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R MRS, BIFSE T — Bl ik NCSs #9 PID
A PLEEG A8 SCHR (22 ] b, S X 77 22 2R 0 0 4% it
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A R B HE Hooo BRER$E M A% A, BT T
B # Ho PID il

W65 Tl o R AN Ui e A, S B oz A v i BRAY
PPEXT BRI %, R BT REEA B 5L
AR AR , T T G R A 38 K DA B il
BASHIHE N, IR R REB BE — BN A TREST
GUk. H 1966 4 Davison i i BLAY B B AL f5 B9
JUH4E3R , B30 e i 2 A I AN 28 B A\ B HY (sin-
gle input single output, SISO) F 4t 5% £ % A £ %
( multiple input multiple output, MIMO) RE A, [
WEMEERIL IR T REA R T REBIRER )
Tk, Blnd/ N e B ARG BBk BRI
Padé i@ iTH R DT B ¥k P # BiS 55 flf]3E
3k X S o A A L 4 ) 1 g B X A T R Ak
B, LU A AR B AL AU S B i 1o I X 4, AT
R T i 4 e BE , 48 S R I ROR AR L . 53
Hb, T TREM TS B U g —
WA pR R, DRI 32 IR R &, A< SCEE X A
XL AR I SE RS 2L NCSs, R A TR 45t
A RS S T B R HEH A T B SR L
RRBOE A IR G A PID #5404 25 , [ ] I i
RS T ITIE , 7675 IR I8 A A0 5 a1 2t
b ¥ PID BRERFEHI AR S RO EEINSE 0 LMI SR A 7]
A, SCE R E U HR GRS B iE T A SCHT iR
Tk AR

1 FEHEAERFER

BEXT R B ARG AY , T A A R v s L
ATREBT AL B, AT ZRAT 208 — o RGEAR L, FT 3k
P9 R Pt G113 pR A T AR

(1)

ﬁq:s ao sal !b] sbo ﬂg*ﬁ%ﬁﬁo
Rt i BRI (1) Fe e 28 PR AR B (2) o

x(t) = Ax(t) + Bu(t) (2

y(t) = Cx(1)
0 1 0 0
Hd, A _{—ao - a, 0],8_[1,(:_
b, b, 0 0

(b b O] SRJH PID S5 Cs) = b, + k4

kys AL HLEEAR g 28 PR S EALTE
b, b, 0
u(t) =k, k, k‘][o by le(.t) + kb, x,
0 0 1
= KWx(t) (3)

- 1
Hod, K = Tk

by b, 0
{— bia, b, -baq 019

0 0 1

B 1 B A 7 BT I 78 1) JE F 1) 2 445 i) 3R
gu, Hrhr(0) ESZRATZRGEENT A PR
ﬁ}-:

(1) fRREER R A AR h B3RS

(2) $ATERANE G 45 R A F RIS, B 2357 1
R BAHT g, 37 BN PRATHE OCHRAE ;

(3) AZHRIAT RS IR IS ph S BE 1 i a] LA K
) 4% B2 B[R], 2o FE DA A% Jae s 3 4 o 4 S 1
1 4 T 28 B BAAT A% B ) 38 A 5 FE AL E 7
i, R <77 + 70 < hy

(4) PIZREUE R B atei, HiEs 2% d
AR R d<d.

kd kiJ,W =

ZHr R B

32
u(r) ¥(t)

hiT#
FHrfathas

h A
Y

AEFEIR 78 I R0 B3l 254 04 RO 2%

(5

"l

—————————— !'(f)

PID

1 B R K RS E

W 2 FroR , % EXL P 24 15 S g 28 I 32 4 25
BRI W, G AT RFE x(t,h) FTEMZ] ¢, b +
T BIAPATHR

EX (L) =t-th,te[th+7, t, h+7,)

