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Magnetic levitation linear motor H-infinity robust controller design and
optimization of ant colony algorithm

LAN Yi-peng†, LIU Yu-fei
(School of Electrical Engineering, Shenyang University of Technology, Shenyang Liaoning 110870, China)

Abstract: Magnetic levitation permanent magnet linear motor has the characteristics of magnetic suspension and direct
drive, and in the structure of the motor the mechanical transmission of the intermediate links is cancelled. For the existence
of parameters perturbation and outstanding external disturbance in the process of magnetic levitation and direct drive
running which due to suspension height is different, H-infinity robust controller based on ant colony algorithm is designed
to ensure that the system has good robustness to these uncertainties. Establish the state space model of the magnetic
levitation permanent magnet linear motor contains parameter perturbation and external disturbance. Riccati inequality that
does not need to satisfy the regularity condition is deduced, and the analytical expression of robust H-infinity controller is
given. For difficulties in selecting weighted matrix of H-infinity controller, using ant colony algorithm for optimization.
Finally, simulation of control system is studied in the matlab environment, the simulation result shows that the performance
of maglev linear motor control system based on ant colony algorithm is obviously improved than before, illustrates the
feasibility and effectiveness of the method.

Key words: maglev magnet linear motor; robust control; ant colony optimization; Riccati inequality
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J.¢D�{kér�Ï`Uå,äk2��·A5
ÚûÐ�°�5[7],�Ø·Ü^u�ê�p���¯
K,AO´,�`zëê�õ�?èÚ)èÑké�
(J.

¬+�{(ant colony algorithm)´�«Äu«+
�éuª�)?zXÚ.¬+�{�¹·A�ãÚ�
��ã[8–10]. 3·A�ã,�ÿÀ)�âÈ\�&E
�ØäN�g�(�. 3���ã,ÿÀ)�mÏL
&E��6,l
�)÷vH∞°�5U�\�Ý
.

nþ¤ã,�©JÑ�«Äu¬+�{�^]2
��>ÄÅH∞°���ì�O.ïá�¹^]2[
^��>ÄÅëê�ÄÚ	.Z6�G��m�..
?
í�ÑH∞°���ì�)ÛL�ª. é\�Ý

æ^¬+�{?1Ï`. ��é��XÚ?1�ý
ïÄ.

2 ^̂̂]]]222[[[^̂̂������>>>ÅÅÅH∞°°°���������ììì������
OOO(H-infinity robust controller design for
magnetic levitation linear motor)

2.1 êêêÆÆÆ���...(Mathematical model)

^]2[^��>ÄÅ�O3ó�:NCUì]

2pÝ�±7^½�^,äkA½�]2pÝ��X
Ú,´���)d¶>6!]2pÝ( �)�V4�X
Ú.3]2pÝ�½�,ÏLN!>Í>65��>
^íå.

^]2[^��>ÄÅ?�XÚ�êÆ�.£ã

� 



dv

dt
=

Kf

G
iq − 1

G
(Fl + Fd),

diq
dt

= −Rs

L
iq − npπΨf

τL
v +

1
L

uq,

ds

dt
= v,

(1)

Ù¥: G�Äf�þ, Fd�àÜ�Aå, Fl�K1{

å, v´Äf��Ý, s�Äf £, Rs�Äf>{, τ

�4å, π�~ê, L�d, q¶>a, Ψf�[^NÄÅy

^^ó, np�4éê, Kf�>^íåXê, uq, iq©O

�q¶Äf>ØÚ>6. -

x = [x1 x2 x3]T, x1 = v,

x2 = iq, x3 =
w T

0
vdt.

du>Å¥>Í£´>6Úå>{§Ýþ,,�
�RsCz,¿�^´�Ú§ÝØÓ,Úå>aLCz,
�[^N¿^�Øþ!5,AO´]2pÝØÓ,�
�Ψfu)Cz. ÏdI��Äëê�Ä¯K.�A/
��é��G��m¢y�

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

ẋ =



0
Kf

M
0

npπΨf

τL
(1+∆1(t)) − Rs

L
(1+∆2(t)) 0

1 0 0


x+




0
1
L

(1+∆3(t))

0


u +




1
M
0
0


ω,

z =



√

q1 0 0
0

√
q2 0

0 0
√

q3


x +




0
0√
ρ


 ,

y = x,

(2)

y�XÚÑÑ, z�µd&Ò, u���Ñ\; ∆1(t),
∆2(t),∆3(t)© O � Ø ( ½ 5 ë ê � Ä, δ1 =
max∆1(t), δ2 = max∆2(t), δ3 = max∆3(t). þ
ª{��




ẋ = (A + ∆A)x + B1w + (B2 + ∆B)u,

z = C1x + D12u,

y = x,

(3)

Ù¥: �ÄÝ


[∆A ∆B] = EΣ[Fa Fb], (4)

C1ÚD12�\�XêÝ
, C1 = diag{√q1,
√

q2,√
q3}, D12 = [0 0

√
ρ]T, q1, q2, q3, ρ©O´G�C

þÚ��Ñ\�\�Xê. ØJ�y,d�Ø÷v
DT

12[C1 D12] = [0 I]��K^�,e¡í�T��ì
�)ÛL�ª.

2.2 H∞°°°���������ììì���OOO(Design of H-infinity ro-
bust controller)

�O>ÄÅ�H∞°���ì

u = Kx, (5)

¦:

1) 4�XÚSÜ­½;

2) ÷vH∞5U�I||Tzw(s)||∞ < 1.

ò��ì9�ÄÝ
�\ª(3)¿�n��{
ẋ = (Ak + ∆Ak)x + B1w,

z = Ckx,
(6)

Ù¥:

Ak = A + B2K, ∆Ak = EΣFK,

FK = Fa + FbK, Ck = C1 + D12K, (7)

KH∞°�5UOK

||Tzw(s)||∞= ||CK(sI−Ak−∆AK)−1B1|| < 1. (8)
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�â©z[11],K�3·���½Ý
P ,¦�

P (Ak + ∆Ak) + (Ak + ∆Ak)TP +

PB1B
T
1 P + CT

k CK < 0 (9)

éu?Û�Σ ∈ Ω¤á.

3�K^�DT
12[C1 D12] = [0 I]�åe,�Ñ�

RiccatiØ�ª9�A���ìL�ª,du�Ä�K
^�,�3^��¯K�C¯K�)�%C�¯K�
),ù«�{�3Ø�,
�Øäk��5,3äN�
.¥�A^É���.¿�,3`z¯K¥éJ��
÷v�K^��ëê,�d,e¡�Ñ���¹e�
RiccatiØ�ª±9�A��ì�)ÛL�ª.

½½½nnn 1 éu�½���é�(3)Ú(4),�3G
��"��ìKÚé¡�½
P ,¦�ª(9)éu?¿
�Σ ∈ ΩÑ¤á�¿©7�^�´�3Iþε > 0,
¦�RiccatiØ�ª

ATP + PA + P (BBT + ε−1EET)P + CT
1 C1 +

εFT
a Fa − (PB2 + εFT

a Fb + CT
1 D12)(DT

12D12 +

εFT
b Fb)−1(BT

2 P + εFT
b Fa + DT

12C1) < 0 (10)

k�½),Kdª(3)−(5)|¤�4�XÚSÜ­½,
�÷vH∞°�5UOKª(8),�A��ì�

K =

−(DT
12D12+εFT

b Fb)−1(BT
2 P +εFT

b Fa+DT
12C1).

(11)

yyy 1) 7�5. òª(7)�\ª(9),Ðm�

ATP + PA + (B2K)TP + PB2K + PB1B
T
1 P +

(C1 + D12K)T(C1 + D12K) + [E
∑

(Fa +

FbK)]TP + P [E
∑

(Fa + FbK)] < 0. (12)

�â©z[12]�Ún2.1,�

ATP + PA + KT(BT
2 P + εFT

b Fa + DT
12C1) +

(PB2 + εFT
a Fb + CT

1 D12)K + KT(DT
12D12 +

εFT
b Fb)K + P (B1B

T
1 + ε−1EET)P +

CT
1 C1 + εFT

a Fa < 0. (13)

3þªü>Ó�\þ�

(PB2 + εFT
a Fb + CT

1 D12)(DT
12D12 + εFT

b Fb)−1·
(BT

2 P + εFT
b Fa + DT

12C1),

�n�

ATP + PA + P (BBT + ε−1EET)P + CT
1 C1 +

εFT
a Fa + NT(DT

12D12 + εFT
b Fb)N − (PB2 +

εFT
a Fb + CT

1 D12)(DT
12D12 + εFT

b Fb)−1 ·
(BT

2 P + εFT
b Fa + DT

12C1) < 0, (14)

Ù¥

N = K + (DT
12D12 + εFT

b Fb)−1 ·
(BT

2 P + εFT
b Fa + DT

12C1).

-N = 0,����ì�

K =

−(DT
12D12+εFT

b Fb)−1(BT
2 P +εFT

b Fa+DT
12C1).

2) ¿©5. b��3·��ε > 0¦RiccatiØ�
ª(10)ké¡�½)P ,�E��ìKXª(11),dª
(10)Úð�ª

K + (DT
12D12 + εFT

b Fb)−1(BT
2 P +

εFT
b Fa + DT

12C1) = 0

�

ATP + PA + P (BBT + ε−1EET)P − (PB2 +

εFT
a Fb + CT

1 D12)(DT
12D12 + εFT

b Fb)−1(BT
2 P +

εFT
b Fa + DT

12C1) + CT
1 C1 + εFT

a Fa + [K +

(DT
12D12 + εFT

b Fb)−1(BT
2 P + εFT

b Fa +

DT
12C1)]T(DT

12D12 + εFT
b Fb)−1[K + (DT

12D12 +

εFT
b Fb)−1(BT

2 P + εFT
b Fa + DT

12C1)] < 0,

=ª(14)¤á,��ª(13)�ª(12)¤á,¤±ª(9)¤
á. �âRiccatiØ�ª�H∞5U�I��d5,��
ª(8)¤á,¤±ª(9)éu?¿�Σ ∈ ΩÑ¤á.

y..

Ï~�¹e\�XêÝ
C1ÚD12�À�´�Å

ÀJ,ÏLØäNÁ5(½,éJ��ûÐ����
J.ùpæ^¬+�{Ïé�Z�\�Ý
,¦��
XÚ�5U�I���`.

3 ¬¬¬+++���{{{333������ìììëëëêêê`̀̀zzz¥¥¥���AAA^̂̂(The
application of ant colony algorithm in con-
troller parameters optimization)

3.1 ¬¬¬+++���{{{(Ant colony algorithm)

¬+�{�g�5
ué¬�m��6�ª. é
¬¬3gCrL�´þ3e�½êþ�&E�,&E
�¬�X�m
�u,�XJ,��é¬Ó�²LT
´»�¬OrT´»þ�&E�.3?Û��´�,
é¬¬UìVÇÀJ?¿����,&E�ßÝp�
´»äk���VÇ[13–15].

é¬�G�=£VÇUeª½Â:

Pij =

{
(τj)α(ηij)β, ηij > 0,

0, ηij 6 0,
(15)

ª¥: PijL«l«�i=£�«�j�VÇ; τj�j«

��áÚrÝ; ηij½Â�f(xi)− f(xj),=8I¼ê
���;ëê, α, β�éuªÏf,´�½�~ê,©
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OL«é¬3$ÄL§¥��«�áÚrÝÚÏ"

�3é¬ÀJ|¢«�¥¤å�ØÓ�^.

Ð©��,é¬ u�Å �,?1�gÌ��?
1&E��#,�#�§�

τj(t + 1) = (1− µ)τj(t) +
m∑

k=1

∆τk
j , (16)

∆τk
j =

{
Q1L

k
j , Lk

j > 0,

0, Lk
j < 0,

ª¥: m�é¬êþ; µ�&E��uXê,��30�
1�m; Q1�&E�O\rÝ,�����~ê; ∆τk

j

�N
1k�é¬3�gÌ�¥3«�j�áÚrÝ

�O\; Lk
jL«�gÌ�¥8I¼ê�Czþ:

Lk
j = fmax − fmin, (17)

é¼ê�Ï`/Ïum�é¬3)�m«�S�Ø

ä£Ä5?1,²LNumgS��,ÑÑ�`).

3.2 ¬¬¬+++���{{{¢¢¢yyyH∞°°°���������ììì���ëëëêêê`̀̀zzz
(Ant colony algorithm achieve optimization of
robust H-infinity controller parameters )

3.2.1 µµµddd¼¼¼êêê������OOO(The design of the evaluation
function )

Ø+´¬+�{�´Ù¦`z�{,Ñ´�¦X
Ú�,�5U�I���`,¤±µd¼ê��O�
�K���{�5U.�©À�Xe £�A�Ï"
��ýéØ��È©��µd¼ê[16]:

min J =
w ∞

0
t|e(t)|2dt. (18)

òþªlÑz,�

min J = T 2
N∑

i=1

i|e(t)|2, (19)

ª¥: T��ýÚå, N�æ�:oê.

3.2.2 ���`̀̀zzzëëëêêê���������///¤¤¤(The rang formation
of optimil parameters)

3¬+�{¥,�`z�ëê7Lk�²(��
�.�©¥,¬+�{�|¢��´±�5NÁ�½
�ëê��¥%,�ü>*Ð
¤




q1 : [(1− λ)q1 (1 + λ)q1],
q2 : [(1− λ)q2 (1 + λ)q2],
q2 : [(1− λ)q2 (1 + λ)q2],
ρ : [(1− λ)ρ (1 + λ)ρ],

Ù¥λ�?¿~ê. ù��±|^�5NÁ�½�ë
ê��Ä:,¦¬+�{×�|¢��`).

3.2.3 ÐÐÐ©©©zzz(Initialization)
(½�`zëê�����,��¬+Ð©ëê,

P¤kÐ©)þ�Ð©z&ErÝ�1,3ëê��

���S�Å�)Y|Ð©),z|)éA��é¬,
�¹��ì4��`zëê. z|)Ñk����,é
¬k3��S?1ÛÜ|¢,zg|¢ÑP¹���
µd¼ê�,����»�X|¢O\
~�,��
Âñu�|). ÛÜ|¢�2?1�Û|¢. ¬+�
{ÚH∞��ì¥�\�Xê�mÏLµd¼ê�é

X,\�Xê�UCò¬K��XÚ��A,=Ò´
K��Ø�,?
K�µd¼ê.

4 ���ýýýïïïÄÄÄ(Simulation research)
3MATLAB�¸e,?�¬+�{�m©�.ò)

RiccatiØ�ª�m©�?6�¼ê©�,N^^]2
��>ÄÅ�simulink�ý�.,¼�^u`z�Ø
�Úæ��m,ïá¦µd¼ê��¼ê©�,3¬
+|¢�§S¥N^þã¼ê,��|¢�â.

^]2[^��>ÄÅ��'ëê:

M = 50 kg, Rs = 1.6878 Ω, L = 25.92 mH,

np = 3, Ψf = 0.1754 Wb, τ = 33 mm, γ = 1.

�]2pÝ30 mm∼1.5 mm�mCz�,é�Å?1
¢SÿÁ��ëê�Ä����

δ1 = 7.5%, δ2 = 12.5%, δ3 = 10%.

`zcXê\�Ý
C1ÚD12������

q1 = 5.04, q2 = 595 ∗ 105, q3 = 6.243 ∗ 103,

ρ = 0.4093.

`zc��ìK�

K = [0.341 − 441.0944 − 20.8626].

¬+�{�'ëê�

é¬êþm = 50,&E��uXêµ=0.95, Q1 =1.
S�80g��

q1 = 6.3, q2 = 742.1 ∗ 105, q3 = 5.14 ∗ 103,

ρ = 0.4.

¦�`z���ìK =[0.523 − 449.045 − 19.516].
�ý(JXã1−7¤«.

ã 1 ëêq1`z­�

Fig. 1 Optimization curve of parameter q1
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ã 2 ëêq2`z­�

Fig. 2 Optimization curve of parameter q2

ã 3 ëêq3`z­�

Fig. 3 Optimization curve of parameter q3

ã 4 ëêρ`z­�

Fig. 4 Optimization curve of parameter ρ

ã 5 >6�A­�

Fig. 5 Current response curve

ã 6 �Ý�A­�

Fig. 6 Speed response curve

ã 7  £�A­�

Fig. 7 Displacement response curve

ã1−4©O�ëêq1, q2, q3, ρ�`z­�,dã¥
��,ëêm©�3��ÅÄ,S�40g�Âñu�
½�.ã5−7©O�3�Äëê�Ä��¹eXÚ�
>6,�Ý, £�A­�. 1��`zc�XÚ�A,
2��`z�XÚ�A.Xã¤«: `zc,XÚ��
­½¤I�m��, £­��A�Ýú,N!�m
�;`z�,XÚ� £�A�Ý\¯,ùÌ�´du
`zc����ìK��ØÓ¤Úå�. L²`z�
�XÚéØ(½5�K�äk�r�°�5.

5 (((ØØØ(Conclusions)
Ø©éÄu¬+�{�^]2��>ÄÅH∞°

���ì�O¯K?1
ïÄ,��Xe�(Ø:

1) �é^]2[^��>ÄÅ�AÏ$1�ª,
AO´�$13ØÓ�]2pÝ,�3Xëê�Äâ
Ñ�¯K,ïá
�¹^]2[^��>ÄÅëê�
ÄÚK1{å!àÜ�Aå�êÆ�.,?
��£
ãXÚ°����G��m�..

2) í�ÑÃL�K^��å,�äk��¿Â�
RiccatiØ�ª,y²
XÚH∞°���ì�½n,�
Ñ
��ì�)ÛL�ª.

3) éH∞��ì¥\�Ý
ÀJ�(J,JÑæ
^¬+�{é\�Ý
?1Ï`. ± £ÚÏ"�m
�Ø���µd¼ê,ÏLS�¼�
\�Ý
ëê,
�\�Ý
ÀJJø�Æ�â.
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4) 3MATLABeé��XÚ?1
�ý¢�ï
Ä,L²Äu¬+�{�^]2��>ÄÅ��XÚ
�5U'`zck�²wUõ,`²T�{��15
Úk�5.
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