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Data-driven Nonlinear Near-optimal Regulation Based on

Iterative Neural Dynamic Programming

WANG Ding! 2 MU Chao-Xu? LIU De-Rong?

Abstract An iterative neural dynamic programming approach is established to design the near optimal regulator of
discrete-time nonlinear systems using the data-driven control formulation. An iterative adaptive dynamic programming
algorithm for discrete-time general nonlinear systems is developed and proved to guarantee the property of convergence
and optimality. Then, a globalized dual heuristic programming technique is developed with detailed implementation
by constructing three neural networks, where the action network is trained under the framework of neural dynamic
programming. This novel architecture can approximate the cost function with its derivative, and simultaneously, adaptively
learn the near-optimal control law without depending on the system dynamics. It is significant to observe that it greatly
improves the existing results of iterative adaptive dynamic programming algorithm, in terms of reducing the requirement of
control matrix or its neural network expression, which promotes the development of data-based optimization and control
design for complex nonlinear systems. Two simulation experiments are described to illustrate the effectiveness of the

data-driven optimal regulation method.

Key words Adaptive dynamic programming, data-driven control, iterative neural dynamic programming, neural net-

works, nonlinear near-optimal regulation

Citation Wang Ding, Mu Chao-Xu, Liu De-Rong. Data-driven nonlinear near-optimal regulation based on iterative
neural dynamic programming. Acta Automatica Sinica, 2017, 43(3): 366—375

B LA T 5T 0 4] Ve v 428 ) 2 A0 15 AR S 0 1 g
febrik B, AR T RO AL 2 RS
t RIS EE AR — HEMERSEN
e LA il 1) A 5 SR A Riceati J7FEAN], BFFTARLR
P 2R 0 10 s D04 100 5 2SR A AR 2 M Hamilton-
Jacobi-Bellman (HIB) J7#2. 1, % T & Hin 7]

A F 3 2016-03-16 A H M 2016-05-17

Manuscript received March 16, 2016; accepted May 17, 2016

Ex B R4 4 (61233001, 61273140, 61304018, 61304086, 615
33017, U1501251, 61411130160), dtxtii FH AR 4 (4162065),
TR QAR IS (14JCQNIC05400), RN E s FT T &
e ARG L P B KT S AT ARG, R R I 4
IR S SIS 4 (TKLPMC-201612) #)

Supported by National Natural Science Foundation of China
(61233001, 61273140, 61304018, 61304086, 61533017, U1501251,
61411130160), Beijing Natural Science Foundation (4162065),
Tianjin Natural Science Foundation (14JCQNJC05400), the

100190 2. KTy b FEAG I 5 4 i o s i, KR A Bk
55 BT RESEBE R 300072 3. dsURHECRY: ABEAEEE bt 100

Early Career Development Award of the State Key Laboratory of
Management and Control for Complex Systems (SKL-MCCS) of
the Institute of Automation, Chinese Academy of Sciences (CA-
SIA), and Research Fund of Tianjin Key Laboratory of Process
Measurement and Control (TKLPMC-201612)

ARUTHUERE BB

Recommended by Associate Editor HOU Zhong-Sheng

1. i R B E E T e R G B s B A e = bt

083

1. The State Key Laboratory of Management and Control for
Complex Systems, Institute of Automation, Chinese Academy of
Sciences, Beijing 100190 2. Tianjin Key Laboratory of Process
Measurement and Control, School of Electrical and Information
Engineering, Tianjin University, Tianjin 300072 3. School of
Automation and Electrical Engineering, University of Science
and Technology Beijing, Beijing 100083



3] Tl A Fe TIEARh ) A B s YR s AR e A L 367

LM RGN T, X IR A 5 SR AR A e P O
SyTTRE, RAEAR ZAE LT & MELL B, EARE A M
ol 2 SR At dpe DI ) I 88 (1) 2 i g v, AR LS ) 3R
i AR R BB 4R B R AR TR X
Fi g 1) SRABBE K ALAR] T A S bR AL T2,
FET N TR M 2% BRI FE N 2 ) SR, H
N (BT Bl) &M (Adaptive/approximate
dynamic programming, ADP) J7ikMNiam R, 3¢
BR [3—5] £I%F ADP J7 ik B A Jr B, SIEN 45 4
H H & RO, g i T I BevE e &5 5 iE 9 B,
I HAgH ADP Sk br b — By 250 Bl 3K 3h 7
-1 R SR [2] RSk [7], AT LAY ADP Jrik
RIorh =M LR 1) 3 RAFE MK (Heuris-
tic dynamic programming, HDP); 2) X )i &KX
)& K] (Dual heuristic dynamic programming,
DHP); 3) 4 Jm —#a kK &K (Globalized
DHP, GDHP). {£5 il Y FEAH S = AT 41t
45K (Action-dependent) 7, $iATHKH HDP 284
FHLES2E B Q- % 2] (Q-learning)®. 534k, Si
H Wangl® 42 H 1 0 28 8 A8 FLRIB & —Fh LT
ATHO HDP BIAES S 2 507510, HAT 2 5 SIS
TELARAL AR N R ERE 1, X T ADP
S5 R R R AR T AR RS . AH 2, (A R
s, IR B AR T R A T R A R
G AL ) S, WA AAERLS Lk W R
SRSk, R AT BUE B, S 45 i) il o JAT