NG Rr s B DR A I (8], 2% 58 7R Ge o 2 i 52 &
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0%
r<7(t) <(d+2)h =71
PRI b J 5 il e ) BB R A

u(t) = Kx(t,h) = KW(x(t -7(1))),
bah + 7)) (4)
Hih K = KW, K (2) ~ 3K (4) T3]3 NCS &
E—!:

x(t) = Ax(t) + BKx(t - 7(t)),

te [th+7,, ah+1,)

I e [tkh + 7,

y(1) = Cx(1)
(5)
TR R (S) i L USSR -

th t:h

J= f(xT(.f,)Qx(t) ru()Ru(t))d:  (6)

Hrh @ A R S48 BRRRIE AU RE

EX1 ZEAGR() kRN (6),
PAEERE K A —AER T, AR RLER(5)
WHERaE , H KRBT bR J < U7, WFR u(e) =
KWx (1) FEGR() B—MEvERe kA, H "
FAFRGER(S) B A AE 57

o R0 4% 45 ) 2R 05 v B A I RE BN B A
W), AR B kR 2R ) LM J7 3% i — 4~ PID
Pebl AU R B , B kRS A — A
HE i LR

t:h tsh

Sensor
h 3h 4k 5K 6 9h
\ \ \
\ \ \
Actuator

th+t, AT,

ZOH |

2 W %4k PID 54| 74 = M o

SIE8 1 H i 2H 4 F ¥ (reciprocally convex
approach) " ABBL S, 1000, Sy R — RAETFHE D
WFEPFIEE, D C R, WALEEE D b f, 4
HAGHR

N, Z ]_f,(t) = Zf;(t) +max2gw.(t)
B, 4 .

iﬂi|3i>0s§3i=” i Bij i)

H h, gi,ﬁmm — N, g (1) = g.),
[fs(t) gj,x(t)]:joo

ge,;(-‘-) f;(-‘-)

513821 SMEEGEAERNER 5 = 1,
2) f2, UBRKTF t (Esin(t) ,0<n(t) <q, A
FR()E + (7 -0(0)) 5 +2 <0 Bz, 4 HAX
MWE RS + 2 <0 UK pE +02 <0,

EE1 HEER0 <71 <71, WRIFFEHEREP
>0,H>0,0, >0,0, >0,R, >0,R, >0,U,M{ii
(7)) ~(9) Bar, WA B EEH R (5) A HT T
— 168 —

tLh+t, th+t,
[ L
R o
R, =«
[ ]>0 (1)
U R,
g =

+ (1 - 1)I"HI +¢{(Q + K'RK)e,

(8)
g =
E+iMH'M' +M(e, - e.) + (e, -e)'M')
(+e]T(Q+KTﬁK)e, )H

(9)
Hh, M = [M] M M; M]", e =
(I 0 0 0],e,=[0 0 I 0],
=4 * * *
E= f’” Li'” : “l.r=ra o BK 0],
Sy Sx S
0 =, &, E.
E, =A"P+PA+Q +7A'"RA + (7-7)’A'R,A
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-R,,5, =R ,5,=0,-0 -R -R,, 5, =
K'B'P + K'B'RA + (7-7)’K'B'RA, 5, =-
U+R,, 5, =7K'B'R,BK + (7 -1)"K'B'"R,BK -
(2R, -U"-U),5,=U,X, =-U+R,, 5, =-
0, -R,.

IEEH ; #% Lyapunov-Krasovskii pR%T

4
V(t) = zVi(ts xf)s
i=1
te[th+71,,

Her, v, (¢, x,) = x"(0)Px(1),
V(tx) = [ ¥1(9)0x()ds + [ ¥ (5)Qux(s)ds,

t!u—lh + T ) »

e " (v) R, x(v)dvds
Vs %9 = ZJ:_!J:JC X

+ (7 - I)J:!_;IJ:fJ'cT(v)Rzﬁ(v)dvds
Vit %) = (ry = 7)) [ ¥ () Hi(s)dss
MR =, A%

V,(t,x,) =% (t)Px(¢) +x"(t)Px(¢) (10)
Vi(t: xf) =
xT(t)Q]x(.f,) +xT(3 -71)(Q, -0,)x(t - 7,)
_xT(t - 7)0x(t - 1,)

