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Decoupling control strategy of bearingless induction motor under
the conditions of considering current dynamic characteristics

BU Wen-shao†, ZU Cong-lin, LU Chun-xiao
(College of Information Engineering, Henan University of Science and Technology, Luoyang Henan 471023, China)

Abstract: For the influence of stator current dynamics not being considered in the existing decoupling control strategy,
the improvement of control performance of bearingless induction motor has been limited. To solve the problem, the dynamic
model of bearingless induction motor is analyzed firstly. Then, under the conditions of taking the stator current’s dynamic
characteristics of torque system into account, the state equations of bearingless induction motor has been established. Under
the foundation of reversibility analysis, the inverse model of bearingless induction motor has been derived; based on the
inverse system method, the dynamic decoupling control strategy between motor speed, rotor flux linkage of torque system,
and two radial displacement components of suspension system, has been researched. Simulation results have shown that
the control system of bearingless induction motor not only owns higher dynamic decoupling control performance, but also
owns stronger anti-interference ability. The presented decoupling control strategy is effective and feasible; adopting the
proposed control strategy, the control system of bearingless induction motor can be simplified to some extent.

Key words: induction motors; bearingless rotors; decoupling control; stator current dynamic characteristics; rotor flux
orientation control; inverse modeling

1 ÚÚÚóóó(Introduction)
Ã¶«>Å´�«8^=°Ä�=¶g]2õU

u�N�#.>Å[1–6]. 3Ã¶«>Å�½fø¥i
�kü@½f7|,=: =Ý7|(^4éê�p1,>
6�ªÇω1)Ú]27|(^4éê�p2,>6�ª
Çω2);�ü@7|�^4éê!>6�ªÇ÷v
/p2 = p1±1, ω1 = ω20̂ ��,=��)­½��
�»�>^]2å,^±¢y=f�»�]2��[7].
Ã¶«��Eâ�^u�«�6>Å,�3ÃõÅ.
¥,Ã¶«ÉÚ>ÅØ=äkÃIdw!Ã�Þ!ÃÅ
�D(�`:,
�(�èF,Ï
äk2,�A^
cµ.

Ã¶«ÉÚ>Å¥�3E,�>^ÍÜ[8–9]. 'u
Ã¶«>Å���ïÄ,IS	®kØ�ïÄ¤J,
��¢yÃ¶«ÉÚ>Å�p5U��,7L¢yÙ
��Cþ�m�Ä�)Í._XÚ�{´Cc5�é
E,��5rÍÜXÚJÑ��«���"�5z

�{. 'uÃ¶«ÉÚ>Å�_XÚ)Í��,IS
	®kïÄ��. �´,�
{zÃ¶«ÉÚ>Å�
�XÚ�.,3yk�_XÚ)Í��ïÄ¥,õ±
=Ý7|�½f>6���Ñ\þ,
�Ñ
ÙÄ�
A5�K�[10–12],l
3�½§Ýþ��
>ÅÄ�
)Í��5U�Jp. 3Ø�Ä½f>6Ä��_)
Í��XÚ¥,�³�d, q¶=Ý7|>6©þ�m
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���ÍÜ,I�3�XÚ¥?1>6�4��"N
!;
�_XÚ�.¥�3K1=ÝCþ,I��O
�'�{éK1=ÝCþ?13�E£,l
��

_XÚ¢y�E,5.

�©±�ü4]27|�o4Ã¶«ÉÚ>Å�

��é�,JÑ
�«#L�_XÚÄ�)Í��ü
Ñ.3=ÝXÚ=f^ó½��Ä:þ,±=Ý7|
>Ø���þ,r=Ý7|½f>6�Ä��!Ú\
Ã¶«ÉÚ>Å�G��§;3dÄ:þ,|^_X
Ú�{òÃ¶«ÉÚ>Å)Í¤4����5È©f
XÚ,¢y
Ã¶«ÉÚ>Å�p5UÄ�)Í��.
Äu¤J)Í��üÑ,Ø��±���XÚ¥�>
64�N!�!,��±��_XÚ¥�K1=ÝC
þ3�E£�!,l
�3�½§Ýþ{zÃ¶«É
Ú>Å)Í��XÚ�(�.