AR, IEAE DGR VF 2 Ao M D REHT B )
LR AU S A AR K B A RO R
P FAR P K 1S 5T, B 0 Hts SR s AR
i oy ) BEE RN GE, ADP L2 K e 1k kAT
B e B S A v AT Mo A, R TR
ST A, EF R B R ) R g5 200 R S )
FRGEP200 ORI T ) B 2 ) IR T
WA TR . Al-Tamimi 250U &40k B H fa) 47 5
PRENERSE 21 = f(2n) + g(zp)up, BIRGEHIET
TAEEARR) HDP S0 500 B IS Ta] S o4 il e vt
B P K SR AR EOT B EAUE ARSI N ADP U
EIHEZE . XA HE T IR ADP S ) pd
Ji&, o SR B O A S B SR 219 R ik
& ADP Sk, — AT SR A2 k2%, RIPF
I 04 23 FIARAT W 2%, 530 I LA AR AT e O 42 1l
PRI AR5 R IR SE IS SR, R AR IR AT 7,
o AN W T A 2 1 5% OB R R, DT [ B e 2
M ARAUE. (33202, Wang 5504 £ 517 R
IS TR s FR) AR e P de AL A i ) e, i tH A AN e-ADP
B, A BIRSCER [11] AR S gs e, A8
(41 2R Rk A ADP SVL RS, (U2, X

M, FEBAA IIEAR ADP vk, BT M 45T
WK 2 BT RIS g(xy) BB Bl
Hphg MR, Mgl /e — e LR T RSt
. T52&, Zhong S50 FH —FFT Y H AR T i A
(Goal representation) ADP &5 #=KfifAE 4 R4
R LR, LUR AN S AR 4518, i
X RGN NER, B ET HDP 5Bl 5
T M 255 A fig BB H AR R 250 3 pR A R, T
H HDP Ziky R filcf A Rk, 9cbs b, &fF
MBFFLR Y], /£ ADP J7 ki) SEELgif , DHP i
GDHP &76— @ A3 21 HDP 35 142 63k
RO236] Bk, BARIET ADP Rt R4
AR A B TR Rt Re, fH T AR
/DIET GDHP SEHLEE ) I IE AR SO s 3 A M
R PR ARE, PRI 0T T I AT AT 109 245 £1%) B Offr J7 92t fif
Aot T, AR R IR T A2 sh A
Jol) ) 0 RN ) 2 1 2R e Btk O sh i AR s 4 ) Uy
15, BAEBG AT M ZE 250715, 30 BRRIkAR
ADP Fk0 T4 R G 8)ASH MO, (k5T
e ) 2 AL RGMAIEHI R .

1 [a)@RdEAR
LS BN R R G
Lh41 :F(xkauk)a k:0a1a27"' (1)

b, kiR REISAT BRI PR, = [z,

Log, - 7xnk]T € Qa: C Rn ﬁ?\éﬁ%%;&m%, U
= [ulk;u2k7' o 7u7nk]T € Qu C R™ yg/%%ﬁﬁﬁ?%%”

M. AT ER PR k= 0 FIPRE 20 = [210,
Too, s Tpo)t AW RGEMVIEIRS W E. X,
(1) FR 2 — M= SO IR T TR SR e 1k R
gt Kyymid, HA 0 AELrE R4, B 24
= f(zr) + g(xp)ug, HH, g(xy) AFEHIFERE, 2R
e (1) M—FPREERIE Ol 1K BLES HY R T P AN AN
-&[11712,16].

Rig& 1. &R F(,) BT R JFHAS
JF A4S Q, I Lipschitz #4045 F(0,0) = 0,
Ik, 2 =0 2 RS (1) E3EH v =0 B R—AF1
RE.

\ig 2. &A% (1) W%, WEES Q, HA7
(E— AN BEAE WAL BC B R s A, 43
EHAE R B Ay Gl N7 2 Ge e ¥ R 9 18R
REFEH 2P HPIRES.

AR SCRIFFE I BRI TR 35 1) e I 1A 1 8 18 11 1) AL
K AR 0 H bR AR RO A
w(z), B RGEMVIURE zo BUE BPAPRE, R
fEAAEILAE R B (TGRS TR]) AR M oR 2K



368 H ) b 2 i 43 %
= __ FIEH AR BRI 2L
J(zy) = 27p U (2, up) (2)
p=k Vigr(zg) = mln{U Tp,ug) + YV (Trpa }

K E AN, Horh, U 2%, U(0,0) =0, HXY
TAEEW z,, uy, 7 U(zp,u,) > 0, HHIB T
0 <y <1 JrfEdrisi W, I =R AIE A
BH R U (2y,u,) = 2) Qu, + up Ru,, ,\EP Q A
R NIE@H e, F52 b 6T pids il @, freit
() B 4% il AN RE RS AE Q, J:’%E%?BZT?%%, 1}
HALAFAR Y AT BR B3 B, 3500 A2 2 V48 ) 1 A

Axl11-12,16]

MAE 22 MR R L R B, SR IL A R 2

Z'YpikU(xpvup)

p=k

min
Uk, Uk+15" yUoo

J (xy) =

LS

J*(z)) = min {U(a:k, ug) +

> U ) |

p=k+1
T, T () WAL BN ] HIB 5

J (xy) = H}Lin Uz, ue) + I (Trg1) } (3)

¥ min
Uk+1,Uk+2,""" U0

AR ) L A
u*(xy) = arg muin {U(@g, ue) + v (2r11)} (4)

E 1L R (4) KB, SRAEHETINZ] k1AL
PE] w, i ZAF B R T, HEAE RS —
I ZIRPRES B gy AR, IXAE R IN 22 AN REML
By, Bk, 7EAELARE] HIB J7 FEAEAT AR 1 5L T,
A7 W5 B UT SRATFHAL A ADP LUt H B
FEAC ADP 509k, W@ 1 o Ide e A i $72 4 14
AR A 1.

