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Abstract In accordance with characteristics of V/F inverter and two-motor system, the

united mathematic model of two-motor variable frequency speed-regulating system with V/F

is given. The system is proved to be invertible and the inverse system can be constructed by a

dynamic neural network consisting of a static neural network and an integrator. A linear sub-

system of speed and a linear sub-system of tension can be obtained by combining the inverse

neural network with the two-motor variable frequency speed-regulating system. Speed and

tension control of two-motor variable frequency speed-regulating system can be decoupled

by the neural network inverse synchronous control method, and high performance control

can be obtained by designing linear close-loop adjustors of speed and tension. Experiments

show that the system has good static and dynamic performances and high anti-disturbance

of load. Thus a difficult problem of multi-motor synchronous decoupling control is solved.
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Fig. 1 Equivalent of V/F inverter + induction motor
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dωr

dr
=
np

J
(Te − TL) =

n2
p

J
(ψsαisβ − ψsβisα) −

np

J
TL

dψsα

dt
= (kω1 + C) cosω1t−Rsisα

dψsβ

dt
= (kω1 + C) sinω1t−Rsisβ

disα

dt
= Rr

LsLr − L2
m

ψsα + Lr

LsLr − L2
m

ωrψsβ − RrLs + LrRs

LsLr − L2
m

isα − ωrisβ+

Lr

LsLr − L2
m

(kω1 + C) cosω1t

disβ

dt
= Rr

LsLr − L2
m

ψsβ − Lr

LsLr − L2
m

ωrψsα − RsLr + LsRr

LsLr − L2
m

isβ + ωrisα+

Lr

LsLr − L2
m

(kω1 + C) cosω1t

(2)

 2 isα, isβ 34�êë56789: (α, β) ;,<=*>�ψsα , ψsβ 34� (α, β) ;,<=?@�TL �ABCD�J �CEFG�(Rs, Rr) H (Ls, Lr) 34�<IC=,*JH*(�Lm �K(�np �()*+,LM-�ωr �*+,*NOPQ�RSTUV�WXYZ ,&�' +()*+"[ 1�\,]^�_`ab<c��5&�dP*+9e,PQHfgh�ijkG�5l&�',m<h�no�5&�dP*+9e,pqjkr[s[ 2 �\�[21K �tu9-vT �fg&wxyz-v
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r2, k2, ω2r 34�} 2
l{|~,��IPWH} 2
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Fig. 2 Speed and tension open-loop control diagram of

two-motor variable frequency speed-regulating system
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x =[x1, x2, x3, x4, x5, x6, x7, x8, x9, x10, x11]
T =

[ω1r, ψ1sα, ψ1sβ , i1sα, i1sβ , ω2r, ψ2sα, ψ2sβ , i2sα, i2sβ , F ]T

no&G1u = [ω11, ω21]
T = [u11, u21]

T

n¦&G�1y = [y11, y21]
T = [ω1r, F ]T = [x1, x11]
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y11 = x1,

�

(3)  �Ä¦
{

x2 = x2(ẏ11, y21, x4, x5)

x3 = x3(ẏ11, y21, x4, x5)
(4)

ÅÂÃ
y21 = x11, ÆÇ��Ä¦

x6 = x6(ẏ21, y21, y11) (5)

È#¯"






















ÿ21 =
K

T
(

1

np1
r1k1ẏ11 −

1

np2
r2k2ẋ6) −

ẏ21

T
=

K

T
[

1

np1
r1k1ẏ11 −

1

np2
r2k2(

n2
p2

J2
(x7x10 − x8x9) −

np2

J2
(TL2 − r2y21))] −

ẏ21

T

C2 = x2
7 + x2

8

(6)

ÉÊ�¢
{

x7 = x7(ẏ11, ÿ21, ẏ21, y21, x9, x10)

x8 = x8(ẏ11, ÿ21, ẏ21, y21, x9, x10)
(7)

Â
(3)  Mn¦ËÄ-ÌÍÎÏno�¢T9enon¦Ð3ZÑ,ÒÓÔ 

{

ÿ11 = ω̈r1 = ζ2(ẏ11, y11, ẏ21, y21, x4, x5, u11)
...
y 21=

...

