MW HZE A ] 58 34 15 5 8 Applied Mathematics and Mechanics
2013 48 J1 15 Hi iR Vol. 34 ,No. 8 , Aug. 15,2013

X EHS:1000-0887(2013)08-0795-12 © R FHBCER F1 2 925 42, ISSN 1000-0887

HETM&EU T EZNIFLIERSE
MR RIGERREEE

Lo, ZE%E, K &

(RIEFR TR THER, TR 45 AT R TS50 % 10T KIE 116024)
(KT 50 B RN 7 )

E: AR T —MORMEARLNE R GRS P ) R B0k, B G, il A T R
Lk R G A i ) R Al R 2 Pl 75 UK Hamilton 28 5 P S 1 (1 10 880 1) 26 AR 0K i, SR
A PR AR I B AR e RIR S T PR IR, FLZO AR 1) Hamilton AR GE R LA
PET. i, G A P ) 20 ) 338 0 5 BRCPR 285 15 A ) 7 4k ) SECRT , 228 AT 228 B DA PR o 9 1 1. (e 4]
FW] PR Bk B B T SR0RS 2 AN R Y WSSO BE L w8 4 A PR S ot A 5 FF 4 o 31 i
AT 3B/ S i R e b, 2R R TR AR IR IR 22 AT O, JFER il & S 2R
SEFEAE S5 B M0, T P B S 542 Wl RE A 7E — B 185 T R0 4 i 22 OS2 ), O R 2 ik B R E

X 8 W RLRUERLG; W&l RIHEEER R, S

hESZES. 0231.2;0302 XHEFRERD . A
DOI:; 10.3879/j. issn. 1000-0887.2013. 08. 003
7] =

ALt ZR G0 1 PH I B g e S b TR R v Ay 25 s 22 VE A, i an , vl i IR Gene-
sio RGERIFE TS E AL Ak ig =00 vE ML 28 R TR R G0 A0 R Tl g ol A
S 5P A L P B R FH 22 A 220 1) SR A SR A 2 i B 2] () 4 L A T LA AR
b /NS T I 4 T A5 SR ) s e s P B S B ) AT DA AR L 3R e B A A R B R
RAS TR BAT MR RRR E P A SR AR LRk R 4, B AN 4 22 TR AR B8 OB 5 T ol 42 ol
)R, DA IS ot 2 S A L TP R4 A 5 AN nT R R fe 38

TR B B 3% ] ( receding horizon control, RHC) {E A — A7 R0 B AL Y fi i 42 i 77 1% | RE A%
AL B P BR S i 08O, ELVR sl Bl I e A S 2t 5 AR 2Pk 2R 0 1 S ot 42 il B8 {1k — ol A
XoF fRT R 5 1% B LR TR ANAR R GE 2RI AR R 458 DL M AR LMl RS, e AR REAS 3]
— AFEE R ER R GE S SR 7 ] 35 T A8 7 4 JUHE 5 A B pRBRE H T — R M 2 1 R

« RS HEE: 2013-05-16; f&iTHHE: 2013-06-03
ESWH.: EFHRBAIEESEBIE (11102031) ;i Jo @ £ A B 45 9% % 300 9% 4 ¢ Bh 100 H
(DUT13LK25) ; [ Sk aih v & R #L K 9% Bh I H (2010CB832704)
{EERT: TLH(1988—) , 3 VLA T, Wl + 4 (E-mail ; jiang@ mail. dlut. edu. cn) ;
K (1976—) , 5B EHMKEFEN, P GAITRIER . E-mail: zhangs@ dlut. edu. cn).
795



796 R B % % 1S P

GV B s Sl ) T R PR A MG 5 120 P e DI 42 T e 08 e DIk — B A B 28 A, X R RSB
1 e NG LA TR B s Sl T ) R A 18— ZE st X Bl 7 10 Sty R L R A 7R e, sl o 1
XJ Riceati 7853 15 BRI K BB AR T2 58 T4 5 1 M 2R G0 VR 2y gl i [ A ) 01 oK