2 &K ADP EEREWKSIH

HRPEEAY ADP &L A FARD -18,16] - S
FIEW AN 5, B s E07 51 {V;(24) } *ﬂfﬁﬂ% f#
JFF {vs (2, }, W EAE EAF BIKSIPESS 18, 1IXH
i NIEATRAR, IR B EL VL (-) = 0. X
Ti=0,1,- -, B PR AW 52043

vi(xy) = arg H}L}CII {U(:Uk,uk) + WVi(ackH)} =
arg mu}cn {U (@, u) +AVi(F (g, ue)) }

(5)

Ul(zy, vi(zr)) + YVi(F (2, vizr)))
(6)
HAEFWE (M0 — o B, HV, — J* Mo, —

FEAE BH bl a2 AR B0 i Sl ik 5 B L 1k 2
B RPN G 1216

5138 1. (BRM) & A REUT 8 {V;(2x)}
s (6) s, WRRGEWEE, WA ERY
FEAN TAER 4, #A 0 < Vi(zg) <Y AL

3138 2. (BRIAM) © XA RETH {V;(2h)}
=X (6) Fraws HAT Vo(-) = 0, IRl e A4 7 )
{vi(zy)} WX (5) Fros. WA, {Vilxy)} A—A 10
ral, B0 < Vi(zg) < Viga (), Vi.

EIE 1. 8 XA s BE 9 {Vi(g)} W= (6)
i, HVo(r) = 0, #6851 {v,(z,)} Wk (5) B
N, PATIE ADP Hik, (N BT 51 {Vi(xk) } IR
ST B HUN ] HIB J7 # s iAo ek 2 T+ (),
B i — oo I, 1 Vi(ak) — J*(2y). AL, 4
i — oo W, {v;(zp) } WS T B w (xy), B
lim; o vi(xr) = u*(zy).

WERR. MRS 1 f51 B 2, A k20T 51
{Vi(xy)} e HA 5 bk, e AR R AA L.
7€ X limy o Vi) = Vi (zr) AHALIR.

— 7T, A TAERE w, A1, MR (6), W1

Vi(zy) < U(wg, ug) +Viea (Th41) (7)

HI5 R 2, 0F FARR I 4, #4 Vi(ws) < Violay) B
L Rk, 3K(7) 2B
Vi(ak) < U@, ue) + YV (Th41), Vi
% i — oo, N
Voo (1) < Ui, ur) + 7Voo (@h41) (8)

HIEF (8) h il i iy, AT, W LI

Voo (i) < min{U (zx, ux) +7Voo (@r41)} - (9)

53— 7T, BT R 6, AR R P AN
o K AL

Vi) = H;}Cn {U (g, wr) + YViei (1) }

Vo (1) > muin {U (@, ue) + Vi1 (zp41) }, Vi

4 i — oo, NI



3] Tl A Fe TIEARh ) A B s YR s AR e A L 369

Veo(z1) > n;in {U(@r, ui) + WVao(@i1) ) (10)

g4 (9) Ak (10), FTCAFSE]

Voo () = min {U (g, wur) + Voo (@41)}

FIREHE, 30 Tim; oo v; (k) = voo () h I
FEA {v; ()} OB, KL (5) At (6), 4

Veo(zy) = rrin{U(xk,uk) +7Voo($k+1)} =

U(%ky Voo (T1)) + VVoo (F(T1, Voo (7))
(11)

H,

v ae) = g min {U (@, ) + 7 Ve (1)}
(12

AR (1) AL (3), FIRERE (12) F15K (4),
ATLR R, Vig(xy) = J*(xr) Ml v (zr) = u*(ay),
BE lim, oo Vi(zy) = J*(zg) H lim,; o vi(zr) =
w*(xy). HIRIRIE T IR I SN A i 2845 21
HBESHIEE HibE=J) e O

E 2. FHIEAAU B RIE S (6), WAk
RIEbR @ BIRBEAT A, TATH

Vigr(on) = Uz, vi(wg)) +YVi(wpga)
Vi(@rs1) = U(@pgr, Vi1 (Trg1)) + YVie1 (Trg2)
Vi(@rti) = U(@hpi, vo(@hp)) + YVo(Trpivr)

iﬁﬁzﬁ, %fﬂéﬂiu %(xk+i+1) == O ﬁ*$§'§, ﬂuj%’

ISR B Vi () B BORT U0 BN
iy
Vigar (o) Z’Y Ui, viet(Th41)) (13)
=0
W20 (13) ] RUK B, A2 32k AXAR A b L