2 ÃÃÃ¶¶¶«««ÉÉÉÚÚÚ>>>ÅÅÅ���êêêÆÆÆ���...(Mathematical
model of bearingless induction motor)

2.1 ooo444===ÝÝÝXXXÚÚÚ���êêêÆÆÆ���...(Mathematical model
of four-pole torque system)
3Ã¶«ÉÚ>Å�~$1¥,=f %Çé�,

���Ñ]2��^|é=Ý7|�K�[6]. �Ä�
>ÅSÜ½f/>6�Ä�A50!=f^|½��

�å^�/ψr1q = ψ̇r1q = 0, ψr1 = ψr1d0�,��=
ÝXÚ�Ä��©�§[6–7],Xª(1)¤«:





dis1d
dt

= −Rs1L
2
r1 + Rr1L

2
m1

σLs1L2
r1

is1d + ω1is1q+

Lm1

σLs1Lr1Tr1

ψr1 +
1

σLs1

us1d,

dis1q
dt

= −Rs1L
2
r1 + Rr1L

2
m1

σLs1L2
r1

is1q − ω1is1d−

Lm1

σLs1Lr1

ωψr1 +
1

σLs1

us1q,

dψr1

dt
= − 1

Tr1

ψr1 +
Lm1

Tr1

is1d,

dω

dt
=

p2
1Lm1

JLr1

ψr1is1q − p1

J
TL,

(1)
Ó�,>Å�ÓÚ��Ý�L«�

ω1 = ω +
Lm1is1q
Trψr1

, (2)

3ª(1)–(2)¥: is1d, is1q�=Ý7|½f>6�d, q

¶©þ; ψr1�=ÝXÚ�=f^ó; ω�=f^=�

ªÇ; ω1´ÓÚ��Ý; Lm1�dq�IX¥��ü
�=ÝXÚ�pa; Ls1� dq�IX¥���ü�=

Ý7|�ga, Ls1 =Lm1+Ls1l; Lr1�dq�IX¥�
��ü�=f7|�ga, Lr1 =Lm1 + Lr1l; Ls1l,
Lr1l©O�=ÝXÚ3dq�IX¥�½!=f¦a;
TL�K1=Ý; Tr1�=f�m~ê; p1�=Ý7|�

^4éê.

�Bu^]2å�)Í��,3dq=f^|½�
�IXe,�±ÏL>ÅíY^óÚ=f^ó�m�
'X,�Ñ=ÝXÚ�íY^ó&E




ψ1d =
Lm1

Lr

(ψr1 + Lr1lis1d),

ψ1q =
Lm1

Lr

Lr1lis1q,
(3)

ª¥ψ1d, ψ1q©O�=f^|½�dq�IXe=ÝX

ÚíY^ó�d, q¶©þ.

2.2 üüü444^̂̂]]]222XXXÚÚÚ���êêêÆÆÆ���... (Mathematical
model of two-pole suspension system)
3=ÝXÚ=f^|½��IXe,Ã¶«ÉÚ

>Å���»�^]2å�.�{
Fα = Km(is2dψ1d + is2qψ1q),
Fβ = Km(is2dψ1q − is2qψ1d),

(4)

Ù¥Km´d>Å(�û½�^]2åXê. Km�ê

ÆL�ª�[7]

Km =
πLm2

4µ0lrN1N2

, (5)