B LR FE, AR B I 458 ) 22 88 nT LUK FH Hamilton 15 0 5 F2 434 | 1 Hamilton 28
B AR 2 PR AR B [ (1 JLAT 254 00 L SCR L7 ] 07 TR FE R A B P A4 T ROA &
Gy JUATZ | PR —Fh DR Bk, AR SCHE SCRR [ 7 ] ARt | 45 R Ty s MM R 52
AP B B At i 4 ) B AR et R Ge n PR BR S sl R, ARG f7 8 HL B4 1 — bR AR 2k
FGE A I ST i 1) R 5 1 T g — NI ] 3B R 20 | AT 7R 4 SR Mt AR ek de A0 428 ol 1) R
FEHUFIRAS RN A TR TEL B HOR AR S M dne e i 1) J S BOBOR T3 A
SRR [) AN N S I TS SR L AR SO B T T i, AR AR ek B A 4 ) R G e Ao 6
PEAEFFIR Hamilton 28 55 W i 320 (L ) 0 26 AR SR A0 5 TR A — S AR5 P, AR A0 {18 748 d 2
3 VB 55 A RR B B R Al FR AR B0 G Dy R A SR g PRI, A SCHE S i DR S B s i
e AR A A LM 2R e AP R i P ol I R, AR (EL Oy B0 il T — AR R R 8, B
UE T A SO WS BIORS B8 S B8 RS th T SRD AW (B e B eSSt S5 Dy i A 3, o3 4, Bl
AL DL — s AE Lt i 48] 37 42 AR G2 0 0 LU T T B4 o) -5 P A8 S5 4 i) ) 552 o 4 i 235
T IR RS AR IR B R Gk e IR A Iy T 1y L.

1 BT ik AR Sl 28 S iR sl i duli s il 1) 7t

RN R GIR S I ] (4 5245 W oy T e
x(7) =f(x(7),u(7)), x(r=1)=x(1), (D
PERETEAR A

J= 3 [Mox(t+T) g )"S [ Mx(t+T) — ] +

%f:m[(x —x)'0(x —x,) + (u—uy)'R(u —u,) ldr, (2)

Hrp x e R™ PREDH u e R™ WS ALRE x, e R™ HHIRRER R u, e R N
HprdhlsmA e A 7 e [o,0 + T] ATNARRGORE I H S, e R” MR
HBLRuRAE M x(1 + T) WHIMA,Q € R MLIEEME,R € R” NIEEHE,S, AP
FE LS AR I, M R 40 5 R I, TR S s il ) R ) H by SR Gl R u (o) 75
PERETR bR J HUMER /DN,

KA R Al (1) F(2) 7B &+ 1 UGEIREPE T RE (1) F(2) B4 k Wtk
AT Taylor PEURIT 15

() =AY (m)x" () +

B () u™"(r) + wP (1), xFV(r =) =x(1), (3)

J :%[fo““”(t +T) = 1"S[Mx"V (1 +T) -] +

1 s b+ i+ i+ i+
o] TG k)G k) (Y - u) R — ) T, (4)

)
-+



BT ANLMEACTT ik AR LNk RGP RSB R 0k 797

AW (7) = U x(1),u(T))
ox

’

x(E) (7) u(k) (1)