(11)

PEORE() ~ 1] F($)RE(s)ds

Va(e, x,) < | + (7 - 7)* %" (¢t)R,x(2)

- (- F R ds
(12)
V,(t, %) < - f_wa(s)Hx(s)ds

+ (7 = 7())x"(t)HE(t) (13)
AksExtaX (12) Fr i B 5338 50 K A Jensen 55
=K, 74:
~ o[ F R () ds
< [—xT(t)Rlx(t) +x" ()R x(t - 1) ]
+x (t-7)Rx(t) —x"(t -7)Rx(t - 7)

(14)

- (=) [ ()R (s)ds

—f(‘%)‘f—z[xf(r —r) - x"(t - r(1)]]
_ JRlx(t-1) —x(t - 7(1))]
_:_;("t)[xf(x —7(1)) -x"(t -7)]

R,[x(t-71(t)) —x(t-7)]
(15)
BAFERERE U W R (), %20 (15) R A5 3
1, Afg,
- (-0 [ F () RyE(s)ds
Tx"(t —7)Rx(t - 7) i
+x"(t - 1) (U" - R)x(t - 7(1))
-x"(t -7)Ux(t - 7)
+x (t-7(t))(U-R)x(t - 1)
<-|+x"(t-7(t)) (2R, -U" - U)x(t - 7(1))
+x"(t —7(0))(U" -R)x(t - 1,)
-x"(t -7)Ux(t - 1)
+x (¢t =7)(U - Ry)x(t - 7(1))

L+ x"(t - 7)Rx(t - 7) -

(16)
A E() = [x"(t) X't - 1) x"(t -
(1)) x"(t-7)], MIBEW - MR KARXUK
R E B B BUERE M, 7.
26" ()M x(1) - x(t - (1)) - f_mx(s)ds] -0
(17)
I AT P AN S AT A
_ 2§T(£)M£T(I}x'(s)ds
< (D) (OMH ' ME(1) + J:_ij:T(s)Hx(s)ds
(18)
Ziaa(7) ~K(18) A :
V(t) <
= MH'M"
gwl= o Jew
+2M(e, —e;) + (7 —7(¢))I" (1)HI"
(19)

HFr<r(t) <7, BIFESI B2, 4% EEHEK
A=R(7) ~=K(9) iF, A .
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E+r(t)MH'M"
+2M(e, —e,) + (7 -7(t)) " (t)HI
<-¢ (0 +KRK)e,
(20)
I V(r) <0 AR RGER(S) #HERE,
R (19) MK (20), W V(e) <-x"(2) (0 +
K'RK)x (1) , 5 H 6 1 %3 05[] A O 8] oo SRASY, AT
1%
- V(0) = LmV(s)dz

BULHE T = [ [¥"()0x(2) + u(t)Ru(s)]
< V(0), SRAMERESSER I V(0) . S,

3 W 4 PID #2 4| %% it

EE2 HEWHO <7 <7, MPAFERESE X
>0,Y>0,H>0,0, >0,0, >0,R, >0,R, >0,
UK M X (21) ~ (23) j&ar, WA 3R R 4
R(5) WimkasE, AIEHEE AN K = YX'W,

® R, =
<- [ ¥"()(Q + KRK)x(1)dr [ > "o (21)
U R,
== L x"()0x (1) +u" (1) Ru(t)de
r/XAT + AX + 0, -
& *® * *® * * *
-R, +M, +m)
ﬁ] +ﬁr’f2 (Qz _QI ) ® * & * * * * *
-k -R,
L _ (2R, -U" -1
(YTBT+M3—.H{|") —(Z‘—kg)—M{ [ ] * * * * * * *
- M, - M}
M, U -(U-R,) - M, (-0, -R,) = * * * ® « |<0
Ji ™! JT M} JT MY JT M -H * * * x
TAX 0 TBY 0 0 -XR'X * * %
(7 - 7)AX 0 (7 - 7)BY 0 0 0 - XR;'X * T
V(7 -1)AX 0 V(7 -7)BY 0 0 0 0 -XH'X = *
ox 0 0 0 0 0 0 0 -0
- RY 0 0 0 0 0 0 0 0 -k
(22)
M XA" + AX + 0, T
( ~ ) * * * * * * * *
-R +M, +M
- a Qz _Ql
RI +M2 ( N N ) * E] E * * * E
_RJ _Rz
o L o r-(CR,-U" -D)
(Y'B +M, -M') - (U-R,) - M [ T . » . i s
- 37 ;. <0
M, U -(U-R,) -M, (-0, -R,) = * * * *
JT M) JT M, JT M, JT M, -H * s * *
TAX 0 TBY 0 0 -XR'X > * *
(7 -1)AX 0 (7 - 7)BY 0 0 0 -XR;'X =
(1) 0 0 0 0 0 0 Y
L RY 0 0 0 0 0 0 0 -R-
(23)
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UERA x5 (8) RGP /R4 5, AI153K(24)

r (ATP+PA+Q| )

* *
-R, +M, + M]
0, -0
R, + M, ( : ] ) -(U" -R,) -
_R]_RZ
—_— . . - (2R, -U U)
(K'B'P +M, -M') - (U-R,) -M [
Ms_M;
M, U -(U-R,) -
V1 M; JiM; My
TA 0 TBK
(7-1)A 0 (7 -7)BK
(r-1)A 0 (t-1)A4
1} 0
- RK 0

4 X =P', Y =KX, 0, =X0X, 0, =
X0,X, R, =XR X, R, =XR,X, H=XHX, U =
XUX DKM =XMX,1<j<4, KK =KW =
YX', %t (24) £ 45> HF diag{P”', P, P,
P, P RY, R, HT, L, I} MVEREEE, W18
SEH 2 A R (23) , RRERT DU (9) 13- 3 €
2 EMP R (23), K (7) 55 AAF
diag{X, X} MENFEE,THRA(21), 1EE,

TERFIE T 2 & P EAE R R T XR' X,
XR;'X, XH™'X, T (845K H LMI T.HLofeR il 2
Tl 4%, BB AERERE L, >0, L, >0, L, > 0%
¥

-L,=-XH'X, -L,=-XR'X,i=1,2
(25)
%Fﬁﬂ‘.(% ) RSP /R #05 [Eﬁ_ﬁ’l%it(%) o
<0, =0
x! _L—ll [ _ ?
i=1,2 (26)

FIA Xy, Ry, Roy, Ly Fl Ly, WA (26) AT EHE
A (27) FisX(28) .

o

X,
e[
XN _La\

—

o

i=1,2 (27)

|<o.

* * * * * * * |
* * * * * ok
* * - - % x
(-Q,-R,) = % # ® * * |<0
JT M) -H = = # * *
0 0 -R/ % #* * *
0 0 0 -R' = o
0 0 0 -H' = *
0 0 0 0 0 -0 =
0 0 0 0 -R
(24)
XX, =I,LRR, =1, R,R,, =1, HH, =1,
LLy=1,LL,y =1, LL,, =1
(28)

Rt B 2 0] 471 B 0] @4 4k LR LML #%
DAL -

3
Minimize tr(XX, + RR,y + R,R,y + HH, + Y L.Ly)
i=1
subject to 3 (21) ~ (23) M=(27) 15

X = R, =«
[ ]>0, [ _ ])0,5
0 X, 0 o

1,2

bl

H * L« _
[0 m] >0, [0 IZ}W] >0,j=1,2,3
Hep, % (22) MK (23) F 9 XR'X, XR;'X F
XH™'X 5508 Ly, Ly, L, {8,

e 4, AT AR I CCLI™ 353 3R A i S 1

25 K = YXT'W', AT AT AFRAS AR 69 PID 5050 5%
.

W

4 KEGFELXE

4.1 HHEHE
B il BT BUE D HR BR K IE AT 5 1Y
ARk, FEHINTER T Quanser 24w i) B £ i HL

LI S | B 4% % 7 3 F Matlab/Simulink {1 Tru-
= 7] —
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etime T ELAAHHI B,

3 s B2 B F AL FLAK Bl B AN U iR A% sl i
TAERRBE, AT EE ST H i U A RV, R B 3l A
6, &% R BUE
0,(s) Kk,

Vi(s) (R, (q KT, +1)s +k,nK.n,k +R,B,)

Hi, R, =2.6 Q. k =7.68x107° N - m/A
N =0.69  k, =7.68 x107> V/(rad/s) . J, =4.61
x10 " kg e m* K, =70, J, =1.5x107° kg + m’,
B, =1.5 x10* N - m/ (rad/s) Fl m, =0.90 435
7 BB A L B | H AL R B R LS B SOR
ML Bl #H 550 LIRSl % sh B B I R A U 58
TR HOR B EL s 1B R L SEORS i BELE R B
HLLAR B8R, A AR (B P A5 e r AL A R

v, Fisn st sn sy o, e 00) o b

Vi(s) T8 as

36.96

5 o v H MR HEF(2) AT AH R A4 25 [A]
s- +24. 155

0 1 0
REERBHA = [ 0 -24.15 0|,B =

36.96 0 0

TR UE AR SC T4 N 2% Ak A1 BE PID BR 3 4
BB R , B 2l 3R G5 b B A% IR SR
B h =40ms, 10 ms< 77 +7° < h, HELEARE

24, W7 (1) e[10, 160) ms, [Ff PID Fdil 2K
PG R RAE R N ] AT Bk . BRAKEL
BRI, A 3 MR PSR 2 A4, Bk
&5 Fr 51 59 --- 100100100 -+, 1 AR B8 4 i D 1%
.0 AREM.

R,

B3 HirfAREVBEKERENERENNRER

%1 TARSE G TE 2 ZEARF kAR S
B i) PID $s 5 55 L K% 07 60 0 9 i L I Ko o 4
BedghR , Horh L] ¢, R AR
— YK FI LT A B AR ] (A 2 = 0 TR 4R
TR ) 5 WL 6] ¢, Xoh I3 T 05k A A VR 2 B ] 5
VAR M, 7R e 25300 8] L A % I T A
) 2 PR SR R 135 0 ) T 40 L VR I ] o, R4
5 R 7 T4 A B2 [ 2 1 ) 14 9
(HL 5% ) 2 i 8 A5 b BRI, ] 4 AR L B4 By
BRmaR L, I3 1 AN 4 TR B B S
¥ 0(1,1),0(2, 2) 1 Q(3, 3), A HIR#Y %
PID ¥ i 88 e 0k, Lk, , K, 280 B 10 24 4 (a)

F1 AEIREEEIERSE T H PID 25 38 LUK X R f9 B 7 B AL B X 0 Bz 14 B FE 4R

F5 0, R k, k,

£ (s) t, (s) M, (%) t, (s)

(LFbmrm)  (eefEnsE)  CGEEE)  (ERRE)
0 = diag(1, 1, 1),
1 8 =0 0. 6571 0.3164 0. 0267 2.2560 4.5870 9.8209 9.3010
=diag(1x10*, 1, 1),
, 2 ”‘g(ﬁ 0 )* 10818 0.3158 0.0425  1.8300 3.7550 4.4414 \
Q =diag(1x10*, 1,
) 0.8855  0.0387  0.0349 2. 8060 5. 6540 1. 8376 \
1.5x107%), R=10
0 =diag(1x10*,1,
0.8573  0.0338  0.0032 5.3410 10. 7560 0. 0925 \

