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     The purpose of this study is to design high 

performance velocity controllers for variable reluctance 

motors (VRM) based on an adaptive feedback 

linearization controller.  With these controllers, the 

asymptotic convergence of both the parameter 

estimation errors and the tracking errors are guaranteed.  

Furthermore, these adaptive controllers are combined 

with a balanced commutator to reduce the torque ripple 

due to the salient structure in the VRM.  Simulation 

results show that both the parameter estimation and the 

tracking performance are excellent even when the 

disturbance load is present.  

Keywords: variable reluctance motor, adaptive 

feedback linearization controller, balanced 

commutator, torque ripple 

 

���	
��� 

    ������}D~� ������3>?�

���� ,����� �����y����

�C#M ��������� ��yD~���

�Cp�������XP���Yxy ����

�Ey��HIJK(torque ripple)C"������

���HIE�W�����HIs�  ����

JK¡¢£�VW�¤¥01¦#M������§

¨W©�)��(ª«¬ ��)®p6¯�C°'

������ ±=²³´�µV¶VW·¸ YP

�����(linear control)[1][2] "�¹Y)��$

% £º»¼)��½¾01W©��HIJKC 

    ¿ÀÁ)��½ �=²	
��(feedback 

linearization)[3][4]Y$% -[3](i«¬ ��À

Á-Â <Ã�j¨&'./EÄÅ ,��Æ?�

��Ç�� È�²�ÉÊ/(full-order),./Ë6

� VRM/ÌtÍ¦D4"���Î�ÏÐÑ iÒ

�&'sÓÔÕ�®��ÕÖ¾×Ø&'�pÙ

C̄EFc��ÏÆ<cd&'p6¯�ÚÛ [5][6]

NOy³´�m� Ü²HIXRS�ÝÞßàÏl

¯�RS�áâB <��¯�RS�ãä(rising)

XbÒ(falling)å+�cdRS��� �cdH

IJKC-[7]æiçèRSéê�ë+E/ìë

¥ íë¥�RS¨pD�xî(weighting) -��

�4�¨�cdHIJKC�ã[6][7]-���|¯

�I���-]ïmð�ñòóô�*�C"�-õ

](����Â��X¯�ö¨�÷øùê(pole 

arc) eúWµVêûü��¾ý� -[8](æ"]

ïþlpD��b�eúWµVê ��¨�c�H

IJK <-������]ï(�ñ\]C 

    ��&'./¹Å��� �Z[���� Y

	 
 � � � � � � � (adaptive feedback 

linearization)[9]~[11]Cp�[9]È���(��&'.

/®R�&'�R�Y����C¾[10]��j¨.

/Y���� 	È�Y
��� ������

���(ª����|HI��)æ��]�C-[11]

(��HIY�� 	"�&'�-Âå��

(internal dynamics) =ñ&'(^_`�E)��

� ��&'p�Y`��¥��(exact state-space 

linearization) 	���=²�O-�l��(exact 

input-output linearization)C 

��������	
���������

������������ !"#���$%&'

(�)��*+ ,-&'./01234 5�6

78923�:;� <�=>?./:;@A6

BCD4 EFG5�������HIJK ��

LMNOPQVWm¶ <X����YZ[ �c

dHIJKC 

 

������ 

3.1 ����������� 

    ©������s�����b�Ã�� 

(1) «¬ ������»¼C 

(2) R���K+�p�� ÀÁò�� øù�

!"½C 

"W�������/ÌtÍ��³#{E� 



 2

    ωθ =
dt

d
   $1% 

( )ωω
BT

Jdt

d
e
−= 1

      $2% 

( ) jjsRjj
j

aaNrIL
dt

dI
θθψθ 2sin2sin(()( 21

1 ++−= −  

3,2,1,)3sin3
3

=−+ juIa
jjj

ωθ
  

$3% 

�(
j

u E¯��WR&¦rE¯�'��R�¦
j

I E

¯��WRS¦ωE���ê��¦JE ()*

Æ¦BE�+Þ/¦
R

N E��÷��/,¦
s

ψ E
 �-.¦ 1a / 2a / 3a E�-.Þ/¦

3

2
)1(

πθθ −−= jNRj EíWR�Wê¦

θ∂
∂

= j

jj

L
IT

2

2

1
E��´WHI¦ ∑

=

=
3

1

),(
j

jje
ITT θ E

��01��HIC 

 

