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Abstract: To deal with a class of nonlinear discrete time systems with control constraints, we propose a multiple set-
points tracking control strategy based on adaptive dynamic programming (ADP), and rigorously prove the convergence and
stability of the system. According to the idea of multiple-model control, a ladder-shaped reference trajectory is designed.
In the entire control process, system states track the final value of the reference trajectory step by step, ensuring the stability
of the system and significantly reducing the overshoot and response-time. A non-quadratic performance functional is
introduced to tackle the control constraints by consistently restricting the control inputs in a bounded range. Simulation
results are shown and analyzed, demonstrating the feasibility and validity of the proposed optimal tracking control scheme.

Key words: nonlinear systems; discrete time; adaptive dynamic programming (ADP); multiple-model

1 5| (Introduction)

i WV 51 2 Ji ¥l (adaptive dynamic programming,
ADP) [P AR 5T 2 FR A 5 A 2 > Jt B RE4UL A i 3 3k 34
8 SO IEAT 2 20, WA — P AR T A R
Ry 73 G 2 B B R e B B ), G 22
W 2%, >3 T 2 A BRI R R TR b ek EROR 42 ) 3R
W, NI A2 B DU R, 15 3 N s 2 B A 25 b A
T AEG B TRV S5 “ e Hi IR HE R, R sk
fRARLE M S TR R B R AL T —Fh D) S 4T (1)
SR 792, H 19914 Werbos P 121 ¢ V4 HH ADPAT
LIS DAk, IX R J7 652 2 N AN AR E T
2R, IS T MW SR, Al-Tamimi A, Lewis F
LA T B R S ADPA Y, JHUEB T A
(A PEREARHE TR bR 1S 4. Abu-Khalaf,

R H : 2012— 10— 18; W& ke H #: 2013—01-28.
T35 /E% . E-mail: lixiaoli@hotmail.com.

Ferrari SEE1118 T 77 A3 23 1 4% 29 5K [{ ADPS v 5-61,
Zhang H G%5 I ADPS V2 s DO i vk 7 fee A BR i 4 il
] @7, Azhmyakov VE5K 20 25 MR 5 &4 f A 4%
4t Aok, FRRE TR Iy B

AR LR PE R G 5 A R0 2 RE A, LA in)
AT B P A, AR AR I R
WP TR T, AERIE R GRS PRI Ol
T, HEINHAPIRA A T, I Ho 0 A AE 0% R i b R B 0
SHBEAE. T, P ae, 70N A R
I, 246 8 1T I R). IR AE S i i TP AR IS B A4
il 4% 2 R IR ADPARL L RE S A5 il 5 (1) 3 B0 B e 7 —
ANEHEI, BHE T REisoe b, HAE SRR
(PR R, 45 SR AN T

LAk, 2 AR IR hy A ) 1R Al 2 1 4 )

FEATH : B T5 A SR BB I H (NCET-11-0578); 5K 28R4 55 4 05 W 01 H (61074055); S i SEANRHIR Y 25 2 5 101 % 4

¢ W5 H (FRE-TP-12-005B).



710 o oW o B

% 30 %

TIERR T 4R TR A RIS R, AR R ]
2 AT RS ALE T AR 2 M R GE RO AN E M, R
2 A ] BB R BT 22 AP B 2 T 2, 08 TR R
2R SR, AR A B 4 g 4 i ot i 1.

AR SRR X 8 e R AR e g i 1) &R 4, 4T
ADP 7 78 i) 55305 R 22 B2 42 1 28 B vt JLALURH &5
&, EALZ AP ERRIIS % BOEE, B s A
ZR G0k L A PR 2 A0 o 2% R R ) B e M, RE AR
UER GRS E VE, SONCR B/ 1 . [,
TR AL R AR, PR IR R FF A S 75K
B 0 &5 AW, e 77 VA RE A 0 o AR G ) 19 AS W)
IV, AR e B BRE AE—IMR/ANYE LA, P
AT B E U A
2 T ADPSLYE AT bl 8 20 R 10 2%

P B HC [A] 3 5 BR R 9% il (ADP algorithm

based tracking control of nonlinear discrete-

time system with control constraints)
2.1 o] @338 (Problem formulation)

Sy e G R I E A R TR (S5 e
LR YL

z(k+1) =
€ R™™ ZLipschitzi% 4k
R B2 nl i, Ho2,

U (k)T e R™}.

f(@(k)) + g(x(k))u(k), k>0, (1)
e RUERAME, f(z(k) €R?, g(a(k))
PR B RFAESN C
= {u(k)|u(k) = [u1(k), uz(k),

S ST IRA R Ko (k)
e(k) = x(k) —n(k), 2)