107y, R=10
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n

[¥]

|

s ()
-

e
=

e 5
o
——— T

=

5 10 13 20
£ 8] ()
(a) @=diag(1,1,1), R=10

=

[
I___m____”
Z

0 5 10 s 20
114 (s)

(c¢) @=diag(1x10*, 1, 1.5x10°2), R=10

—_
N

—
[+

—

=
)

S ()
S

e
T

e
]

(=]

(b) @ =diag(1x10*,1,1), R=10

10 15 20
B 1E] ()

(d) @ =diag(1x10*,1,10°*), R=10

B4 REZRESET P B E i 1R AR E LR B BX e Bz h 2%

IR I L K, TTIE 24k (1, 1) TRk
() k,; GNP 4(b) shAEAEB A B, 7T OB/ 03,
3) TARATEING k. 13T [ R B SHAME LR
TR I BT R e 1 4 BB

HE—AZ EICER[ 28, 29 | oRAEJHI 9 0.04 5
FIDORT B R G AL, Bt H U L | fh #AR
JEFN A7 BEAL AR 2 R £7) IR e AL ) R 4, LAY
&35 REBCH

6(z) = 0. 054092'Z+ 0. 1152'3_2+ 0. 00012_‘34

1-1.12Z7" -0.213Z7% +0.335Z

R FH R 5 A 726 e o A Xk o7 ) 2 4% 3 PR %L
G(s) =
—0.03868s* +7.303s° — 171. 15> - 18320s + 672700

s +219. 85’ + 102205 + 86670s + 7952

SRS Pade EITIEHEAT RGMER AL HR, T3
MG I RGEIE A

— 2. 883s +76.01
G(s) =
s° +9.774s +0. 8981

A R FL AL B ) £ 4 1l R G v, A5 AR
KA R =50ms,20 ms< 7} + 7} < h, Hi%E4EE
i Z M2 4, r(t) e[20,200) ms, [ PID #
il 28 SR FH A5 RS R e R S e AT B itk . AR
2 kS O =diag(1 x10*, 1,2x107%) ,R =
100, AT F5AH R 4 PID #2551 28580k, = 0. 1295k, =
0.0136,k, = 0.0124, &1 XF 4% B AR EE | DA K.
BB 4511101111001 -+ ( BRI E] T
30% ) , 45 Hi T #E1% PID 45 4% F = I RGEL A
AR BT — o RGEBLAL A 4446 PID B BRI A
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Networked guaranteed cost PID control via LMI approach

Liu Yicai* ™, Liu Bin*, Gao Jun™
( " Engineering Research Center for Metallurgical Automation and Detecting Technology of Ministry of Education ,
Institute of Information Science and Engineering, Wuhan University of Science and Technology, Wuhan 430081 )
( ™ Department of Mechatronics Engineering and Automotive Services, Wuhan Business University, Wuhan 430056)
Abstract
Aiming at the networked control systems ( NCSs) with bilateral time-varying delay and packet dropouts, this
work invesligates networked guaranteed cost proportional integral derivative ( PID) control via linear matrix inequal-
ity (LMI) approach for second-order processes. By using the augmented state space form to rewrite a controller with
typical second-order process transfer function and the time-delay system approach, the selection of PID tracking
controller parameters is reduced to the solution of linear matrix inequalities. Based on the free weight matrix, the
reciprocal convex combination and the cone complementarity linearization method, the controller parameters which
satisfy the tracking performance are obtained, and the traditional PID control method is adopted to realize networked
trajectory tracking control. Finally, the examples of numerical simulation and experiment are given 1o illustrate the
effectiveness of the proposed method.
Key words: networked control system ( NCS) , linear matrix inequality (LMI) , proportional integral derivative

(PID), tracking control
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