B (r) = W(x(r) u(r) , (5)
au x(E) (7). ulk) (1)
W (r) =f(x V() (7)) - AV ()x V() ~BY (1)uV (7).
16k + 1 YEACHT ) Hamilton pRECH
+ 1 i+ i+ + ot
D :7[<x(h D _x)"Q(x* —x) + (™ ) "R(u* —wy) ] +
(AFDYTAD (ry gD 4 B (gD 4y ® () (6)
MR A — B b 2R 1A
(k+1)
7{9911(“1) =0=u*" =u, - R(BY (1)) A", (7)
u
BT (7)) FRRATTHE (6) 7% Hamilton PR
b+ 1 i+ T i+
H(A 1) :7("‘7“ 1) —xd)IQ(x(A 1) _xd) _
SAE)TBO (R (BY (1) A 4
(A(k+1) )TA(k)(T)x(IH-l) + (A(/H—l) )TB(IC)(T)u1 + (A(Im-l) )Tw(k)(T) . (8)
Hamilton 1E W75 24
(k+1)
xHD = gi](hw :A<k>(7)x(k+l) -
B (R (BY(7))"A"Y + BV (r)u, + w" (1), (9)
) (k+1) -
RO = S o @ - (A (7)) A 4 g,
x
R S
0 (r =) =x(1) (10)
A (=4 T) =M'S M, x"V (1 +T) -], (11)

TSRk + 1 UGB JRAR LR M e e il [a) U AL A 3 (9) L (10) L (11) BT sl Ze kIR 551k
Hamilton 3 {E )R, HOBEAEX — AN ok B (R RS A i x S i il A8 2w FOAEL, B
AT PAEAN T — 34X, Zead 2 UGEAR, B 2] SRAS I RS B R 1) i

PRI, AR SCRATR L Aok 4 5 — s sl i Ao Bk ok i o bR — AR P =L (9) |
(10) . (11) H AL Hamilton W51 (i 0] 11,
2 PReERBTE AR
BEETERT ) X ] [¢,0 + T A58 SCA iRk v ot

V=A'x, -Al,x,, +8, (12)
,x, 5 A, AR Z BRSSO ESAS S M X, 5 A, WL 2RSS ST AR
e S HERRIEE XA

S:J”TuTx—H)dT, (13)

Hr A e R a8 H i (8)18£AY Hamilton pR%K.

>N



798 R B % % 1S P

7R (12) A5
dV = x;rd/\r - x;r+1‘dAz+'l‘ ° ( 14)

AR (14) FoR, MR AR R B 18] P Hamilton 18 W5 8 ST, I FLAG B i) BE 3 (1 DA A8 A,
5 A, BT A 824 BUREL VLS A, T A, BIRREL
P EI D] (2,0 + T] 58500 NAST XA, DT X R K g = /N Bl g, =1,
to=t o+, ety =6+ Ny JFESS AT IXE A A T m A5 BE AR m - 1 By Lagrange 2
WASRIE LRSS 5 x (7)) ,TTHIEA T n ASSFEFESAY n — 1 B Lagrange 270 20K IER A
i A(T), B
x(7)=(M®Dx,, (15)
A(T)=NA_ + (NR®IDA, +N,A,. (16)
X (15) ((16) 1, 775 @K Kronecker B, I XFK d x d Brif M4, 104 A, 5 A, 735U
5 j AN XA it S A A U A AR i 1y ik e, low O x = { ()" () e ()T
ABGESIH A = (AT (A" (A7), 30(15) ((16) I EAFSE LT

M:[M],M2,"',Mm:|, (17)
IY:[NZ’N’J'"“’Nn—l}’ (18)
- T =T
Mj = ! ’ (]9)
j:l:LiTi -7
N T T
N, = L, (20)
.le:LiTi -7
FESR j AT IXE R R (15) L (16) R AR (12) , A T M7
VA A ELA) = ALE = AT+ [ (AT = H(x,A) (21)
¥ (8) 14521 Hamilton BREL H(x,A) fEAR(21) ,IF& L F AR
. aV. . . ) - ) )
Flj = aA/ :Kllej—l + (Ei +K{2)'X_:j +Kf3’\j +K{4Aj +f{, (22)
j-1
;9 j j i j j
F; :? = (Kj, +E11)A'j—l - Kyx, + KA, + (K3, _Ed>Aj +f3, (23)
i
Fi=" KA v Kix + KLA + KLA +f] 24
3= —=KyA, + KX, + KA + KyA; + f, (24)
oA,
;9 j j T iy j j
F; = oW =K,A,, + (K, —E))x; + KA, + KLA, +f], (25)
J
H, E, FE, #°0 md x d B, 2 LUNF
E =[1 0 - 0], (26)
E,=[0 - 0 I]". (27)
K/ (s,t=1,2,3,4) 5f/(s=1,.2,734) {EMELNT:
K, =| NNIB(r)R'(r)B'(7)]dr, (28)
iy
Ky=[ NI - (M®A(r)) ldr = (K})", (29)
iy