ª(4)–(5)¥: Fα, Fβ�÷·�α, β�I¶����

�^]2å©þ; is2d, is2q©O�ü4]27|

�d, q¶��>6©þ; µ0�íY^�Ç; l�>Å½

fc%�Ý; r�½fS»; Lm2�n�é¡]27|

�ü�-^>a; N1, N2©O�n�o4�Ý8¥=

Ý7|!n��4�Ý8¥]27|�z�k�Gé

*ê.
�âÄåÆ�n,��=f»�]2$Ä�§�{

mα̈ = Fα − fα,

mβ̈ = Fβ − fβ,
(6)

ª(6)¥: m�=f��þ; fx, fy´3=f %�Ïí

Y^|©ÙØ²ï
�)�ü>>^.å. fx, fy�

L�ª���±e/ª:

fα = ksα, fβ = ksβ, (7)

ª¥ks�»� £fÝXê,ÙL�ª�

ks =
kπrlB2

2µ0δ0

,

Ù¥: δ0�>Å²þíY�Ý; B�=ÝXÚ�íY

^Ï�ÝÌ�; k�P~Xê[13],éu���Ã¶«
ÉÚ>Å,��k ≈ 0.3.
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3 ���ÄÄÄ>>>666ÄÄÄ������___XXXÚÚÚ)))ÍÍÍ������üüüÑÑÑ(De-
coupling control strategy when considering
current dynamic characteristics)

3.1 ÃÃÃ¶¶¶«««ÉÉÉÚÚÚ>>>ÅÅÅ���GGG������§§§(State equations
of bearingless induction motor)
�Äo4=Ý7|�½f>6Ä�,À�XÚ�

Ñ\Cþ�

u=(u1, u2, u3, u4)T =(us1d, us1q, is2d, is2q)T, (8)

G�Cþ:

x = (x1, x2, x3, x4, x5, x6, x7, x8)T =

(α, β, α̇, β̇, is1d, is1q, ψr1, ω)T, (9)

ÑÑCþ:

y = (y1, y2, y3, y4)T = (α, β, ψr1, ω)T. (10)

rª(8)−(10)�\ª(1)−(6),��XÚ�l�G

��§Xe:




ẋ1 =x3,

ẋ2 =x4,

ẋ3 =
Km

m
· Lm1

Lr1

[(x7 + Lr1lx5)u3+

Lr1lx6u4]− fx

m
,

ẋ4 =
Km

m
· Lm1

Lr1

[Lr1lx6u3 − (x7+

Lr1lx5)u4]− fy

m
,

ẋ5 =− (γ−δ)x5+(x8+
Lm1δx6

x7

)x6+

ξδηx7 + ξu1,

ẋ6 =− (γ−δ)x6−(x8+
Lm1δx6

x7

)x5−

ξηx7x8 + ξu2,

ẋ7 =Lm1δx5 − δx7,

ẋ8 =µx6x7 − p1

J
TL,

(11)

Ù¥:

γ =
Rs1

σLs1

+
Rr1

σLr1

, σ = 1− L2
m1

Ls1Lr1

, δ =
Rr1

Lr1

,

ξ =
1

σLs1

, µ =
p2

1Lm1

JLr1

, η =
Lm1

Lr1

.

3.2 ���___555©©©ÛÛÛ(Reversibility analysis)
æ^Interactor�{,Ågé�ÑÑCþ¦�,��

w¹Ñ\Cþ��.äNL§�





ẏ1 =x3,

ÿ1 =
KmLm1

mLr1

[(x7+Lr1lx5)u3+Lr1lx6u4]− 1
m

fx,

(12)



ẏ2 =x4,

ÿ2 =
KmLm1

mLr1

[Lr1lx6u3−(x7+Lr1lx5)u4]− 1
m

fy,

(13)



ẏ3 =Lm1δx5−δx7,

ÿ3 =Lm1δ[−(γ − δ)x5+(x8+
Lm1δx6

x7

)x6+

ξδηx7+ξu1]−δ2(Lm1x5−x7),
(14)