F= ζ4(ẏ11, y11, ÿ21, ẏ21, y21, x4, x5, x9, x10, u11, u21)
(8)

Õ
Jacobi DÖ�

A(x,u) =





∂ÿ11
∂u11

∂ÿ11
∂u21

∂
...
y 21

∂u11

∂
...
y 21

∂u21



 =

[

B 0

E D

]

(9)

 2 B,E,D, A(x,u) H Det(A(x,u)) ×ØÙ�
Æ� σ1 � 1, σ2 � 1,

1

σ1

ψ11

Ls1
> i11,

1

σ2

ψ21

Ls2
> i21, k, C H k′, C′ �z-�ÚÛxy,ÜÝ�[(ku2 + C)t sin 2u11t − k cos 2u11t] 6= 0, [(ku21 + C′)t sin 2u21t − k′ cos 2u21t] 6= 0, ��

Det(A(x,u)) 6= 0,
9e�Þ�9e,6Mß-

α = (α1, α2) = (2, 3), à α1 + α2 = 2 + 3 = 5 < n.Âáâ-ã�<äå� (3)
,Þ9e�æ\�

u = [u11, u21]
T = U(

...
y 11, ẏ11, y11,

...
y 21, ÿ21, ẏ21, y21, x4, x5, x9, x10) (10)



6 � ������������������������ 895

4 ³´µ¶·¸¹º»¼çèéê¾ëì
ÂÃ()*+,-./0�íî,ïßI�ð%Iñ&G9e��x|¤òó,Eg.ô%íî�fgq,õöM÷-./0ÒÓøù�ÆÇúûËüýþÞÿ�øù,��Íÿ���,��Ý�9e�-x&���/E¥,�	�ô4ÿ()*+C=*J
��,&w�ÞjkZ���`Ã���"#<,���������,�ð%���g�Þ9eZ�6� �)`����!"#Þ9e�Õ�$%ýþÞ9eZ�2ã�,ËÞ,øù�íî�ð%9e,Þjk)`&����'()*+¦,����Þ9eÿÂ,¥���� (MLN

�
RBF

�
)
Ý�-./3'"&,�ü2,¥����`Ãæ0Þ9e,�ð%1239�/3'æ0Þ9e,E¥ô%��ü45�5&�dP*+9e6¢T5.7ý8,PQ�fgð%=9e�9�)`ð%9eä:MüÈY;qjk�í 9e,�"s[ 3 �\�

�
3 ���������<=>?@�� (ABCABD)

Fig. 3 Compound feign linear system of two-motor variable frequency speed-regulating system
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Fig. 4 Decoupling control of two-motor variable frequency

speed-regulating system with neural network inverse

,¥����P`J` MLN
���á`��a,bcâ-�OdYd,ef�gâ-�n¦`Â!"ð%h±bcâ-,��aG&�,¥�����!" 11 noH 2 n



896 § ¨ © ª « 31¬
¦,�"�á`��a,-i�� 17.jk����ÞjkZ�,¯l�mno�����pq-r�M����ÈYpq�pqKst� {ω̈1r, ω̇1r, ω1r,

...
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Fig. 5 Practical photograph of experimental equipment

mn�5l&�'R��UV�WXY/ �̀ ² ��XY��³,Ú+PQm<ÈYpqXY�XYxy� 200´�PKxy 0.1´�PK¡µã-r�`² ��XY��³,Ú+PQm<HÚ+fgm<ÈY;qXY�PK¡µã-r�[ 6 � 20Hz
e;q	)[�e;q PI

�-� S1Kp = 0.5, S1Ti = 0.5, T1Kp = 3.5, T1Ti = 0.6, ¶·� 3Hz.

(a) ¸¹º» (b) ¼½º»�
6 ¾ ¿À

Fig. 6 Response of close-loop
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PQHfg×P` PD

dÔØÏ[2í jkØÙ�ÚÓÛS1Kp = 0.3, S1Td = 1, T1Kp = 7, T1Td = 3. Ü4ÈYÝEÞ�IßÝ /
ß�ABÞ�Iý8^à�áÞ�Ò

�
7
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Fig. 7 Control block diagram of neural network inverse

PQm<Ó
63rad/s

Ifgm<Ó 28kg
IABÝEFÏâ 80 ´xß�AB (30%

®<±
),
â

120 ´xßÝBÏãP`����Þ9ejkxÏPQHfgÙ	ä×[ 8.