K, =[ NIN®B(HR(1)B'(r)]dr = (K})", (30)



BT ANLMEACTT ik AR LNk RGP RSB R 0k 799

K, :f:fININ,,[B<T)R"(T)BT(T)]dr = (K})", (31)
fl=- f:_"lN]B(T)uddr - ftt:"lzv,w(T)dT, (32)
K}, =f;’l[MTM®Q<T>JdT, (33)
K}, =f;"l[<z_vMT ®1) - (NM' ®A"(r)) Jdr = (K", (34)
K= [ NIGE@D - (M @A) Jdr = (K0, (35)
fi =J;"I<M®I>"‘Q<r>xddr, (36)
K= [ INN@B(IR (7)B'(7) ]dr, (37)
K, =f;’_]N,LE<N"‘ ®B(r)R(r)B'(r)) Jdr = (K})", (38)
fl=- jl"f]zy"@B(T)uddT - J’;‘]‘IZYT@W(T)dT, (39)
K], =f{l‘]]N”NHI:B(T)R_I(T)BT(T):|d7', (40)
fl=- f:]]NnB(T)uddT - f:j]N”w(T)dT. (41)

FRAETRE (14) UK 5 A TIX I PISO IAs At A, 5 A, T A s, ELAR Hamilton
T T BAES AT DT R RS T V(A LA &) A5 SRS AT I I P B A2 Bt

j=192%5» j

R, i (23) 5 (24) AR5 T 0l U AR ST AR B, 5 A, FISE AR RE A, 5 A,
TR B HMAAL(22) H(25) 15

F{=S[A_, +8SLA +¢], (42)

F] :Sé.]A/f, + S{zAj +Z], (43)
Hrp

S\, =K|, + (E, +K},) (K},) (K}, +E,) -

(Kiy + (K.)") (K.,)"'(K{, +K.), (44)
S, =K, + (E, +K},) (K},) (K}, - E,) -

(Kiy + (K.)") (K.,) (K, + K},), (45)
S5, =Kj, + (K}, - E;)(K},) (K}, +E,) -

(Kj, + (K;)") (K.,) (Ki, +K.), (46)
S5, =K, + (K}, - E;) (K},) '(Ki, - E,) -

(K, + (K;)") (K.,) "' (K}, +K],), (47)
{l=-(E, +K},)(K},) 'K, - Ki,(K,) 'K, + f{, (48)
{y=- (Kj, - E,)(K},) 'K, - Ki;(K.,) 'K}, + fi, (49)
K, =K}, + K,,(K},) K3, (50)

Kib =K;.2(ng>_l(Kg4 _Ed)’ (51)



800 o 2 % [ 1
Kgc =K3fz(K2fz)_l(K'zf1 +Eu>’ (52)
K}, = KL(K],) 'K, (K},) "'f2 + KiL(K.,) "'fi - f3, (53)
K, = K,,(K},)'f) + fi. (54)
FES j AT XA AR (1) BT &R,
dV, =x.dA,_, - x/dA;. (55)
EE S
d
% +x,=0, (56)
ov.
BA : / 1 0 (57)