Horp (k) iR B HUE, Ha(k) € R,
s RS Blue (k) = g~ (n(k)) ((k + 1) —

F(n(k))), Hg=*()hg(-)Mh s B, 2% fEo(k) =
u(k) — ue(k), WA

ek+1)=zk+1)—nk+1) =

f(x(k)) + g(x(k))u(k) —n(k + 1) =

f(e(k) +n(k)) + g(e(k) +

n(k))(v(k) + uc(k)) —n(k +1). 3)

wiE|v(k)| < o, oA AR PEAISE, He

XU = diag{ﬁla Vg, -+ aﬁm}'

T T A 48 1 4 240 A TR B IR 4 e A BN i 4
], L H 1R S R s A, 43 RE Q)T
€, I HLRERS S It e R bR BR B . N T SRAR B HLER
BRI ) B, T T AR AR A DA

i1 XTR%EQ), Ao (k), W

1) v(k)fEQ Ik FIEIELLN, ie(k) = 0, B4

2 v(kﬁ%m%éﬁ:@
A PERESR AR RO
J(e(k),v(k))
> {Qlem) +
Q( (k) + W(v(k)) +
n%l {Q(e(n)) + W(v(n))} =
Q(e(k)) + W(v(k)) +
J(e(k+1),v(k+1)), “4)
HrpQ(e(k))FIW (v(k)) 5 1F 5 B 5,
Q(e(k)) = e (k)Q ( ),
{ _QI s)U Rds.

iZ%Q%HREMT%EE%E@E, s €R™ ¢ c R™. &
X" =(e )" A
o (v(k)) =
e (wi(k) @ (va(k)) - @7 (om(K))]T,
()N SRR AT R AL, W o) < 1
H—Fr PR S — AN B, XU IE D) ek £
o(+) = tanh(-). o (") FRp(-) 1 kAL, Wi b
M58 S, o L) i B (1) 77 R 2 H R A IE € 19, P LA
W (v(k)) 2 1E e iy thon,
AT (e(k)) B HBANEREFR bR e 50, s DR 2
AR ER, J*(e(k))I 2 T H FTHIB 5 FE:
7 (6() = min{Qe (k) + W (k) +
J (e(k+1))}. (6)
AR (k)i 2
o (k) = arg min{ Q(e(k)) + W (v(8)) +
J*(e(k+1))}. ©)
A J*(e(k)) X o (k)i 550 %
oJ*(e(k))
ov(k)

~

(e W(v(n))} =
)+

&)

de(k+1) " 9J*(e(k+1))
ov(k) de(k+1)

oJ*(e(k+1))
de(k+1)

2URp (U (k) +

2URp (U v(k))+g" (e(k))
KA A0 (k):

1
2

=0.

0T (e(k+1))
de(k +1) )
®)

g8 LR, AR S AR I AR B R Gl

vi(k)=Uq(~(UR)""g" (e(k))



6 1M

BRI 0] R, e A Bk SRR B AR Pk RE 4R BRI (e(k))

i . A SCHTIEARADPELVE A KA.

2.2 ADP & ¥ i) # 3 (Derivation of ADP algo-
rithm)

ADPI1 J5 35 30 1 ) H R £ AL 45 R o 22 I 2%,
KA AABH A FR] o ) VEBE TR FR BRI AT (e(k)), MMTER
3 B AR BE$5 b bR 20T (e (k) ) AN B AR 48 1l o™ (k)
AN A2 dpe D0 1 i B

58, M TR RS WIS e (k), 2H)
SR PERRTR bR R LT, (+) = 0, V12 BIX AW 46 7 fg
TRBR BR AN — 5 R B IR, AR5 SRAFAH I R 48 T
H

(k) = argmin{Q(e(k)) + W (0(0)) +
Jo(e(k +1))}. 9)
kLl T PEREFE AR R 2L

Ji(e(k)) = Q(e(k)) + W(vo(k)) + Jo(e(k + 1)),

(10)
Hor
e(k+1)=
fe(k) +n(k)) +gle(k) +
n(k))(vo(k) + ue(k)) —n(k+1). 1D
RJG, X Ti=1,2, -, ADPH LT (k)T 1 (e(k))

Z N e LIEAR, TﬁiUﬁHTlﬁ N
(k) = argmin{Q(e(k)) + W(v(k)) +

Ji(e(k+1))}, (12)
Jivi(e(k)) =
Qe(k)) + W(vo(k)) + Ji(e(k + 1)), (13)
e(k+1) =

fle(k) +n(k)) + g(e(k) +
n(k))(vi(k) + ue(k)) — n(k + 1). (14)
SIER 12 X FL(6)—(7), 24if4iT T-oolit, v; (k)
W S B e L o™ (k), T REFE A5 bR J; 1 (e (k)UK
SR 2 HHIB T FE B AR T (e (k)), HLwi e Pk ge
RARERELT* (e* (k))& 1EE 1.
EFE U g, S (k) S RS
(i tsse
UE EALPEREFRAR T (e
K

*(k))RIER6)1TE

Jr(e*(k)) =

Qe" (k) + W(v™ (k) + J(e"(k + 1)),

I LT S N A LI £ B IR ik 711
URIES;
(e (k+1)) = T (e"(k) =
—{Q(e" (k) + W(v™(k))} <0. (5

HE 4 Lyapuno et £ (1) 5& X, J*(e* (k)) A Lyapunov
PR, RGEE IS E ).