3.2 ��������	
����� 

    "�no����4¿./�±i�*�ÏÆ

�±,ÐÑ º#01�tÍYnP~�³C 

(1) Ã�R�B��p�� �R���K+�È   

   ÀÁ�2�½(�� øù�!3½X!P½)C 

(2) "�R�4/B½Â�./5�>? � 1)( −
j

L

��=²"Ê�678/øù¡9:C 

#4�������./tÍ$parameterized 

model%�#{E� 

    

3,2,1

��

=+=

=

=

ju
dt

dI

dt

d

dt

d

j

j

j

T

gj

T

f

T

gPfP

fP
ω

ωθ

 $4% 

�( gf P,P,P
�

E¹Å�./;ÆC 

{ } T
ff

pp
8,1,

L=
f

P , { } T
gg

pp
4,1,

L=
g

P ,    

{ } Tpp
2,1,� ωω=P  

jj g,f,f
�

��������	 

   

( ) ( )[ ]T
jj
xfxf

,8,1
L=

j
f , ( ) ( )[ ]Txfxf

2,1,� ωω=f
 

   

( ) ( )[ ]T
jj
xgxg

,4,1
L=

j
g  

���� iigif ppp
,,,

, ω� ���� 

,,,,

0

3

1
4,

0

2

1
3,

0

1
2,

0
1, c

rc
p

c

rc
p

c

rc
p

c
rp ffff ====

,,,,

4

18,

3

17,

2

16,15,
cpcpcpcp ffff ====  

,,,,1
0

3

1
4,

0

2

1
3,

0

1
2,

0
1, c

c
p

c

c
p

c

c
p

c
p

gggg
====  

J
Bp

J
cc

p ==
2,

10
1,

, ωω . 

��������
jiji

gf
,,

, 	
i

f
,ω 
� 

   

,,
,2,1 jjjjj

cosIfIf θ−=−=

( ) ( ) ,,

3

,4

2

,3 jjjjjj
cosIfcosIf θθ −=−=  

,cossin,sin
,6,5

ωθθωθ
jjjRjjjRj

INfINf −=−=  

( ) ( ) ωθθωθθ 3

,8

2

,7
cossin,cossin

jjjRjjjjRj
INfINf −=−=

( ) ( ) 3

,4

2

,3,2,1
cos,cos,cos,1

jjjjjjj
gggg θθθ ====

ωθ ωω −=







= ∑

=
2,

3

1

2

1,
,sin

2

1
fINf

j

jjR
� 

�� 

0

1

100
,

a

a

cac
s

==ψ  

 

3.3 ��������	
� 

    �����	
�������3�����

������������������� !"

#$%&�'���()*�+%&����,-"

#. !/�0 

    3,2,1, =++= jvLI
L

rIu
jjj

j

jj
ω

δθ
δ

 �5� 

��
j

v ����.1234 !/0 

    ( ) 3,2,1, =−−= jIIKv
d

jjIj
 �6� 

�� IK 12567�8��9:;12<=>+?

:?@ABCD�,-.;12EFG�HI;12

EF d

K
I �JK. !/LM

K
v NO�HI;12E

F.PQRSTEFUVW��?:CDX9�Y 

    ( )
θ

θ
d

dL

T
I

dd

K

2=  �7� 

Z[%&\34.]^�
d

ω �
d

T M_`.��[

a��+��.[abcdefgh 

( ) ])([ ∫⋅−+−= dteetJT ppdd ωωωω λλλλα
 

�8� 

��
d

e ωωω −= �]^34bci ωλ �]^jk�

p
λ �CDjk� 

    @��HI(.12EF d

K
I

1− l
d

K
I

1+ .[a��

mnopqlEFUVrs'�ABUV�12

1−K
I l

1+K
I tuv+�w]�fg7�xF d

K
I

1− l

d

K
I

1+ y�g�AM !/ 1−K
v l

1+K
v z{�0 

    1,1, +−=−= KKjIKv
jIj

 �9� 

 

3.4 ������� 

    |}~;12���-�no12.����

�����P.UV���x����.�;�D�

12���;�(balanced commutator)��;���

;�-pq;�12�^��9��0 

2
0),

2
,()

2
,(

step

C

d

stepC

d

C

T
I

T
I

θ
θθθθ <<+=  �10� 

��
C

θ ��;.���i
step

θ �������;�

�.	
���� 



 3

    °== 30
3

2

R

step
N

πθ  

�mno12��.���x[a��;12���

W�� z{¡#¢£l_¤.12�z�J�HI

;12
K
I ¥¦��¢£l_¤.12�zz{�

1+K
I l

1−K
I � § 9 � H I ; 1 2 . ¨ © �

}:{ stepCC θθθθθ +<≤ �L�12¢ªl_¤.¨©

z{�0 

    }0:{
Crise

θθθ <≤=Θ  �11� 

    }
2

3
:{ stepstepCfall θθθθθ <≤+=Θ  �12� 

L¢£l_¤.12�0 

   ( )


 Θ∈⋅

=
otherwise

m
TI

riseR

dR

,0

,
,

θθ
θ  �13� 

   ( )





 Θ∈−⋅=
otherwise

m
TI fallstepF
dF

,0

),
2

3
(

,
θθθθ  �14� 

�� 

    
C

d

CK

R

T
I

m
θ
θ )

2
,(

1−= �¢£12.«¬i 

     

2

)
2

,(

step
C

d
CK

F

T
I

m θθ

θ

−
= �_¤12.«¬� 

TM¢.®¯�8��?:?@° K ;-�12

EF7 d

K
I

1− l
d

K
I

1+ ±²�g�B�³� F

d

K
II =−1 �

R

d

K
II =+1 � 

 

3.5 ��������	
��� 

    ��	
��.%&������³�_`´

�µ©.¶� 

    
( ) ( )
( )x

uxx

Hy

GFx

=
+=&

 

�� 

   























=

+

−

1

1

k

k

k

I

I

I

ω
θ

x , 

















=

+

−

1

1

k

k

k

u

u

u

u , ( )

























=

+

−

1K
T

f

1K
T

f

K
T

f

ω
T
ω

fP

fP

fP

fP

ω

F x  

   

















=
















==

+

−

1

1

3

2

1

)(

)(

)(

)(

k

k

I

I

xh

xh

xh

xh

ω
y ,  

   ( )

























=

+

−

1K
T

g

1K
T

g

K
T

g

gP

gP

gPxG

00

00

00

000

000

 

    ��������	
���������

��� 

    ( ) ( )uxAxB +=v  �15� 

�� 

    





















=
















=

+

−

3

2

1

..

1

1

y

y

y

v

v

v

K

K

K

&

&v  �16� 

    ( )


















=



















=

+

−

1K
T

f

1K
T

f

1
T

1

fP

fP

WP

3

xB 2

1
2

hL

hL

hL

F

F

F

 �16� 

( )
















=

333

222

111

321

321

321

)()()(

hLhLhL

hLhLhL

hLLhLLhLL

GGG

GGG

FGFGFG

xA  



















=

+

−

+++−−−

1K
T
g

1K
T
g

1K
T
21K

T
2K

T
2

gP

gP

GPGPGP

00

00

sinsinsin 1111 KKRKKRKKR INININ θθθ

�18� 

�� 

    FL , GL � Lie derivative ��
� 

    [ ][ ] ( ),1101,2,1,
T

ppp ×= f1 PP ωωω  

    [ ] ( )141, ×= g2 PP ωp  

    [ ]
T

j

jjjR

j

jj
R

INI
N

)110(

3

1

3

1

2
2

1 sincos
2

×== 












= ∑∑ fW θωωθ &

 