ẏ4 =µx6x7 − p1

J
TL,

ÿ4 =µx7[−(γ − δ)x6−(x8+
Lm1δx6

x7

)x5−

ξηx7x8 + ξu2] + µδx6(Lm1x5 − x7).
(15)

-

Y = (ÿ1, ÿ2, ÿ3, ÿ4)T. (16)

�â¤ÀG�Cþ,ª(3)C�




ψ1d =
Lm1

Lr1

(x7 + Lr1lx5),

ψ1q =
Lm1

Lr1

Lr1lx6,
(17)

�âª(12)−(16),��ª(16)éÑ\Cþ�JacobiÝ

�

A=
∂Y

∂u
=




0 0
Km

m
ψ1d

Km

m
ψ1q

0 0
Km

m
ψ1q

Km

m
ψ1d

δξLm1 0 0 0
0 µξx7 0 0




.

(18)

XÚ�~$1¥, d¶�=f^ó!íY^ó�Ñ

Ø�0. Ïddet(A) 6= 0, rank(A) = 4,ä�'Ý
´
÷��. XÚ��é��: α = (α1, α2, α3, α4) = (2,

2, 2, 2). �k
∑

αi = 8 = n.Ïd,dª(11)¤£ã�
XÚ´�_�.

3.3 ÃÃÃ¶¶¶«««ÉÉÉÚÚÚ>>>ÅÅÅ���___XXXÚÚÚ���...(Inverse system
mathematical model of bearingless induction
motor)
-_XÚ�Ñ\þ�

ν = (ν1, ν2, ν3, ν4)T = (ÿ1, ÿ2, ÿ3, ÿ4)T, (19)

òª(11)−(15)�\ª(19),�n��
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


u1 =
1
ξ
[

1
δLm1

v3 + γx5 − δ(ξη +
1

Lm1

)x7−

(x8 +
Lm1δx6

x7

)x6],

u2 =
1
ξ
[

1
µx7

v4 + γx6 + x5x8 + ξηx7x8],

u3 =
Lr1

Lm1Km[(x7 + Lr1lx5)2 + (Lr1lx6)2]
×

[(x7 + Lr1lx5)(mν1 + fx) + Lr1lx6·
(mν2 + fy)],

u4 =
Lr1

Lm1Km[(x7 + Lr1lx5)2 + (Lr1lx6)2]
×

[Lr1lx6 · (mν1 + fx)−
(x7 + Lr1lx5)(mν2 + fy)],

(20)
ª(20)=��Ä>6Ä�K���Ã¶«ÉÚ>Å_
XÚêÆ�.. �yk©z�Ñ�Ø�Ä>6Ä��
_XÚ�.�',Ì�«O3u: T_XÚ�.¥Ø
2¹kK1=ÝCþTL.

4 )))ÍÍÍ������XXXÚÚÚ���nnnÜÜÜ(Decoupling control
system integration)
òª(20)¥�_XÚ�.Gé3Ã¶«ÉÚ>Å

��XÚ�.�c,KÃ¶«ÉÚ>ÅXÚ=�Ö�
)Í�4��5��È©fXÚ.��Ä�¢SA^
¥>Åëê�CzÚÙ¦�«Ï��K�,�fXÚ
¿�n��5XÚ,I���(�)�5fXÚ�ON
\4���ì,5¢yXÚ�p5U��.

²_XÚ)Í���4�fXÚ,þ�D4¼ê
/G(s) = 1/s20��5é�,À^�c¢�N!ì=
�¼�ûÐ����J.���c¢�Ö�ì�D4

¼ê���

Gc(s) =
K(τ1s + 1)
(τ2s + 1)

,

K�)ÍfXÚ�m�D4¼ê�

Gol(s) =
K(τ1s + 1)
s2(τ2s + 1)

.