HRAEARS BHTIEUI_IH?EI’J S S R T R (22) ~ (25) , ATAS R AN E] X [H] (2,0 + T] SN
T HRRAT
F=x,, (58)
Fl+F/" =0. (59
T (58) RFEWIRIL I A (10).
A (25) . (43) FI(57) Al 4%

xy=—F] =— (S}A_, +SpA, +45). (60)
H(60) A (11) BRI T 5 (11) S0 i A1
M{SMS)A, , + (M{SMS), +I1)A, =— M{SM{L) - M{S . (61)
AR BN Lt e .
AZ -8B, (62)
Hrp
Z={A (1) , A1), , A1) o AN (1) (63)
B=1{(x,-&)", - (& +)" 0, =@ +&7T,
(I - MS - MSME (64)
'S, Sl 0 0 0 0 i
S Sy, + 8 S, 0 0 0
0 S2, S2, + S}, S, 0 0
F=10 0 S3, S, +S, 0 0
0 0 0 0 : :
: : : : Sy + S Sh
L0 0 0 0 o MISMS) M{SMS) +1]
(65)
IR ARAANE TR (62) , ATRAT A BUME, TARSE L (25) L (43) 5(57) , Al AR a0 R R &R
x;==F] =— (S}A,_, +SLA, +)) . (66)

MRAERAFHY A AE S (66) , ARAGHHTS 89 x AUME, e AR — 223544
MRAE TR (T) 7 26 G B AR S x BO(ELS , nDRE R — 2B AR A A fHARA
=W



BT ANLMEACTT ik AR LNk RGP RSB R 0k 801

u=u, -R'(B(7))"'A, (67)
AT B R w B,
3 VRS

TE VL PR BR  BEA_b  3 ah —A> IF TR] 25 (4328 1 - SRR A il A2 1 BRIV AT 5 B ]
MRS A O AR BT LU T

set the number of receding steps of the receding horizon control
set the initial value of the state vector at the first node
set the time length and number of time intervals of each receding step
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Fig. 1  Algorithm flowchart of the program
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7 4.24E-10 6.98E-08 1.03E-08 3.23E-07
9 1.73E-12 1.07E-10 5.32E-12 4.81E-10

11 1.09E-14 3.18E-13 1.09E-14 6.01E-13
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0 1 2 3 4 5 6 0 1 2 3 4 5 6
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Fig.3 Convergence result of the movement distance Fig.4 Convergence result of the swing angle
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Fig.5 Representation of the inverted pendulum on a driving cart
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- I 2 3 4 5
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B 6 {2kt
Fig.6 Paths of the swing angle
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Fig.7 Paths of the velocity
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Fig.8 Actual and ideal paths of the swing angle Fig.9 Actual and ideal paths of the velocity
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Symplectic Conservative Approach for Solving Nonlinear
Closed-Loop Feedback Control Problems
Based on Quasilinearization Method

JIANG Xin, PENG Hai-jun, ZHANG Sheng
(State Key Laboratory of Structural Analysis for Industrial Equipment,
Department of Engineering Mechanics, Dalian University of Technology,
Dalian, Liaoning 116024, P. R. China)

Abstract: A symplectic approach was proposed to solve the nonlinear closed-loop feedback
control problems. First, the optimal control problems of the nonlinear system were transformed
into the iteration form of linear Hamilton system’ s two-point boundary value problems. Sec-
ond, a symplectic numerical approach was deduced based on dual variable principle and gener-
ating function. This method can keep the symplectic geometry structure of the Hamilton sys-
tem. Last, with the state vector and control input updated by the forwarding of time steps, the
goal of closed-loop control was achieved. The numerical simulation shows that the proposed
symplectic method has high precision and fast iteration speed. In addition, the closed-loop
feedback control and open-loop control were used separately to analyze the inverted pendulum
control system. The results show that in the case of the presence of initial errors, open-loop
control will result in the failure of the stability control tasks, while closed-loop feedback control
will eliminate the initial errors after a certain period of time and lead the system to a stable

state.

Key words: nonlinear system; quasilinearization; receding horizon control; variational princi-

ple; symplectic conservative method