� 0≠
K
I � 0≠

K
sinθ ���� A(x)��	


�nonsingular����������������

������� 
K
I !�"#$ 

    %&'()*+,-./0�1234567

8��9&'(:;�< 

    ( ) ( )v̂�̂�̂u xx +=  �19� 

9�19�=>?�15�=)��./,-@ABCD

E�FGH,-�I�� vv ˆ= �1�JK v̂LMN

OPF� &'�$ 

 

3.6 ��������	
��� 

    QR�9�16�)S
K
v TU�V�;�< 

2
T

21
T

1
WPWP +=== α&

1

..

yvK  �20� 

[ ] [ ] [ ][ ]
















=

+

−+++−−−

1

11111
sinsinsin

K

K

K

KKRKKRKKR

u

u

u

INININ
1K1KK2

gggW θθθ
 

MW./EOPXYS&'(
K
v̂ �;�< 

  ωωωαα eKeKv dK −−=+= &&
2

T

21
T

1
WPWP ˆˆˆ �21� 

Z) 

    
d

e ααω −=& �#OPS[\E] 

    
d

ω , 
d

α <OPF#OP^_E] 

    αω KK , <OPF#OPMN,-$ 



 4

`M 

    111 PPP

∧
−=~

] 222 PPP

∧
−=~

]








=
2

1

P

P
P

~

~

~

]   

    








=
2

1

P

P
P ]









=
2

1

W

W
W $ 

ab�20��:;�< 

  K
T

KK vvv ˆ
~

ˆˆ +=+−+= WPWPWP 2
T

21
T

1
α& �22� 

cdS[\ef=�< 

    WP
T~

..

=++ ωωωαω eKeKe &  �23� 

    ghijbklemnU,-:o((parameter 

update law)p�qrs$QRbtuvwxm

(Lyapunov approach)nU,-:o(�ij���C

WStuvwxy�z-�< 

( ) ( )( ) PP
T ~~

2

1

2

1

2

1 12 −Λ+−+++= ωβαβωωβω eKKKKeKeV &

Z){��|CW(symmetric positive definite)S�}

���� 0>βK � 0>> βα KK �V��~����

�< 

( ) ( ) 




 ++Λ+−−−= −

WPP
T

ωβωωβωωβα eKeeKKeKKV &
&

&&
~~ 122

%��,-cd(�< 

    ( ) WPP Λ+−=−= ωβω eKe&
&& ˆ~

 �24� 

� 

    ( ) 22

ωβωωβα eKKeKKV −−−= &&  

�(24)=����V&���W(negative semi definite)

z-$������ ( ) ( )0,0, =ωω ee & ����o�W

(globally asymptotically stable)�1 0,0 →→ ωω ee �

∞→t $ 

    b�a3Scd&'m��bXY[\���

(Tracking-Error-Based; TEB)F�/[\���

(Prediction-Error-Based; PEB)��S,-:o($�

����Sd3����OP[\S��0�� 

/���9(23)=¡¢£K�¤£¥¦���§¨©

Sª«¬-F[\0$QRW¥¦� H(s)�< 

    
ωα KsKs

sH
++

=
2

1
)(  �25� 

�(23)=�:;�< 

    WP
T~)( ⋅= sHeω  �26� 

©S[\0�®��/[\�W�"¯[\

(augmented error) ςe <   

    ]ˆ)()(ˆ[ WPWP
TT

sHsHee −+= ως  �27� 

°9(27)=>?(26)=)��§¨< 

    �
~ T
P=ςe    �28� 

Z) W)(� sH= �©Sª«¬-$ 

    PEB,-./m£±²3¡lem���³P

m(gradient method)�´��µ¶�em(least-square 

method)$·¸³PmMNS,-:o(�< 

    ξˆ~
o

PPP ςe−=−= &&
 �29� 

Z)
o

P ��|CWS�}��$%:;�±«¹=

(normalized form)���< 

    
ξξ1

ξ
ˆ~

T

oP

PP

+
−=−= ςe&&

 �30� 

·¸µ¶�emMNS,-:o(�< 

    
ξξ1

ξ)(
ˆ~

T

osP
PP

+
−=−=

teς&&
 �31� 

    os
T

os PPP ξξ−=&  �32� 

Z) )0(
os

P �CW"º��$b�¡l,-:o(»

�D¼./,-�@ABCDE$��µ¶�ems

�c3�,-¬8½¾SGH��¿ÀGHSÁ��

ÂÃÃ¬8½¾���ÄÅ²3´�lem—*+Æ

Ç�ÈSµ¶�em (least square with forgetting 

factor)�Z,-:o(�< 

    
ξξ1

ξ)(
ˆ~

T

osP
PP

+
−=−=

teς&&
 �33� 

    os
T

ososos PPPP ξξ−= λ&  �34� 

Z)É�C�-�|�ÆÇ�È$ 

    cd&'GHS fÊË 1a�$Ì�b�SN

Í�OPXYS&'(�b;�< 

[ ]
[ ]KKR

KKKKKKRK
K

IN

uIuINv
u

θ
θθ

sinˆ

sinsinˆˆˆ
1111111

K
T
2

1K1K
T
2

T
1

gP

ggPWP ++++−−−− +×−−=

�35� 

����� S&'(�< 

    
1K

T

g

1K

T

f

gP

fP

−

−−
−

+−=
ˆ

ˆˆ
1

1

K

K

v

u  �36� 

    
1K

T

g

1K

T

f

gP

fP

+

++
+

+−=
ˆ

ˆˆ
1

1

K

K

v

u  �37� 

b������ SMNÎ�#?Ï 3.4 ÐaTS

� ������#?�ÑFÒÓS� ^_bÔ¶

Õ�Ö¦�67&'(
11

ˆˆ +− KK
vv � �×�:�< 

    )(ˆ
11 FKIFK

IIKmv −−⋅= −− ω  �38� 

    )(ˆ
11 RKIRK

IIKmv −−⋅= −+ ω  �39� 

Z)
RFRF
IImm �,, SWF 3.4Ð)�!���

ØÙÚ9rs� �����#?ÛÜS\
$ 

 

         Ë� cd&'GHS f 

 

������� 

ÄÝ9�×�ÛÞÝÐaßà&'��oá�¬

âãäåàOP&'æç�prsZOP[\@Aè

Ø�-Eæç���OPS³éêëXY&'ì�Â

/í¡î��9�ß�Ü$ 

 

4.1 �	
������� 

    ï��!SOP&'�oá³éêëXY&



 5

'��æç�Ø�§< 

(1) 67ðñ&'��,-CD�< 

    �,-CD�45678mÎ�²OP[\@

A�� �����ò�Ô¤Õ�Ö¦$� ���

����CÕ�SÕ�Ö¦Ô¶ó+�è���Õ�

��ô$Zõ���äåS� ö«ef=Sã÷

j
z øU 

    ω
δθ
δ

j

j

L
rz +=  

�Õ��CE������ã÷Es¯��� s

ù�@AB^_E��ÑFÒÓS� ^_úsù�

Ôû�üFÕ�S�ý¬8]��Õ���E���

�ã÷EÔ¶�%þå¨�!S@AèØ��bò¯

S�üå������S�ü�~"#�ý��ÑF

ÒÓS� ^_SèØ���+�$�B�OPK¾

	�ãK¶�
²ã÷��E���� Sö«ef

=��é���¶��(non-minimum phase)���

�GHS��W$ 

(2) cd&'� 

    ²3tuvwxmnUS,-:o(�ZOPX

Y[\FÕ�Ô¶èØ�a+cd&'�)�µ

�]µ¶�emS,-:o(F³PmS,-:o(

�OP[\eÞ�rs�+s�S@A7F@AE$

� �����#?cd&'�)S:oèØò

����Ô¤Õ�Ö¦�òÔ¶OPXY[\$�K

�,-:o(�µ¶�emScd&'����� 

�����S:�èØ� �̄dFZÄ��*+s�

S@A7+�$ 

 

4.2 ���� 

    ï��!SOP&'�oá�Â/í�p�

0.5~0.75 �~#��Â���Â���ÎÕ��

30Nt-m��+�10Nt-m��Ò��à�-a��S�

¿�ö�V�b��ÂL��&'��' !S�

Õ$�æç�Ø�§< 

(1) 67ðñ&'��,-CD�< 

    �OP[\"¨�ÂS#~�Z@A7F�' 

!S�Õ�������Â$%Ü�&*'�WS@

A7$ 

(2) cd&' 

    cd&'�S !�'�Õ(r�)67&'

������²3*ÆÇ�ÈSµ¶�emSOP[

\*r³Pm�¶���Û+SOP
��,öS-

.�/���./,-¬80¾a1$ 

 

4.3 �� 

    ÄÅ9cd&'md3��¬âãäåàOP

&'$-Eæç�2S�Ø3�cd45678m�

OP&'��4+5DS&'èØì67S89�W

7F�' !�Õ$��Â/íeÞ�1²��ÂÕ

��+�öS !:é�,-:o(&�;<67S

@A7�Z)b Lyapunov approach=>S,-:o

(4+µ�S?@�'�ÕF@A7$A�àÁ�b

µ¶�emS,-:o(4+s�S?@�'�Õ

F@A7��*ÆÇ�ÈSµ¶�emF³PmS,

-:o(sc3�,-¬ös¾SGH$ 

 

������ 

[1] B. K. Bose, T.J.E. Miller, P. M. Szczesny and W. 

H. Bickell,“Microcomputer control of switched 

reluctance motor,” IEEE Trans .on Ind. 

Appl. ,vol.22, no.4, pp.708-715, July/Aug.1986 

[2] A. R. Oza, R. Krishinan, and S. Adkar, “A 

microprocessor control scheme for switched 

reluctance motor drives,” in Proc .IECON’ 1987, 

pp.448-453 

[3] M. Ilic-Spong, R. Marino, S. M. Peresada and D. 

G. Taylor, “Feedback linearizing control of 

switched reluctance motor,” IEEE Trans. Auto. 

Control, vol. AC-32, no.5, pp.371-379, May1987.. 

[4] D.G. Taylor, M. J. Woolley and M. Ilic-Spong, 

“Design and implementation of a linearizing and 

decoupling feedback transformation for switched 

reluctance motor,” in Proc. 17th Symp. Incremental 

Motion Control Systems and Devices, Champaign, 

IL, pp.173-184, June 1988. 

[5] R. S. Wallace and D. G. 

Taylor, ”Low-torque-ripple switched reluctance 

motors for direct-driver obotics,” IEEE Trans. 

Robotics and Automation, vol.7, no.6, pp.733-742, 

Dec.1992.  

[6] R. S. Wallace and D. G. Taylor, ”A balanced 

commutator for switched reluctance motors to 

reduce torque ripple,” IEEE Trans. Power 

Electron, vol.7, pp.617-626, 1992. 

[7] I. Husain, M. Ehsani, “Torque ripple minimization 

in switched reluctance motor drives by PWM 

current control,” Proc. Of APEC 1994, pp.72-77. 

[8] P. C. Kjaer, J. J. Gribble, T. J. E. Miller, 

“High-grade control of switched reluctance 

machines,” in Proc. IEEE-IAS 31s tAnnu. Meeting, 

SanDiego, CA, 1996, pp.92-100. 

[9] D. G. Taylor, “Adaptive control design for a class 

of doubly-salient motors” in Proc .30thConf. 

Decisionand Control, Brighton, Dec.1991. 

[10] L. Ben Amor, L.-A. Dessaint, O. Akhrif and G. 

Olivier, “Adaptive feedback linearization for 

position control of a switched reluctance motor,” 

Int. J. Adaptive Contro lSignal Processing, vol.7, 

pp.117-136, 1993. 

[11] L. Ben Amor, L.-A. Dessaint and O.Akhrif, 

“Adaptive nonlinear torque control of a switched 

reluctance motor via flux observation,” 

Mathematics and Computers in Simulation. 38 

pp.345-358, 1995. 

 