XÚ�m�éêÌªA5�

L(ω) = 20 lg K + 20 lg
√

1 + ω2τ 2
1 −

20 lg
√

1 + ω2τ 2
2 + 40 lg ω,

�ªA5�

∠G(jω) = arctan τ1ω − arctan τ2ω − 180,

��üÝ�

γm = arctan τ1ωc − arctan τ2ωc.

e�=�fXÚ�Ö�ì¢��m~ê�τ2

= 0.005 s,XÚ�m���ªÇωc = 30 rad/s,��
üÝγm = 1 rad,Ö�ìOÃ���K = 650. �)
�TÖ�ì��c�m~ê�τ2 = 0.0743 s,K=�
fXÚ�m�D4¼ê�

Gol(s) =
9659(s + 13.46)

s2(s + 200)
,

4�D4¼ê�

Gol(s) =
9659(s + 13.46)

s3 + 200s2 + 9659s + 2280
.

Ù¦fXÚ4���ì��O�{aq.

ã1¤«�)Í��XÚ�n(�ã. �Ø�Ä½
f>6Ä��)Í��XÚ�',æ^�©JÑ�)
Í��üÑ,�¦��XÚ3�N(�þ�±{z.

ã 1 �Ä>6Ä��Ã¶«ÉÚ>Å)Í��XÚ�nã

Fig. 1 Decoupling control system of bearingless induction motor when considering current dynamic characteristics
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1) 3Ø�Ä½f>6Ä��)Í��XÚ¥,
�XÚ±is1dÚis1q���Ñ\þ,I��O>64
�N!ìâUk�³�Ùm���ÍÜ;
3�Ä
>6Ä��_)Í��XÚ¥,�XÚ±us1dÚ

us1q�Ñ\��þ,ü½f>6©þ�Ä�A5®
3�XÚÚ_XÚ�.¥���Ä,Ùm�ÍÜ'
X�ÏL_XÚ{��)Ø,l
�XÚ¥�>6
4�®Ã7�.

2) Ø�Ä>6Ä��Ã¶«ÉÚ>Å_XÚ�
.¥�3K1=ÝCþ;
�Ä>6Ä��_XÚ
�.¥,Ø�3K1=ÝCþ,l
��KK1=
ÝCþ�3�E£�!.

5 XXXÚÚÚ���ýýýïïïÄÄÄ(Simulation research of con-
trol system)
��y�©JÑ�)Í��üÑ�k�5,±

�4]2���o4Ã¶«ÉÚ>Å�é�,U
ã1���XÚ(�,|^MATLAB/Simulink?1

XÚ�ýïÄ.Ã¶«ÉÚ>Å�n�Åëê:
r=62 mm, l = 0.82 mm, δ0 = 0.6 mm;9Ï¶«m
Yδ1 = 0.2 mm; o4=ÝXÚ: P = 2.0 kW, Rs =
1.6 Ω, Rr = 1.423 Ω, Ls1l = 0.0043 H, Lr1l =
0.0043 H, Lm1 = 0.0859 H, J = 0.024 kg·m2;�4
^]2XÚ: Rs2 = 2.7 Ω, Ls1l = 0.00398 H, Lr1l

= 0.00398 H, Lm2 = 0.230 H.

��XÚ��ý^�: 1)Ð©»� £α0 =
−0.12 mm, β0 = −0.16 mm. 2)XÚ�Ð©�½&
Ò©O�: ω∗ = 1500 r/min, ψ∗r1 = 0.9 Wb; α∗=β∗

= 0.0 mm;XÚ�1åÄ. 3)��yXÚ�)Í�
��J,3�ýL§¥¦=�!=f^ó!ü�»�
 £©þ�A��½&Ò3ØÓ��u)/âC0.

Xã2−5¤«�XÚ�ý�A­�,ã¥�¢�
�Ñ
�Ä>6Ä���XÚ�A;�Bué'©
Û,ã¥�±:�/ª�Ñ
Ø�Ä½f>6Ä�
��XÚ�A.

dã2−5¥�¢��wÑ:

1) �1åÄ�,>Å�=�30.15 sSU×��
��½�,�Nþ35%±S;=f^ó30.1 sS�
�­½G�;=fU
­½å2,ü»� £©þ
30.15 sS��­½�,�NÑ30.015 mm±S;X
ÚäkåÄ�A¯!�Nþ��`:.

