(J

Fig. 4 Experiment results of loss-model control under

steady state

ã 5 �Ñ�.��Ä��A¢�(J

Fig. 5 Experiment results of loss-model control for

dynamic response

��yU?��7©�{¢S$1(J,d¢�
>ÅëêÚª(11)����«$1ó¹e��Ç�
`��éA�=f^óXã6¤«. dd��^ó|
¢��XL1¤«. òL1�3��XÚ§S�;ì
¥,$1��â¥þ���{¥�O�=Ý�L�
�^ó|¢�þ!e�.TL´{ü���(�,Ó
^�;�mé�,?§¢yÚ�L{ü.
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ã 6 ØÓ$1ó¹e�Ç�`��éA��`^ó

Fig. 6 Optimal flux linkage for efficiency optimization

control under various operation condition

L 1 U?��7©�{^ó|¢��

Table 1 Search domain of improved golden
section algorithm

=Ý�� ψrmin,i/Wb ψrmax,i/Wb

0 6 Te 6 0.2Tn 0.08 0.46
0.2Tn <Te 60.4Tn 0.25 0.58
0.4Tn <Te 60.6Tn 0.42 0.75
0.6Tn <Te 60.8Tn 0.55 0.80
0.8Tn <Te 6Tn 0.65 0.80

¢�>Å±�½=� 1500 r/minéÄ, K1=
Ý� 0.26 N·m(0.2p.u.)¿3 1.2 s\\3�|¢�{.
©Oæ^��7©�{ÚU?��7©�{­�

$1¢�(JXã7!ã8¤«. d¢�(J�±w
Ñ, ���7©�{�', U?�Ø==ÝÚ=�
�ÅÄ²w~�, |¢�m�d 1.2 s á� 0.8 s,
��5U��²wUõ. �Ç`zc�XÚÑ
\õÇd 132 Weü� 76 W, du>Å��1$
1 (0.2p.u.), �Ç�$, `zc� 30.38%, `z�þ
,� 52.63%,Jp
 22.25%.

ã 7 �7©�{¢�(J

Fig. 7 Experiment results of golden section algorithm

ã 8 U?��7©�{¢�(J

Fig. 8 Experiment results of improved golden

section algorithm

þãæ^�Ñ�.��(LMC)ÚU?��7©
�{3�|¢��(SC)�Ç`zc�>Å�Ñ\Ñ
ÑõÇ9�Çé'XL2¤«. d¢�(J��,3
�Ó�$1ó¹e,U?��7©�{éA�`z
��>Å�Çpu�Ñ�.��{.�Ï3u3�
|¢��ØÉ>ÅëêCz9ï�°Ý�K�.

L 2 LMCÚSC�é'
Table 2 Comparison of between LMC and SC

é'Cþ LMC SC

ÑÑõÇ/W 40.1 40.1
`zcÑ\õÇ/W 132 132
`z�Ñ\õÇ/W 78 76
`zc�Ç/% 30.38 30.38
`z��Ç/% 51.41 52.63

6 (((ØØØ(Conclusion)
�é>Äð�aA>ÄÅCª°ÄXÚ�3�

�1$�¯K,ïÄ
Äu�Ñ�.�`z��ü
ÑÚU?��7©�{3�|¢��üÑ,��±
e(Øµ

1) Äu�Ñ�.�`z��üÑÚU?��7
©�{3�|¢��üÑþUÏL`z=f^ó²

wJp>Å$1�Ç;
2) ÏL|^>Å��Ñ�.ù�k��£��

�(½¿~�^ó|¢«m���,�±²wUõ
�7©�{|¢��ì�5U,U?�|¢��ì
��Ç`z�J`uÄu�Ñ�.���ì;

3) U?��7©�{|¢��ìØ��±;�
>ÅëêCzé�Ç`z�J�K�,
�k�ü
$
Ï`L§¥=f^óÚ=Ý�ÅÄ§Ý, á

Ï`�m,Ï
äkûÐ�í2A^cµ.
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