Vier (zg) 0, 9 B850 H B8 250000 4 3 i N 91 2 th
MR (v, v, - ve) FUAERY, R AR
— AN N AR AR T AN [R] e DR O s o
NIE v (mpyy) BB, Hop 1 =0,1,--- 4. REF
Wik, Sk B b xt S Fs b, 24t ik
REVEZ EAR B WS CIRES S mt) il sk
by R E 1 AV SIS, SR s
= u* M LVBUE RE R E I HL AR T,
W= — AN T Y, SCER R ARt R %
(P L T

3 AREEHTNK KRELHR

H T3 LA s 0 S — e AR 2t R 4,
M LA H B KR HIB 7R BARE I T 1548 ADP
S (5) A (6), AT LAMNEES b5 3 B e il R0 £
PEARHYY s 2, Rk AR A AN bR B 15 B2
ANBERE A IRAT 0, 10 HE AT 1R AR I S 7 B R 4
TN A5 R Lk, A ek BOE RS+ (1] s
KM 2%) KREM RGBS v;(zg) 1 Vi(zg). X
OB T2 sl SR AR ISR ADP SRR A
EARME AR T, AV LT GDHP K
[RIEACHI L B ARSI TT %, Wi =Fpi s
W2, RIS P 25 . S0 0 288 R AT 0 265
3.1 HEBIMLE

N T AEIEAE R BN EFE L F (o, ue), £
PAT L IEAGEREZ 0T, AR K 25
FFACBIRZ AL TN EON Ny, FAN 2 B 560Z AL
HAEFE R vy, € ROVEmI N GGG L2 5] 1 I (R AUAE
FEFEN wy € RN i RS 1) By A ABLA
PEBI 5 Oy () W1 BSOS, B R 245 1) i 4 A

A ~ T
i1 =who (vA Lol 8 (@) ")

Hrp, o() € RN H3as e (R IR). B M 441

ZERR BN Emk — i‘k+1 — Tk+1, Wk H bR 50N
En = (1/2)e) i AR LT B3 5B A 1
2% BB RE RS

=l — o | 20
Owr,
LG _ o) o | OBk
m m aljf(rjl)

b, > 0 BRI R H 5 ORI AUE
SHIIEACTE bR, R R L T 2: 2 2 )5, R
FEHAVEA TSR, I EPAT R & sh &R
(R BB B ZRDPH) 0 458 AT X 45

3.2 TEHIMLE

A 9 2% 4 4 D AR R B Vi () S G
DA 2 Bk Hrea e, 0k A (), B A ()
= & m R 1, % i — oo I, Vi(zy) —
J*(xk) T Ni(ay) = 220 AR R R B0
B { ()} 760 — o0 ammtwm B\ () —
N (). XRS5 2K UE.

BEVE ) 0 5% () BAR 2 A2 e AN Bk N, N2
B B2 OB RE A v, € R Ne | B 22 31
BEHIAUERTFEN w, € RNX(+m) | JEHEATA § Uik
PRI, W LIS AUE AR S v T wes, T2, TEHIM



370 H | 1k

F {4

43 %

£ 4T
7 r
; E””’Ci _ [“’jT ]a(yg;xk) = wTo ()
i\Tk We;

Wt we; = [wwi?i]' JEITRS, f
Vi(zg) = wiTo (vixr)
T

j‘z(xk) = W?iTU (Vcﬂ:k)

X, GDHP AR PEAI 4 (1 gt & 1 s,
ATLUE H, 'E¥ HDP Al DHP oA Hp 7 ) 9 2% 33k
ITTRG.

Vi(x,)

: }}“z(xk)

Xk

BT PR iy

Fig.1 The architecture of critic network

7£ GDHP SEHLER, AR 25 1Y 25 H 5
AR o8 ZOR by o B #9822k, D

Vilxy) = Uz, 0-1(zx)) + ’sz'—l(@kﬂ)
0

(
Ni(zr) = 2Qxy, + 2 <M>TR@“(:¢,€) +

Ty

7<8ik+1+ ai’k+1 (%i—1(1’k)>TX

Oxy  00ia(x1) Oy,
5\i—1(i'k+1)
VIt P 1358 22 B B T, B0 e, = V()
— Vi(me), e = M) = Ni(ay), T ZL ML

» Tt

H bR e %ih
E.w=(1—B)EY, + BEX,

Hr, Exk = (1/2)625621@7 Ec)\ik = (1/2)6?@‘11262}19- A
FHRRFE S B30 50 VP 0 2% IR B RE R, BRI

; : OEY, OE>,
@f“—@?—%[ﬂ—maiﬁ+ﬂaéﬁ
wci wci
OE), OE)
v =y %[ﬂ D% T80
Z/ci Vci

Hor, o > 0 WPPAIMZE ) S)3 5 O BOTRUE 2
B IEARRS, 0 < 8 < 12—V ) HDP Al

DHP {t GDHP AR AHES A AT R/,

F 3. XHRAN GDHP $#A%:4 T HDP
iy T B S AR B8 BOR DHP 4258 11 2% B 3 1 48 .
BRGNP R B A — e B B3 ot 5 52 24 )
BT USRS EL 9] 251 ADP J5vk (141 HDP) &
UF IS AT R
3.3 MITMLE

AE SR RAT I 5% (10 11 P 2 B B A7 o A, 38 G I
JEARZ TN N, FNZ B BER BB
Ve € R Ne [l 2 34 2 R BUERE A w, €
RN A5 PR IEAREE T, JA TR BUEHR S
JE Va(io1) M waimry IITEI, WITAAT 2% (¥ HE 4