(a) ¸¹º» (b) ¼½º»�
8
�������å���æ��¿À

Fig. 8 Speed and tension response with neural network inverseâ
120 ´xPQm<É 62rad/s

ßÝT
90rad/s, fgm<Ó 28kg, ãP`����Þ9ejkxÏPQHfgÙ	ä×[ 9(a); ãP`OçÙ PI jkxÏü	ä×[ 9(b).

â
120 ´xfgÉ 26kg

ßÝT
28kg,

PQm<
62rad/s, ãP`����Þ9ejkxÏPQHfgÙ	ä×[ 10(a); ãP`OçÙ PI jkxÏPQHfgÙ	ä×[ 10(b).ÓM\�jk9eÙèéê�ÏmijëeìíÙvwîïhÓ�RnoÏRðëePQÙ	äfðÏ\�jk^àÏm¦M����ÞëejkHOç PI jkñÙèé	äfðÏhÓMWÏfgmòÓ 28kg.
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(a) óôõö÷øù (b) úû PI øù�
9 ��æ��¿À (

^_
1)

Fig. 9 Speed and tension response (decoupling control 1)

(a) óôõö÷øù (b) úû PI øù�
10 ��æ��¿À (

^_
2)

Fig. 10 Speed and tension response (decoupling control 2)[
11
ÓUVüWjkZýñÏPQmòÓþv 40 ´JOÂxÏ����ÞjkHOç

PI jkÙPQèé	äfðÒ

(a) óôõö÷ÿ�øù (b) úû PID øù�
11 �������¿À�?

Fig. 11 Response curve of triangle-wave speed trackÉ��	Ö
��ü���ë�P�����Þë����ë�Ù������



6 � ����� !"#$%&'()*+,-./012 899

3456Ï7ë�89:;Ù<=>?@ÙA��èéA�BCD�EFÙ PI ��ìAGH3ë������Ù56��I
6 JK

LMNä��OPQRSTUVOWXYZ[\Y]�^_�B`�abcdO@�Qe\UVB��fOghijPQRSklmnBeop�����qrst6uBv
FwOxyP PI

����kGz{I|i}~�������Oe�B�
4������_�O��PQRSBE���\��B���_���ID�������	H3������_�O�����O56��B�����X����XO�[\�O�_�B�o��������_�OUu���IE�i��_�O=>Y56�����B� ¡� PI ��O�:B��4�����_���¢£¤¥�	¦�M]��`§_�O56��BT]��`§��¨©4�ª«O��¬I
References

1 Song Seung-Ho, Sul Seung-Ki. A new tension controller for continuous strip processing line. IEEE Transac-

tions on Industry Applications, 2000, 36(2): 633∼638

2 Song Seung-Ho, Sul Seung-Ki. Design and control of multispan tension simulator. IEEE Transactions on

Industry Applications, 2000, 36(2): 640∼648

3 Yoshiro Seki, Kunio Sekiguchi, Yoshiharu Anbe. Optimal multivariable looper control for hot strip finishing

mill. IEEE Transactions on Industry Application, 1991, 27(1): 124∼130

4 Hiroyuki Imanari, Youchi Morimatsu, Kunio Sekiguchi. Looper H-infinity control for hot-strip mills. IEEE

Transactions on Industry Application, 1997, 33(3): 790∼796

5 Okada M, Murayama K, Urano A, Iwasaki Y. Optimal control system for hot strip finishing mill. Control

Engineering Practice, 1998, 6: 1029∼1034

6 Timothy Hesketh, Jiang Yu-an, David Clements J. Controller design for hot strip finishing mills. IEEE

Transactions on Control Systems Technology, 1998, 6(2): 208∼219

7 Dai Xian-Zhong, Liu J, Feng C, He Dan. Neural network αth inverse system method for the control of

nonlinear continuous systems. IEE Proceedings Control Theory and Application, 1998, 145: 519∼522

8 Dai Xian-Zhong, He Dan, Zhang X, Zhang T. MIMO system invertibility and decoupling control strategies

based on ANN αth order inversion. IEE Proceedings Control Theory and Application, 2001, 148(2): 125∼136