2) �=f^ó!=�!α, β�4�Cþ¥�?Û
��u)Cz�,Ù{���þA��ÉK�,L
²=�!=f^óÚü»� £©þ�m¢y
�

��)Í��.

3) �K1ÛÝu)âC�,=�Ú^ó¤É�

K�4�,¿U�ªé¯¡E­½�;ü�»� 
£©þÄ��ÉK�.�ý(JL²��XÚäk
�r�|K1LÄUå.

�âã2−5¥�¢��:�é': �Ä>6Ä
�A5��,>Å�Ä�)Í��5U��
²w
Jp. äNLy3:

1) 3�Ä>6Ä��,>Å�=�!=f^ó
�±�¯/��­½G�,
�=�!=f^ó�
�Nþ�é~�.

2) 3=�âC�,�Ä>6Ä���=f^ó
ÅÄ��;3K1âC�,eØ�Ä>6Ä�,=�
k�þÅÄ,
�Ä½f>6Ä���,=�Ä�
ØÉK�.

ã 2 =��A­�

Fig. 2 Response curve of speed

ã 3 =f^ó�A­�

Fig. 3 Response curve of rotor flux linkage

Ã¶«>Å��$1u�p=�,��
é$
���)Í��5Uk¤
),?1
$��ýÁ
�ïÄ.�XÚ�Ð©�½&Ò�cã�Ó;Ó�,
��yXÚ3$�ã�)Í���J,¦=�!=
f^ó!ü�»� £©þ�A��½&Ò3ØÓ

��u)âC.ã6−7¤«�$���=�Ú^ó
�A­�,
$��ü»� £©þ��A­��
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ã4−5Ä��Ó,�u�Ì,d?Ø2�Ñ.ÏL
é/�Ä0�/Ø�Ä0>6Ä�ü«�¹��A

­�é'��: �Ä½f>6Ä�K��,$��
EU�±�Cþ�mûÐ�)Í��5U;Ó�^
�e,�Ø�Ä>6Ä��!�',�,$��=
��Nþ�¡`³Ø²w,�Eäk�¯��A�
Ý!�é�r�|K1LÄUå.

ã 4 α��»� £�A­�

Fig. 4 Response curve of α radial displacement

ã 5 β��»� £�A­�

Fig. 5 Response curve of β radial displacement

ã 6 �$=���=��A­�

Fig. 6 Response curve of speed on lower speed

ã 7 �$=���=f^ó�A­�

Fig. 7 Response curve of rotor flux on lower speed

6 (((ØØØ(Conclusions)
�éÃ¶«ÉÚ>Å�õCþ!��5!rÍÜ

5¯K,3�Ä=Ý7|>6Ä��^�e,ïá

Ã¶«ÉÚ>Å9Ù_XÚ�Ä�êÆ�.;Ï
L_XÚ�{,rÃ¶«ÉÚ>ÅXÚ)Í�=
�!=f^óÚü»� £©þ�4�äk�5D
4'X���È©fXÚ,¿?1
fXÚ�4�
nÜ�O.�Ø�Ä½f>6Ä��yk�{�
',æ^�©JÑ�)Í��üÑ,���/�X
Ú0¥�>64�N!�!,±9/_XÚ0¥�
K1=Ý3�E£�!,l
3�½§Ýþ{z

Ã¶«ÉÚ>Å)Í��XÚ�(�. XÚ�ý(
Jy²: �Ä½f>6Ä�K��,Ø�U¢y=
�!=f^ó!ü�»� £©þ�m���)Í

��,XÚ�äk�¯�!�­½�Ä��AA5,
±9�r�|K1LÄUå.
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