2.3 ADPH ¥ i £ M 4% 512 Bl (Neural networks
implementation of ADP algorithm)

AT AE T SEULADPSL %, SR I A2 [ 5 PR $(radial
basis function, RBF)#1£8 (4 £ K AT 1BLT; (e (k) ) Flv; (k).
BV 8 W 8% B 5 J2 A 22 TC AN B0 N JE
B 2 2 1) BB R B 2V, B 2 A 2 2
() B ASCARE B W7, B 2 T o B8R T v 387 R
() € R, fiyHh 2R A 2o MG sh 2. fEASCH,
i TP PR 28, EAT1 23 ) VP ) 194 4 R T 1Y
“%.

2.3.1  VFH| M 25 (Critic network)

PEJI ) 285 4 FH AR AL PR e b ki £, AN JE AN
B 2 Z IR BB B A2 V e, Ko J2 A )2 22 )
IAUEFRE 2 W e, N Ae(k), it R

Jile(k)) = (Wei(k) " ¢((Vei(k) Te(k)).  (16)
ERANSE &)
Ji(e(k)) = Q(e(k)) + W (vi1(k)) +
Jii(e(k +1)). (17)
58 SUVPH) I 2% 115 22 bR K
ec;(k) = Ji(e(k)) — Ji(e(k)). (18)
P 2% 1) H AR 2 A A3 1 T Bk O /MK
Ec;(k) = %(eci(k))Q. (19)
DR AP AR AR 68 P88 T ek vck, ) 0 4 PR UL B vk U 2
7~
Weia (k) = Wei(k) + AWe,(k),
AWei(k) = acl= SIJ/IE/Z((Z))]’ 20)
0Eci(k) _ 0Eci(k) 9Ji(e(k))
OWei(k)  aJi(e(k)) OWei(k)’
Horhor 2 VP HIIR 25 1) 2 2] .
2.3.2 AT ML (Action network)

AT 28 H R 15 B A, A E R EEZ
() FRIASAEL R A2 Vo, B 2 A )2 22 TR R AR
FEZWa, SN Ne(k), it 2R Rk

0i(k) = (Wai(k)"¢((Vai(k))Te(k)). @D
ERZNEEA )]



712 AT/ L

5 M 30 %

vi(k) = argmin{Q(e(k)) + W(v(k)) +

Ji(e(k + 1))} 22)
T8 AT 25 1115 22 R B

ea;(k) = v;(k) — vi(k). (23)
AT 25 1) H bR A 15T 1 oR £kl Mk

Fay(k) = %(eai(k‘))Q. (24)

AT 0 2% B A SERI V2 0 55 PP AU AR AL AR A
JETR R, WS 2
Waii (k) = Wa,(k) + AWa,(k),
O0Fa;(k)
_8Wai(k:)]’ (25)
OFa;(k) _ 0Ea;(k) 0;(k)
OWa;(k)  00;(k) OWa(k)’
Horh o, AT IS 15 2] .
25 AT AR IR A R 22, hAT R 2% D1 ) 9 25 AT
P 25 2B W AR, 25 7€ IEAR L PR e, R T 554K
AR, BRI T
1) Mg Q1) HRAT 925 753300, (k); TR
(16), HAFHI M 252033 J; (e(k)).
2) Ho; (k)RR (k), o, (k) Me(k) RN RS 5
FE(14), 732 R — N ZI PR R e (k + 1);

AWa;(k) = a,|

I Bt 245 AT 99 2%, AR 2K (25) TR AEAUAE, BB R
Wai1(k);

4) HE 4 X (20) PHHE D ) 99 25 2 B AAEL, BB A
Weipr (), IS PPAI 451

UGB T2, i = i + 1, B < a1
IR, A NEAREE .

FENIEARFL A N TR,

Qe(k)+W(v,,(K))
A Jiek) o~ 4

——————————

i (e(k+1)) J(e(k))

! PP 1 = 42
™~

ﬁj

e(k+1)

B

0,(k)

Thsams

e(k)

Kl 1 ADPSA4 KK
Fig. 1 The structure diagram of the ADP algorithm
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Fig. 8 The curves of controlling quantities

------ B |
- E R

u(k)
NOW A L oo

9 PERESE AR ER Bt £k

Fig. 9 The curves of performance indexes

5 458 (Conclusions)
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