®¯°
1991 ±²³´µ¶·¸¶¹º»¼½¾µ¶¿ÀÁÂÃÄº·¸ÅÆÇÈÉÊËÌÍÎÏÐÂÑÒÏÓÔÓÕÖ×ØÙÚÛÔÜÝÞÚÛßàáâãÈ

(DAI Xian-Zhong Received his Ph.D. degree from Tsinghua University of China in 1991. He is now

a professor in the Department of Automatic Control at Southeast University. His research interests include

intelligent control and nonlinear control for power system, motor and robot.)äåæ
2002 ±²½¾µ¶·¸¶¹º»¼çèµ¶ÃÄº·¸ÅÆÇÈÉÊËÌÍÎÜÝÞÚÛÔéÀÚÛßàáâãÈ

(LIU Guo-Hai Received his Ph.D. degree from Southeast University of China in 2002. He is now professor

in School of Electrical and Information Engineering at Jiangsu University. His research interests include nonlinear

control and motion control.)

êë
B =

n2

p1

J1

{
Lr1

Ls1Lr1 − L2

m1

[(kx2 sin u11t− kx3 cos u11t) + t(ku11 + C)(x2 cos u11t+ x3 sin u11t)]+

k(x5 cos u11t− x4 sin u11t) + t(ku11t) + t(ku11 + C)(−x5 sin u11t− x4 cos u11t)}
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E =

Kr1k1

T

np1

J1

{
Lr1

Ls1Lr1 − L2

m1

[(kx2 sin u11t− kx3 cos u11t) + t(ku11 + C)(x2 cos u11t+

x3 sin u11t)] + k(x5 cos u11t− x4 sin u11t) + t(ku11 +C)(−x5 sin u11t− x4 cosu11t)}

D =
Kr2k2

T

np2

J2

{
Lr1

Ls1Lr1 − L2

m1

[(k′x7 sin u21t− k
′

x8 cos u21t) + t(k′u21 + C
′)(x7 cos u21t+

x8 sin u21t)] + k
′(x10 cos u21t− x9 sin u21t) + t(k′u21 + C

′)(−x10 sin u21t− x9 cosu21t)}

Det(A(x,u)) = −
Kr2k2

T

np2

J2

n2

p1

J1

{
Lr1

Ls1Lr1 − L2

m1

[(kx2 sin u11t− kx3 cos u11t) + t(ku11 +C)

(x2 cos u11t+ x3 sin u11t)] + k(x5 cosu11t− x4 sin u11t) + t(ku11 + C)(−x5 sin u11t−

x4 cos u11t)}{
Lr1

Ls1Lr1 − L2

m1

[(k′x7 sin u21t− k
′

x8 cos u21t) + t(k′u21 + C
′)(x7 cosu21t+

x8 sin u21t)] + k
′(x10 cos u21t− x9 sin u21t) + t(k′u21 + C

′)(−x10 sin u21t− x9 cosu21t)}òóôõö%÷øùú (ûüýþÿ��),
õö����õö%ø 90 ��õö���õö%	
�/���� ψ11 � i11 ������%&)õö���õö%	�ψ21 � i21 ������%&)õö���õö%	��

x2 = ψ11 sin u11t, x3 = ψ11 cos u11t, x4 = i11 sin u11t, x5 = i11 cos u11t

x7 = ψ21 sin u21t, x8 = ψ21 cos u21t, x9 = i21 sin u21t, x10 = i21 cosu21t

�����
Det(A(x,u))

���

Det(A(x,u)) = −
Kr2k2

T

np2

J2

n2

p1

J1

[
1

Ls1σ1

kψ11(sin
2
u11t− cos2 u11t) +

1

Ls1σ1

ψ11(ku11+

C)t sin 2u11t+ ki11(cos
2
u11t− sin2

u11t) + (ku11 + C)(−ti11 sin 2u11t)]

[
1

Ls2σ2

k
′

ψ21(sin
2
u21t− cos2 u21t) +

1

Ls2σ2

ψ21(k
′

u21 + C
′)t sin 2u21t+

k
′

i21(cos
2
u21t− sin2

u21t) + (k′u21 + C
′)(−ti21 sin 2u21t)] =

−
Kr2k2

T

np2

J2

n2

p1

J1

(
1

Lsσ1

ψ11 − i11)[(ku11 + C)t sin 2u11t− k cos 2u11t]

(
1

Ls2σ2

ψ21 − i21)[(k
′

u21 + C
′)t sin 2u21t− k

′ cos 2u21t]

�� σ1 = 1 −
L2

m1

Ls1Lr1

, σ2 = 1 −
L2

m2

Ls2Lr2

������%&����%&) �'!�


