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Abstract: Model predictive control (MPC) as an advanced process control method are widely applied to many indus-
trial processes. The performance of the MPC controller may gradually decrease due to various reasons. To solve the
problem that the performance of the model predictive controller decreasing in real applications, a performance assessment
and self-healing method for the model predictive controller based on the integral squared error (ISE) and total squared
variation(TSV) index is proposed in this work. First, the integral squared error (ISE) and total squared variation (TSV)
index are proposed to evaluate the performance of model predictive controller and then the ISE–TSV indicator is converted
into a linear matrix inequality form according to the process constraints. After that, a self-healing method for MPC con-
troller based on the time domain MPC inverse property is derived to resume the MPC controller performance and improve
its on-line robustness. Considering that the controlled object contains uncertain terms and the range of model mismatch
is in an interval, the parameters of the MPC controller are updated with the proposed self-healing algorithm to make the
optimized controller parameters have stronger robustness. The application results with the proposed method in the linear
double inverted pendulum model predictive control experiments have verified its feasibility and effectiveness.
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1 ÚÚÚóóó

�.ýÿ��(model predictive control, MPC)�
��ak?���{3Ê�ÊU,�hzó,u>�

ó�+�A^��2, MPC��ì$1�~¿�±û
Ð���ì5Uäk�~­��¢S¿Â [1].
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¦§
3²L�ã�m�$1�,du�«Ï�,
MPC��ì�5U�UÑyeü. �
)ûù�¯
K,ÏLéMPC��ì?1¢�5Uµ�,9�u
úMPC��ì5U�Cz¿?1��ìëê��5
Ug�ïÄ�¤�Cc5�ïÄ9: [2].

1989c, Harris [3]JÑ������(minimum
variance control, MVC)5Uµd�I,ÄudÄO?
1��ì5Uµd. Desborough [4]31993céMVC
5U�I¢1
U?,O���¢S���MVC�I
�',¿òd����ì5UµdÄO,�'���
C1�,L«5U�Ð. GrimblJÑ
2ÂMVCO
K [5],�éMVCvk�Ä�å,J±3¢S¥A^�
¯K?1
U?. Huang BÚShah31999cJÑ

�5�gpd�I(linear quadratic Gaussian, LQG)�
�MPC5Uµd�ÄO,Ø�Ä�å,ÏLÀ�Ñ\
ÑÑ���\�,���^5Uµd­���ÄO,
éMPC��ì5U?1µd [6]. Yanting XJÑ
Ä
uê¼ål£Mahalanobis distance, MDBI¤9Ùí
äÄO�oN5U�I§^uMPC5Ui� [7]. 3±
 ���ìg�ïÄ¥, Lee J H, Yu Z HÏL4�ª
�©Û5N���ì5U [8]. Liu W, Wang G&¢

A«õ8I`zEâ¿JÑ
�«u¤mu�48

õ8I`z�{�ýÿ��ìgÄ�S§S5ïÄ

��ì5Ug� [9]. Ali E, Ai-GhazzawiÄu�
Ü
6&¢mu
�«gÄ3�N�üÑ^±N�ýÿ

Ú�ÚÑ\ÑÑ�­Ý
,?
¢yMPCg� [10].
Peng J K, Manthanwar A M�<JÑ
��Äu�Å
���ò;ó�:ÀJ¯K,±¦MPC5Ug� [11].
StefanoÚAlbertoÏLæ^��ì���½MPC [12].
Francisco M, Vega P&¢
MPCëêgÄN��õ
8I`z�{ [13]. Jabbour N , Mademlis CJÑ
�
«ò�.ë�g·A�{��
Ü6Eâ�(Ü,�
±3�gÄ�OÚ�NlÑ�mMPCëê�#�
{ [14].

�©æ^\È²�Ø�(integral squared error,
ISE)Úo²�ÅÄ(total squared variation, TSV) [15]�

(Ü�5U�I��MPC�¢�µd�I,¿|^Ã
���MPC�_�`A55?�MPC��ìëê,
¢yMPC�5Ug�.3���?�á{�MPC�
�¢�(Jy¢
¤J�{��15Úk�5.

2 ÄÄÄuuuISE-TSV���III���������ììì555UUUµµµddd
�©�ïÄé��Xe��5Ø(½5lÑXÚ:{
x(k + 1) = (A+ ∆A)x(k) +Bu(k) + Ew(k),

y(k) = Cx(k).

(1)

Ù¥, A�XÚ�G�Ý
, B�XÚ�Ñ\Ý
,
C�XÚ�ÑÑÝ
: x(k)L«G��lÑ/ª,

u(k)L«Ñ\�lÑ/ª, y(k)L«ÑÑ�lÑ/

ª. E�LXÚD(�D4Ý
; w(k)´þ��0�
pdxD(. Ù¥∆A = DFH . D, F , H´XÚØ(
½5�L«.

��Æ^G��"/ªL«�:

u(k) = Kx(k), (2)

d±þ�±��Xe4�XÚ:

x(k + 1) = (A+ ∆A+BK)x(k) + Ew(k). (3)

�éþã(3)4�XÚ,¦^\È²�Ø�(ISE)Ú
o²�ÅÄ(TSV)©Oïþ��ì|Z65UÚ��
�Ñ,éu5U��Ä��nÜ.§��½Â [16]´:

ISE :=

∫ ∞
0

y2dt ≈ Ts
∞∑
i=0

y2(i), (4)

TSV :=

∫ ∞
0

(
du

dt
)2dt ≈ 1

Ts

∞∑
i=0

u∆
2(i). (5)

Ù¥Ts´æ�±Ï, u∆(i) = u(i)− u(i− 1),½
ÂnÜ5U�I:

J := ISE + ρTSV. (6)

Ù¥ρ ≥ 0´�­Ïf. w,, ρ��Cu0¿�
XISE(TSV)�­�(g�). ISEÚTSV�±�8�z
?n,òISEÚTSVØ±�g�þ��,K�­X
êρ��½3��[0, 1]�S.

½Â:

ȳ :=


y(0)

y(1)
...

y(N)

 , ū =


u(0)

u(1)
...

u(N)

 ,

F :=


0 · · · · · · 0

1
. . . . . .

...
...

. . . . . .
...

0 · · · 1 0

 .
(7)

N�k��æ�:,éū¦�©,��:

ū∆ = (I − F )ū, (8)

¤±,|Z65U�:

ISE = Tsȳ
Tȳ, (9)

±9���Ñ�:

TSV =
1

Ts
ūT

∆ū∆, (10)
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¤±,nÜ5U�:

J = ISE + ρTSV = Tsȳ
Tȳ +

ρ

Ts
ūT

∆ū∆. (11)

XJ4�XÚ­½,3XÚ��­��,G���
�Ý
�L«�Σx = lim

k→∞
{E[x(k)xT(k)]} [17],@

o�±��:

ȳTȳ = NE(ȳTȳ) = NΣy, (12)

ūTū = NE(ūTū) = NΣu, (13)

¿�,dE[(I − F )T(I − F )] = 1,��,nÜ5U�
I�:

J = Tsȳ
Tȳ +

ρ

Ts
ūT

∆ū∆

= TsNΣy +
ρ

Ts
NΣu.

(14)

�éþã(3)4�XÚ, ISE–TSV5U�I�±½Â
�: J = ISE + ρTSV = Tsȳ

Tȳ + ρ
Ts
ūT

∆ū∆,òT�
I�¦)L§ÏL�5Ý
Ø�ª(linear matrix
inequality, LMI))Ñ [18]:

XJ∃X > 0, λ > 0¦�Xe¯K:

s.t. min
X,W,Yi,Uj

TsN
p∑
i=1

Yi +
ρ

Ts
N

m∑
j=1

Uj, (15)

[
−X Z1

T

Z1 −X + EΣwE
T

]
< 0, (16)[

Ȳi φiCX

(CX)
T
φi

T X

]
> 0, (17)[

Ūj φjY

Y Tφj
T X

]
> 0. (18)

k�1),¿�Y = KX ,G����Σx < X . Ù
¥, Z1 = (A+ ∆A)X +BY , ΣwL«pdxD(�

���,¿��ρ��X����,���5Uµd­
�±µd��ì�5U.

3 ÄÄÄuuuISE-TSV���III���MPC������ììì555UUUggg
���

ïÄé��(3)¤«: x(k + 1) = (A+ ∆A)x(k)

+Bu(k) + Ew(k). éuXÚ¥�Ñ\u(k)ÚÑ

Ñy(k),b½I�÷v�å^�|yi(k)| < ȳ2
i±

9|uj(k)| < ū2
j . é u � � õ C þ X Ú 
 ó,

yi(k)Úuj(k)K©O´y(k)Úu(k)�1i½j ��.
MPC�.ýÿÚ�P ,��Ú�M ,ÑÑ\�Ý

QÚÑ\\�Ý
RÑ´K��.ýÿ��ì5U

��NCþ. 3`z5U�I
∞∑
k=0

x(k)
T
Qx(k)+

u(k)TRu(k)e,��ìN!�Ì�8I´¦�\�
Ý
QÚR,3Z6w(k)�K�e,�O���ìU

÷v|yi(k)| < ȳ2

i Ú|uj(k)| < ū2
j��å^�

[19].

dª(4)-(14)��,ò�I�8I¼ê�����
ÄÑ\ÑÑ���nÜ�I:

s.t. min
Σx

TsN

p∑
i

Σyi +
ρ

Ts
N

m∑
j

Σuj
, (19)

(A+ ∆A+BK)Σx(A+ ∆A+BK)T+

EΣwE
T = Σx,

(20)

Σyi = ϕiCΣxC
Tϕi

T, (21)

Σuj
= ϕjKΣxK

Tϕj
T, (22)

Σyi < ȳ2
i , i = 1, · · · , p, (23)

Σuj
< ū2

j , j = 1, · · · ,m. (24)

Ù¥§Σyi´­�ÑÑ���Ý
Σy�é��þ�

1i��, Σuj´­�Ñ\���Ý
Σu�é��þ

�1j��.

ùpÌ�)û: �3I¡�. �,35U�

Imin
Σx

TsN
p∑
i

Σyi +
ρ

Ts
N

m∑
j

Σuj
e,Ó�÷v­�

G�����å(19),Ñ\���å(24)±9ÑÑ�
� � å(23)�,¦ � L § � "u(k) = Kx(k).

ISE–TSV¯K�±ÏL=z��5Ý
Ø�ª5
)Ñ,=:

½½½nnn 1 XJ∃X,W ≥ 0,±e`z¯Kk):

s.t. min
X,W,Yi,Uj

TsN
p∑
i=1

Yi +
ρ

Ts
N

m∑
j=1

Uj, (25)

[
−X Z2

T

Z2 −X + EΣwE
T

]
< 0, (26)[

Yi ϕiCX

(CX)
T
ϕi

T X

]
> 0, (27)[

Ui ϕjW

WTϕj
T X

]
> 0, (28)

Yi < ȳ2
i , i = 1, · · · , p, (29)

Uj < ū2
j , j = 1, · · · ,m. (30)

Ù¥, Z2 = (A+ ∆A)X +BW . @ou = Kx(k) =

WX−1x(k)�XÚ(3)���������Æ,¿�
G����ΣxI÷vΣx < X�^�.

yyy b�XÚ(3)­½,3XÚ��­���¹
e,� ± ò G � � � � Ý 
 L « � X e /
ªΣx = lim

k→∞
{E[x(k)xT(k)]},�Σx÷v±e�§:

(A+ ∆A+BK)
∑

x(A+ ∆A+BK)T−
Σx + EΣwE

T = 0, (31)

� â Ñ Ñ,Ñ \ � � � ½ Â,I © O ÷ v:
Σyi = ϕiCΣxC

Tϕi
T, Σuj = ϕjKΣxK

Tϕj
T.

���åþ.©O�Σyi < ȳ2
i , Σuj < ū2

j ,e�
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¦�lÑ4�XÚ­½,@o�3Σx < X ,¦�:

(A+ ∆A+BK)X(A+ ∆A+BK)T−
X + EΣwE

T < 0, (32)

¿-Y = KX ,�:

(AX + ∆AX +BY )X−1(A+ ∆A+BK)T−
X + EΣwE

T < 0, (33)

-:

ϕjCXC
Tϕj

T < Yi, i = 1, · · · , p, (34)

ϕjKXK
Tϕj

T < Uj, j = 1, · · · ,m. (35)

�â(34), (35),��y: TsN
p∑
i

Σyi +
ρ

Ts
N

m∑
j

Σuj

≤ TsN
p∑
i=1

Yi +
ρ

Ts
N

m∑
j=1

Uj .

Ïd, TsN
p∑
i=1

Yi +
ρ

Ts
N

m∑
j=1

Uj���zò�

yTsN
p∑
i

Σyi +
ρ

Ts
N

m∑
j

Σuj
���z. �ª¯K£

ã�:

s.t. min
X,W,Yi,Uj

TsN
p∑
i=1

Yi +
ρ

Ts
N

m∑
j=1

Uj, (36)

(26), (27), (28), (29), (30).

¦ ^SchurÖ [20],¿ � -W = KX ,� ± �

�ISE–TSV¯K�LMI/ª,y..

l½n1¥�±wÑ��ì�G��")K∗�
±ÏLK∗ = W ∗X∗−15)Ñ.�e´��¯KÑy
Ã�1)��¹�,�±·�N!Ñ\�ÑÑ���
þ.ū2

jÚȳ
2
i . MPCI�?�8I¼ê¥�\�±J,

��ì�°�5U,
ISE-TSV�IäkMPC_�`
A5,¤�
)ûMPC��ìëê°�g�¯K��
�#å».

3.1 ISE–TSV¯̄̄KKK���ÃÃÃ���������MPC
�©ùpòÃ����MPC¯K�Óu¦)8I

¼ê�min
u(k)

∞∑
k=0

x(k)
T
Q̄x(k) + u(k)TRu(k) [18].

3.1.1 ÃÃÃ���������MPC
�5XÚ¥�Ã���MPC�)�±�Ó

uLQR��¯K [21]. �L«�:

s.t. min
u(k)

∞∑
k=0

x(k)
T
Q̄x(k) + u(k)TRu(k), (37)

{
x(k + 1) = (A+ ∆A)x(k) +Bu(k),

y(k) = Cx(k).

(38)

Ù¥,-Q̄ = CTDC(D =
p∑
i=1

qiϕiϕi
T,Ù¥, qi ≥ 0,

ϕi�ü ��þ),�"��ì�u(k) = Kx(k),�

÷v:

K = −(BTPB +R)−1BTP (A+ ∆A). (39)

Ù¥,Ý
P÷v: P = (A+ ∆A)TP (A+ ∆A)−
(A+ ∆A)TPB(BTPB +R)−1BTP (A+∆A)+Q̄.

3.1.2 LQG������
LQG��¯K [22]�±L«�:

s.t. min
u(k)

lim
T→∞

1

T

T∑
k=0

E[y(k)
T
Qy(k)+

u(k)TRu(k)], (40){
x(k + 1) = (A+ ∆A)x(k) +Bu(k) + Ew(k),

y(k) = Cx(k).

(41)

Ù ¥,G � � " � � ìK = −(BTPB +R)−1

BTP (A+ ∆A)¥�P , Q�½Â�(39)�� [23].

3.1.3 ISE–TSV������¯̄̄KKK
�Ä±eISE–TSV��¯K:

s.t. min
X,W,Yi,Uj

TsN
p∑
i=1

Yi +
ρ

Ts
N

m∑
j=1

Uj, (42)

((A+ ∆A) +BK)Σx((A+ ∆A) +BK)T+

EΣwE
T = Σx, (43)

ϕiCΣxC
Tϕi

T = Yi, i = 1, · · · , p, (44)

ϕjKΣxK
Tϕj

T = Uj, j = 1, · · · ,m. (45)

ISE–TSV¯ K � Ì � 8 I Ò ´ � 3 8 I ¼

êTsN
p∑
i=1

Yi +
ρ

Ts
N

m∑
j=1

Uj��z�,¦)G��

"K.

3±þ3�¯K¥,�Üb½÷v±eb� [18]:

bbb��� 1 R > 0, Q ≥ 0.

bbb��� 2 (A+ ∆A,B)­½.

bbb��� 3 (A+ ∆A,Q)U*.

bbb��� 4 (A+ ∆A,EΣwE
T )U�.

�b�1-4�Ü¤á�, ISE–TSV¯K(42)�Ã�
��MPC (37)äk���G��").

�b�1-4�Ü¤á�, ISE–TSV¯K(25)�äk
�A�\�Ý
Q, R�Ã���MPC¯K(37)k�
Ó�G��")K.

ld��,éuISE–TSV¯K¥)��G��
"K,o�k�A�Ã¡��MPC�)�ÙéA.�
d�½�G��"K5¦�Ã¡��MPC�\�Ý

QÚR,2�âRiccati�§�#K [24].
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3.2 MPC___���`̀̀¯̄̄KKK¦¦¦)))
_�`½Â:®�XÚ(A, B),�½��G��"

OÃK,¦\�Ý
QÚR,¦K¤�XÚ(A, B)éA
u5U�I(14)��`�".

½½½nnn 2 �Ä�3�. �,XJ∃P ≥ 0,
Q ≥ 0, R > 0, P1 > 0Úé¡Ý
T1, T2,±e`z
¯K:

s.t. min
P,P1,T1,T2,Q,R

ρ1 + ρ2, (46)[
T1 S1

S1
T I1

]
> 0, (47)[

T2 S2

S2
T I2

]
> 0, (48)[

Q+ P1 A+ ∆A

(A+ ∆A)
T

P1
−1

]
> 0, (49)

T1 < ρ1I1, (50)

T2 < ρ2I2. (51)

k),@oLQR_�`¯K�±)ÑQ, R. Ù
¥, S1 = (A+ ∆A)TP (A + ∆A) − P −KTRK−
KTBTPBK+Q, S2 = RK+BTPBK+BTP (A+

∆A).

yyy LQR_�`¯K,3©z [25]¥Lã�:
∃Q ≥ 0, R > 0, P ≥ 0ÚP1 > 0,¦�:

(A+ ∆A)TP (A+ ∆A)− P −KTRK−
KTBTPBK +Q = 0, (52)

RK +BTPBK +BTP (A+ ∆A) = 0, (53)

(A+ ∆A)TP1(A+ ∆A)− P1 < Q, (54)

¤á.

Ù¥,^�(A+ ∆A)TP1(A+ ∆A)−P1 < Q�

�y(A+ ∆A,Q)�ÿ.

5¿�,�§(52)ªÚ^�Q ≥ 0,�=z�Ø�
ª:

(A+ ∆A)TP (A+ ∆A)− P −KTRK−
KTBTPBK ≤ 0. (55)

©z [26]¥Ï��§(52)�¦),Ø�=z�|
^LMI¦)�IO/ª,¤±|^SchurÖÚnò
ª(55)C�IOLMI/ª,?1XeC/:

[
T1 S1

S1
T I1

]
> 0, T1 ≤ ρ1I1,

S1 = (A+ ∆A)TP (A+ ∆A)− P−
KTRK −KTBTPBK +Q.

(56)

T1L«é¡Ý
, I1L«ü 
, ρ1L«Iþ. |

^SchurÖ Ú n,U 
 ¦ �T1 − S1S1
T > 0= z

�

[
T1 S1

S1
T I1

]
> 0. , � Ï L ª(56),Ò � ± )

Ñ(52)¥�RÚP .

Ón��:
[
T2 S2

S2
T I2

]
> 0, T2 ≤ ρ2I2,

S2 = RK +BTPBK +BTP (A+ ∆A).

(57)

é^�(54),|^SchurÖÚnòª(54),=C�I

OLMI/ª,C/��

[
Q+ P1 A+ ∆A

(A+ ∆A)
T

P1
−1

]
> 0,

�y(A+ ∆A,Q)�ÿ.

ÏL±þÚ½, LQR_�`¯K=z�LMI/ª,
=∃P ≥ 0, Q ≥ 0, R > 0, P1 > 0Ú é ¡ Ý 
T1,
T2±e`z¯K:

s.t. min
P,P1,T1,T2,Q,R

ρ1 + ρ2, (58)

(47), (48), (49), (50), (51).

Ý
Q�ÏL(52)5¦),y..

3.3 MPCggg���ÚÚÚ½½½
éu��MPC��ì,l�âISE–TSV�I�5

Uiÿ9µd,�N!MPC��ìëê,��ó�L
§Xeã1¤«.

ã 1 MPC��ì5Ug�6§ã

Fig. 1 MPC controller performance self-healing flowchart

4 ¢¢¢���ïïïÄÄÄ

¦^���?�á{5?1�ý�¢�ïÄ,�
©¢�ïÄ¦^��á{C�´�púi

�GIP-100-LX����?�á{ [27].

§´G��6��üÑ\nÑÑXÚ,�á{�.
(�Xã2¤«:



6 � � n Ø � A ^ 1 xxò

ã 2 ���?�á{�.

Fig. 2 Linear double inverted pendulum model

�á{ëê½ÂXe:
M ���þ 1.096 kg
m1 {\1��þ 0.05 kg
m2 {\2��þ 0.13 kg
m3 �þ¬��þ 0.236 kg
l1 {\1¥%�=Ä¥%�ål 0.0775 m
l2 {\2¥%�=Ä¥%�ål 0.25 m
θ1 {\1�ç����Y�
θ2 {\2�ç����Y�
F �^3XÚþ�	å

x ��� �

ÏLé���?�á{XÚ?1Éå±9$Ä©

Û [27],¿?1�5z�±��XeG��mL�ª:



ẋ

θ̇1

θ̇2

ẍ

θ̈1

θ̈2


=



0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

0 0 0 0 0 0

0 a1 a2 0 0 0

0 a3 a4 0 0 0





x

θ1

θ2

ẋ

θ̇1

θ̇2


+



0

0

0

b1

b2

b3


u,

y =

 xθ1

θ2

 =

1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0




x

θ1

θ2

ẋ

θ̇1

θ̇2


+

0

0

0

u.

(59)

Ù¥: u�XÚ�Ñ\	åF , x, θ½ÂÓc. 3
þª(59)¥, a1 = 86.69, a2 = −21.62, a3 = −40.31,
a4 = 39.45, b1 = 1, b2 = 6.64, b3 = −0.088.

¦)�XÚA���(-10.0438 -5.0262 10.0438
5.0262 0 0),Ñy
��Ú"�,XÚØ­½.
^MATLAB?§��XÚ���U�XÚÚ��U

*XÚ.

�âÌ�4:�K,ÀJ¤I����
� 4 :P = (−13,−13,−2 + 2i,−2− 2i,−3−3),
3MATLAB¥Ñ\Ý
A, B��,Ý
A, B©O´
ª(59)¥ � 11� ª f � ü � Ý 
,, � ¦
^K = acker(A,B, P ),���"	½Æ:

K =
(4.7747 87.5320 −115.3759

6.3051 4.2308 −18.2114).
(60)

�¹	½ì�2ÂXÚÝ
Xe:



ẋ

θ̇1

θ̇2

ẍ

θ̈1

θ̈2


=



0 1 0 0 0 0

0 0 1 0 0 0

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

a1
′ a2
′ a3
′ a4
′ a5
′ a6
′





x

θ1

θ2

ẋ

θ̇1

θ̇2


+



0

0

0

b1
′

b2
′

b3
′


u,

y =

 xθ1

θ2

 =

1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0




x

θ1

θ2

ẋ

θ̇1

θ̇2


+

0

0

0

u.

(61)

Ù¥, a1
′ = −12168, a2

′ = −16068, a3
′ = −918

5, a4
′ = −2840, a5

′ = −470, a6
′ = −36, b1

′ = 1,
b2
′ = 6.64, b3

′ = −0.088.

du�©ïÄ�´MPCg��¯K,I�<��
E¦��ì5Ueü��¹. b����?�á{C
�3$1�ã�m�ÙÜ©ëêu)Cz. 3C�$
1ÐÏ, m1 = 0.05,m2 = 0.13,m3 = 0.236, l1 = 0.

0775, l2 = 0.25, g = 9.8,�
<��E�.���
�¹,b�l2 = 0.24, m2 = 0.1152.

d�,�?�á{C���.C�:



ẋ

θ̇1

θ̇2

ẍ

θ̈1

θ̈2


=



0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

0 0 0 0 0 0

0 h1 h2 0 0 0

0 h3 h4 0 0 0





x

θ1

θ2

ẋ

θ̇1

θ̇2


+



0

0

0

h5

h6

h7


u,

y =

 xθ1

θ2

 =

1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0




x

θ1

θ2

ẋ

θ̇1

θ̇2


+

0

0

0

u.

(62)

Ù ¥, h1 = 84.51, h2 = −19.41, h3 = −40.93,
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h5 = 39.75, h5 = 1, h6 = 6.64, h7 = −0.012.

|^A��?1­½5�ä,uyTXÚØ­½,
|^þã�"OÃK,d�­½��é��:



ẋ

θ̇1

θ̇2

ẍ

θ̈1

θ̈2


=



0 1 0 0 0 0

0 0 1 0 0 0

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

h1
′ h2
′ h3
′ h4
′ h5
′ h6
′





x

θ1

θ2

ẋ

θ̇1

θ̇2


+



0

0

0

h7
′

h8
′

h9
′


u,

y =

 xθ1

θ2

 =

1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0




x

θ1

θ2

ẋ

θ̇1

θ̇2


+

0

0

0

u.

(63)

Ù¥, h1
′ = −12246, h2

′ = −16171, h3
′ = −10128,

h4
′ = −3032, h5

′ = −463, h6
′ = −35, h7

′ = 1,
h8
′ = 6.64, h9

′ = −0.088. d�,XÚ­½,÷v^
�.

4.1 MPCggg���ëëëêêê
�éþã4:�������?�á{C�,|

^I¡�.(61)5O�MPC��ì$1�\�ë
êQ, R. ,�él2 = 0.24, m2 = 0.1152����.

?15Uµd,,��âISE–TSV�IäkMPC_�
`A5������g�\�ëêQ, R.

�éXÚ(61),À�ÑÑ��þ�ȳ = 0.3,Ñ\�
�þ�ū = 0.8,±96Ä��Σw = 0.01,ÏL?§

� ± � �MPC� � ì ë êR = 0.0192, Q =

diag{32.4535 10.4296 6.7847 0.3372 0.0465 0.0013}.
rdëê^���ìÐ©Ý$ëê,òdëêe¼�
���ì5U��I¡5U [28].

òMPC��ì¥�é��.<��E��,¦
^ISE–TSV5Uµd�{µd¿iÿ��ì5U,�
��ì5Uü$��½§Ý,3�3Ñ\ÑÑ���
�å96Ä����¹e,3ISE–TSV�I¥,À�
äk�r°�5�8I¼ê,�#MPC��ìë
êQ,R,l
JpMPC��ì�°�5. ��
g���MPC��ì�\�ëê�R = 0.0253,Q =

diag{30.5573 4.1953 10.9698 0.5986 0.0355 0.0004}.
rg���MPCëêÝ$,uy5U��¡E.

ÏLMATLAB?§uy,���ì5Ueü
30.35%�0.36%�m�, MPC��ìëêR�N!
� � C z 30.0058�0.0137� m, Q� C z

3diag{7.5568 2.4115 1.5073 0.0740 0.0101 0.0003}
�diag{11.8625 3.7742 2.3247 0.1119 0.0152 0.0004}
�m.

4.2 ÄÄÄuuuISE–TSV���555UUUµµµddd999ggg������ýýý
�O��÷v8I¼ê(14)�MPC��ì(37),�

ý£´Xeã3¤«:

ã 3 MPC��ì�ý�.

Fig. 3 MPC controller simulation model

3±þsimulink�ï�MPC��ì¥,æ^Ð©
I¡�.9Ð©MPC��ìëê,�����.9Ð
©MPC��ìëê,���.9g���MPC��
ìëê©O?1¢�. ò���êâ¦^MATLAB?
1 ? §,� � X e ã4� g � c � ­ �,Ù
¥good!bad!tuned©OL«�.��c!��
�!g���­�,angle1!angle2!pos©O�L{
\1��Ý!{\2��Ý!��� £.
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ã 4 g�c�é'­�

Fig. 4 Comparison curve before and after self-healing

lþã�±wÑ,��.���,E,¦^Ð©�
�ìëêò¬E¤ÑÑ �O�,|^ISE–TSVg�
�{N���ìëê�,~�
 �,��C���
c���°Ý,¿���ì5U¡E��½§Ý,ù
«g��{´�1�k��.

|^ISE–TSV5Uµd�I��µdÄO,�±
��XÚ�ISE–TSV5Uµd [29]­�Xã5,�±²
wwÑXÚ�5U3?1g�����½§Ý�¡

E,dg��{�1k�.
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Fig. 5 ISE–TSV performance evaluation trade-off curve

|^ISE–TSV5Uµd�I,O�3«�¹e�5
U � I.À Jρ = 1� � Ä O :,d �JISE−TSV

= 3.395× 10−3,@o:

η1 =
JISE−TSV

Jgood

= 0.9692, (64)

η2 =
JISE−TSV

Jbad

= 0.821, (65)

η3 =
JISE−TSV

Jtuned

= 0.9158. (66)

Ù ¥, Jgood!Jbad!Jtuned© O L « X Ú

3good!bad!tuned��­� �, η1!η2!η3L«

�éA�5U�I.

dd�±wÑ,3�.O(�,¦^�OÐ���
ì,��ì5U���¦;��.��,��ì5UÒ
¬eü;�â�I�¦,N!��ìëê�,��ì5
U���½�¡E.

4.3 ¢¢¢SSS$$$111

¦^�p���?�á{C�MATLAB¢��
�²�ïá
Xã6����.. MPC��ìëê�
���âÐ©I¡�.(61)¼��ëê [30].

�g¦^Ð©I¡�.9Ð©MPC��ìëê,
���.9Ð©MPC��ìëê,���.9g��
�MPC��ìëê$1,¼�n«�¹e�êâ.

Uìg�6§N!��ìëê,éÑ\u�ÌÈ
Å [31],�±��Xã7:
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Fig. 7 MPC controller self-healing operation curve

ÏLMATLAB?§5O�g�c���ìÑ\
�ÑÑ�­���,¿���g�c�­����é
'�ÎGãXã8,�±wÑXÚ5Uk�½¡E,d
g��{k�.
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Fig. 8 Histogram of steady-state variance before and after

self-healing

5 (((ØØØ

�©�«JÑ
ÄuISE–TSV�I��.ýÿ�
�ì�5Uµ�Úg��{. Äk,¦^\È²�Ø
�(ISE)Úo²�ÅÄ(TSV)�I5µ��.ýÿ�
�ì�5U.,�,JÑ
�«ÄuÃ���MPC_
�`A5�MPC��ìëê°�g��{,±Jp�
�ì�3�°�5. ¿��Ä��é�¹kØ(½�
��¹,��.�����3��«m�,^g��
{�#��ì�ëê,ù����ëê¦�`z��
�ì°�5 [32]�Ð.���?�á{C���ý�
¢�(Jy²
T�{ý¢�1k�.
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