U1 (xy) = Wg(zel)a (V«;F(ifl)xk)

XL REREUE N eqi—1yk = ‘71‘—1(9%“) — Sk,
Hof, Sy =0 & Vioy(vgpa) B9 HBRME, T35 8/ME
F[(J E*ﬁ@i&yg Ea(z’—l)k = (1/2)6;{(1-71),66(1(1‘_1)]@. %EIX
FRYCE T, BAT W 25t A a2 e, (7 R8T
A R EOR B 5. AT 9 48 BB SR A AR
EREE R BRIk, R

WO =9 | —a 3Ea<i1)k]
a(i—1 a(i—1 a (4)
8‘%(1‘71)
L o | 9Fati-u
a(i—1) a(i—1) a 81/(]() )
a(i—1

b, ap > 0 BHITMEIEI R, § REFBES
EUIIPE AW =) T

IR, A SCHRE Y 3 AR 28 5l A5 R 1) &
i 2 s, o B DX RoR &0 KT oy
() SHE S 45 B nox n JTRER v 5.

E 4. RGRIE ADP S, Bt SciER (11—
18], 76 I Zr AT W 4% I 75 22 R 48 ) 0 B 10
Befn Boakas Hoah & W g Rox. o, x5 5
FR G138, 15,17 o 2 O 5 o B ) B RS R
g(p)IH 1207 m g PR P A B A B I R R
G2 )13 50 RSt Al i R g4 160 18]l T AR Y]
R, MKE, PATMEE TN H bx A

Vi1 (Tg) = —%RflgT(ﬂck);\i—l (Trs1)

WRZEPRHUE SN €q(i—1y = Dim1 () — i1 (2),
TR FEAE BN AT L. IXFERT ST, IR KR
BE BT R S sh A7 L, 0I5 ) P
(5 B X B3 s A & B MR 7%, AMUAT
A ADP SERIEARESE, REWS PRAFIEAREER
WS T H G I NP B AR 1) SR AR, JRART R4t
BNASHIEESR, BT LS A T30k 2500 SR 345 i i H .



33 SR B AL EE PSS R Atk €T T (EIE | 25 ecblin VS 5w i k] 371
— (A e |
————— - I3 1 4 ) Ax) -0
DR i A A
B PRI |
X, = N
/,/’/ Vi(x,)
L;
xk _ ” )’ek+l
> AT %% PRI ) 2% gl Se U(x,,5.(x,)) AU (x,,%,,(x,))
o ox,
> - yDX +
‘// Vi () A (Fe)
Bl 2 akARANZ SR 45
Fig.2 The architecture of iterative neural dynamic programming
34 WItPR I, T (2g) — Vi(ze)| < e WO, HIEW] T PR iE

B xp AERWORGS, T (ar) N AR
e MRYEE L 1 P ESs e, kAR RS i — oo
I, Vi(wg) — J*(xe). B, EIFFEHLSEF, An]
RETC PR M TIEAREE. IR N A R, AT
BRAEAAAE—DNAR 4, 15

| (zx) — Vi(z)| < €

. DI, H T () R V() Z W E € FIA
A ADP B3k, AR BT {V (2} e
TEC R AT IR UGEARZ SRS, KA T, 3 B
YO58 5B T R4 R G0 U UL VR 5 1 H
. ScBr b BCRIE AL S ISR, AER AL
FIBEE sk, R ADP J7 HE7E Uk K i HIB
TIREIE BT, HEATAE LR R .

{2, W NAZE B, £E— NS00 F, Ao i
B T () FoERA, A LRI AN (14) K%
SRR B P A R BER . BRI, B LA A
25 R (v L, B

[Viga(zr) — Vi(zy)| < €

EI 2. X TARLME RS (1) s (2),
CEA IS 22 30 A5 R TR, h R (14) A1
(15) i Py P g S P94 D2 S5 A 1)

SERR. 7T, 5 |J° (@) — Vilw)| < & B,
WA T (xy) < Vi(zg) + e WERT1EE 2 FE s 1
CIpsH Vz(ﬂfk) < Vi+1(33k) < J*(H?k) FAT. %:%, fH
Vi(zg) < Vi+1(5€k) < Vi(xp)+e. HI,0< Vz‘+1(xk)
— Vi(xy) < e, WIS (15) Jlor.

i, MRAEER 1, |Viga(xr) — Vi(ag)| — 0
BWRE Vi(zy) — J*(x). XFE, R FAEE N
& BT Vi (1) — Vila)| < & Br, W05 6 A5k

(14)

(15)

TR AR 1 O

2 18 B 28 W 4% 1A AR L AE AR R sE B
SRR v SR S ABL A A e Sk S 4 1 R DU, R
Visi(zy) — Vizy)| < e XEZHFHERMHE
SAINERN 7B AR v R G AL AT 1 7 s 1
PP WSk 1 B,

B 1. ERELHMEMKTE

BB 1. BB SRR IOERIKEL imax ARG €.
TEIURE 1 R GE (IR o FBOH B0 (R BUEAERE Q
R. WAL= i 2 0 25 (R

S 2, JET RGN i B, R I R
2% O E ) RGENES, 1 A AU

B 3. 40 = 0, IR B EL Vo (zr) = 0, IFH
PV SAIAS A Do ().

B A, M E V) £ SR AR AR, A R
BVh (k) RIS A (zr). WS VA (k)| < e, f51EIEAR;
T3 U 5 08 5.

L] 5. BRI, i=14+ 1.

S 6. MAIFUIZHATNG, TR 0 (vr).

S 7. BRI L, TR KB Vi ()
Je FCA L i ().

I8, WH Vi (z) — Vilzn)| < e, EIEEAR, i
AT 2% 10 B UM, BB 10; 0, #6505 9.

HIE 9, W G > imax, BEIEIER, fr 4T MR &
B, B 5008 10; 50, #3558 5.

HIB 10, FI AT L8 10 e AL, 1350 S DL 15 &
GET AL 1 1 2 42 .

E 5. 2 FEEEMAT, A TR
ARANZE Bl A RN 7 15 S B 25 0 TR) R e vk R GRan Al
S UV I HA S R SO e v . PR, 7ESEBR
N BRATTAT LB AT 5LV 1 3RS B 4TI 45 R

4 fmERE
ATTIF PO ELSES: 1) B0 S et &



372 H | 1k

F {4

43 %

gt; 2) E AR A BARLE R 4.
Bl 1. & BN e (U75)) ARtk R4

0.2 672 0
Tt = [ L1k + [ 1 ] U (16)

0.3z3,
R SCHR [14] FOSCHER [20] P05 BT IOE S,
1, = (@1, 2] " € R* My, € R Z2HEHHE R
20 BIRAS ) s A ) B A IR A 2 A
PR Uz, up) = xf ) + ufuy.
FH =2 e 46k (Back propagation) 1484
ZERAG AR P 2% . VPN EE FNPAT 45, H =81

ZER AT 3-8-2. 2-8-3 Ml 2-8-1. ik bR BUH ¥ ik
B
eS —e %
[0(§)]; = s

ot & =i H4E505 RO Z & oo 40l
A, & RFZMEME § Do

6. 1K HU BERZE ph 28 AN BN T B
e LAREN, RIS TR vh S0 B SRR o 5 5 A%
Z A AT R TT R

IR A SRR 7, IBATHE 1, Bk
T TN SRR 2. i N JE RN B2 « B2 Ay
J2 Z A AU 3 ) AE X 8] [—0.5,0.5] Al [—0.1,0.1]
AL, SECRE (W) R) S — e
R SR I S L FRATT O B S 5 B IE 1)
2K a,, = 0.1, SKAE 500 AR AT 242, JTE
WNZRETR G PR FFHBUEA TR, LR, VPRI 4%
FIFRAT 99 28 (I U BB A 72 X JH) [—0.1,0.1) rhBEAL
WEE. ARG, EEETHE T v = 1, GDHP £
WS B =05, &£ k=0 WZIPAT L) 5L
JiiksE R 59 WaEAR (B i = 1,2, | 59), {15
PR ZE IR BTG a2 SRS BE 1076, EAF kAR, T

X PE A 19 2 ANPRAT I 46 23 il BE4T 2000 XN 2k, IF
H2 R ZHAON a. = a, = 0.05. PEHIP 2RI

AT W28 FRO B R B B g e sl 4 SR an 1] 3 . X
B, AT 0T L AN [ £ S5 V5 R WSRO . 3 T
ANTR] A2 FEARIAE R HRAT W 28 (1 I 5o i b (s 3.3
WRIVE 4 frik). T k=0 Mz = [0.5, —1]7, 1%
i e& 80 Ho i 3 7 21 SO R ] 4 B (3
AN, HZIEF 15 SO E R, o, B4R
RARCEEHIIER L SR TT %, R
ik ADP FiLI218) (RE]). nfLAURIR, 148
A BN TTEAEAT ] R G s A& RIS OT,
WAL B T L R4 ADP S0k PRI S
R, IR T RARN BN AR TTVE A Rk

G, T4 E IRIRES 2o = (0.5, —1]7, Fk
APHE L TP RIAS [ 52 B0 7 VA 1) GDHP 3 Al A 47

Tl s TR 4 (16). {EisdT 156 AN 5
15 2 1 2R GRS i 7 it e B AR . 1) 42 1 it 2 2931 G
5 FE6 Fros. bl LU & s 2, R PR
ANTRY R S B3 3245 2 (0 P R RS ARAHIE ). XA
OCRAIE T Rl %40 ADP 55032, fh2 s 8) S AR,

1.39 225

W 3

-

%138 g 224

i Za3

& &

o 1.37 -l

Ex £o2

i @

= X

S35 40 60 220 20 40 &0

S vy ER TR

050 .0.45

2 3

Ho4s i

B & 0.40

jin]

E 040 B

= flud

& &

0 20 40 60 29 20 a0 60

e e ERIPEE
3 BUEHF TR s e
Fig.3 The convergence process of the norm of

weight matrices

H,

5
(=
W

[«
it

AN BRI B oA 5 4
|

1.0 3
i
-1.5p 0
\
201 Ko K KKK K= R
230 5 10 15
S AT

B4 Q0BRSS A S i S 7
Fig.4 The convergence process of the cost function and

its derivative
Bl 2. &R ) (AED5) ARt R 4E
T = —0.52; + sin(zy + tanh(uy,)) (17)
Hp, z, € R Hlug € R 73R AE R G IPIRA ]
SRR ) L R R TY L TE A I 2 R PAT 1Y

. H=4M405% N 2-6-1, 1-6-2 fl 1-6-1. &
SEN AT N 2% 15 2 K B A BUE N



Tl A Fe TIEARh ) A B s YR s AR e A L

373

3
0.5 T = - - T — -
N —0.0723 0.0990
o 0.0565 —0.0476
< —0.0909 0.0479
or Vs Al Va = s wa =
% . —0.0311 —0.0581
& / 0.0490 0.0101
5 I
s / 0.0734 —0.0772
sr ] L J L J
/ HASESE R 1. 76 k= 0 WZIPATHEZE 1
! e 19 PG, 15 THE 221k BTG SRS
Y S N S O N e 1075, DI 4 AT 10 24 10 B4 50 el
e Sl R 7 FER. M k= 0 Al = 0.8, U
. SR H R S BT A BSOS R I 8 . TR,
_ A ST 58 IBIURIRAS 20 = 0.8, Al GDHP HAA!
Flg 5 e system state trajectory @ R AR 2 30 2 R 7 15750 B 4 B R4 4 3 P T
0.16 — XS (17), 721817 60 AW D G158 RGORES
o4 i W 1 1 2 R AH Y T4 Bl i 2k il 9 o, axX S B
o L5 FUE T RS ARIR R EN A T 7 A .
olo 0.412 K]
= 0411 S
g?e o *Ef 0.410 ;‘Zﬁ .
= 006 o g 17
& & 0.409 ®
0.04 pe! X )
OS5 15 20 %0 5 10 15 20
0.02 eI AR
0 N 0.436 0468
B N I I R’ = o 500
A 5 28 g 4% 0.464
F 9432 =
6 PEHIE AL u § 20462
Fig.6 The control input trajectory 0430010 15 20*0-4600 S0 15 20
EAUVR IEARI IR
- _ - q 7 BUEFEREGE St 7
—0.3190 0.0704 0.2029 Fig.7 The convergence process of the norm of
0.0644  0.0348 —0.0089 weight matrices
0.6628  0.5020 0.2647 0.6
VUm = , Wm =
0.8737 1.1051 0.8784 osh Pt st A |
~0.6330  —0.4545 ~0.2180 o
~0.3225 —0.0963 0.0828 2 o4r |
L J L ] = '
X TV 4 FAT I 28, BHVIARIOBUESE 03
530 5
~ - T _ _ E 0.2 K
0.0888 —0.0601 —0.0741 o !
L )
0.0646 —0.0443 —0.0398 i
—* =\
. 0.0606 " 0.0768  0.0221 03 4 ¢ & 10 10 14 16 18 20
‘ 0.0653 | ¢ 0.0806  0.0302 SliEg
—0.0849 —0.0395 —0.0133 K8 AU BRI E L H A B e SO 72
Fig.8 The convergence process of the cost function
0.0697 0.0168  0.0798 . N
L J L J and its derivative




374 H Zl) RN S ¢ 43 %
08 ' ‘ ‘ ‘ ‘ 4 Zhang Hua-Guang, Zhang Xin, Luo Yan-Hong, Yang Jun.
0.7 — % -y An overview of research on adaptive dynamic programming.
0.6 Acta Automatica Sinica, 2013, 39(4): 303—311
< ’ (RO, SRRk, BHELL, HE. Bl NI MRILRE. A AR,
D 05 2013, 39(4): 303—311)
*E 04
T 03 5 Liu De-Rong, Li Hong-Liang, Wang Ding. Data-based self-
¥ learning optimal control: research progress and prospects.
E 0.2 Acta Automatica Sinica, 2013, 39(11): 1858—1870
B ol (RIZR, 2o, Eah. JETHARM B2 2 il Orotak e b
’ H. AR, 2013, 39(11): 1858—1870)
0
-0.1 6 Hou Z S, Wang Z. From model-based control to data-driven
02 | | | | | control: survey, classification and perspective. Information
-0 10 20 30 40 50 60 Sciences, 2013, 235: 3—35
I i 25 %
K9 RGNS x FFEHE NS u 7 Prokhorov D V, Wunsch D C. Adaptive critic designs. IEEE
Fig.9 The system state trajectory  and Transactions on Neural Networks, 1997, 8(5): 997—1007
trol i t traject
COMLOt fnput trajectoty u 8 Sutton R S, Barto A G. Reinforcement Learning — An In-
troduction. Cambridge, MA: MIT Press, 1998.
£ A
5 ZEit

SO 3 1 0t 1 SEVRRL s S T ()
Ak 5 8 0 Bl e D0 TR 1 (0 3B AR 8 3 A BRI 7
L PR BN TR R S AR et R Gk A ADP
SR T HAE W 0 S WS S etk dl e hy g =
TR ) 2 (BT W26 | P 0 28 FIPAT P 2% ), 4
GDHP #iR, 25 kAL AR SEHP IR, 721X
TR AR IEARN 2 B AR S50 T, YIZRAT 9 4%
ATHEMHRGENSE R, TH AR RS
Try1 = flxg) + g(ap)u FR R4 IR g(x). XA1E
IRKHEE bl b Tk AREIERT RGBS UL, 2
BT UAERSEILGs#. i 7 LA, B UE T A
S (R B IR By g5 0 R 7 A B SR R A Rk (E AR
TR, AN SCHIEFE R 7 I BRI 1) 30 ALh s A0 428 o1 1)
. AT el 2 B AR AR B A BRI RIS AR ADP
S MG, SO SAT MG I TT R, T
IEARHN BN 2SRRI 7 V24 ) B A7 PR A [ 2 B A A
TR B R AHRAN TN 2 —. H4h, A3CH
AT U0 T BEA J7 TR WSRO 23 B 0 LA ) 5
VRS, WHArke B (0 VR N T S bR R A A
T —2ihe.

References

1 Bellman R E. Dynamic Programming. Princeton, NJ:

Princeton University Press, 1957.

2 Werbos P J. Approximate dynamic programming for real-
time control and neural modeling. Handbook of Intelligent
Control. New York: Van Nostrand Reinhold, 1992.

3 Lewis F L, Vrabie D, Vamvoudakis K G. Reinforcement
learning and feedback control: using natural decision meth-
ods to design optimal adaptive controllers. IEEE Control
Systems, 2012, 32(6): 76—105

10

11

12

13

14

15

16

Si J, Wang Y T. Online learning control by association
and reinforcement. IEEE Transactions on Neural Networks,
2001, 12(2): 264—276

Wang Fei-Yue. Parallel control: a method for data-driven
and computational control. Acta Automatica Sinica, 2013,
39(4): 293—302
(CE®ER. AT BRI Ao HR k. A eaEi, 2013,
39(4): 293—302)

Al-Tamimi A, Lewis F L, Abu-Khalaf M. Discrete-time non-
linear HJB solution using approximate dynamic program-
ming: convergence proof. IEEE Transactions on Systems,
Man, Cybernetics, Part B, Cybernetics, 2008, 38(4): 943—
949

Zhang H G, Luo Y H, Liu D R. Neural-network-based near-
optimal control for a class of discrete-time affine nonlin-
ear systems with control constraints. IEEE Transactions on
Neural Networks, 2009, 20(9): 1490—1503

Dierks T, Thumati B T, Jagannathan S. Optimal control of
unknown affine nonlinear discrete-time systems using offline-
trained neural networks with proof of convergence. Neural
Networks, 2009, 22(5—6): 851—-860

Wang F Y, Jin N, Liu D R, Wei Q L. Adaptive dynamic pro-
gramming for finite-horizon optimal control of discrete-time
nonlinear systems with e-error bound. IEEE Transactions
on Neural Networks, 2011, 22(1): 24—36

Liu D R, Wang D, Zhao D B, Wei Q L, Jin N. Neural-
network-based optimal control for a class of unknown
discrete-time nonlinear systems using globalized dual heuris-
tic programming. IEEE Transactions on Automation Sci-
ence and Engineering, 2012, 9(3): 628—634

Wang D, Liu D R, Wei Q L, Zhao D B, Jin N. Optimal
control of unknown nonaffine nonlinear discrete-time sys-
tems based on adaptive dynamic programming. Automatica,
2012, 48(8): 1825—1832



33 SR B AL EE PSS R Atk €T T (EIE | 25 ecblin VS 5w i k] 375
17 Zhang H G, Qin C B, Luo Y H. Neural-network-based con- T 8 PERE A SRR
strained optimal control scheme for discrete-time switched A, 2009 SEFRAG AR b K S 24l - 2
nonlinear system using dual heuristic programming. IEEE fi7, 2012 IR E R 2B A s FgT
Transactions on Automation Science and Engineering, 2014, B T2 2 fr, RS 1 A&
11(3): 839—849 )
) WL ST R, R, MR, A
18 Liu D R, Li H L, Wang D. Error bounds of adaptive dynamic /) SOBAFE
programming algorithms for solving undiscounted optimal y E-mail: ding.wang@ia.ac.cn
control problems. IEEE Transactions on Neural Networks (WANG Ding  Associate professor

19

20

21

22

23

24

25

26

and Learning Systems, 2015, 26(6): 1323—1334

Zhong X N, Ni Z, He H B. A theoretical foundation of
goal representation heuristic dynamic programming. IEEE
Transactions on Neural Networks and Learning Systems,
2016, 27(12): 2513—2525

Heydari A, Balakrishnan S N. Finite-horizon control-
constrained nonlinear optimal control using single network
adaptive critics. IEEE Transactions on Neural Networks and
Learning Systems, 2013, 24(1): 145—157

Jiang Y, Jiang Z P. Robust adaptive dynamic program-
ming and feedback stabilization of nonlinear systems. IEEE
Transactions on Neural Networks and Learning Systems,
2014, 25(5): 882—893

Na J, Herrmann G. Online adaptive approximate opti-
mal tracking control with simplified dual approximation
structure for continuous-time unknown nonlinear systems.
IEEE/CAA Journal of Automatica Sinica, 2014, 1(4): 412—
422

Liu D R, Yang X, Wang D, Wei Q L. Reinforcement-
learning-based robust controller design for continuous-time
uncertain nonlinear systems subject to input constraints.
IEEE Transactions on Cybernetics, 2015, 45(7): 1372—1385

Luo B, Wu H N, Huang T W. Off-policy reinforcement learn-
ing for H., control design. IEEE Transactions on Cybernet-
ics, 2015, 45(1): 65—76

Mu C X, Ni Z, Sun C Y, He H B. Air-breathing hyper-
sonic vehicle tracking control based on adaptive dynamic
programming. IEEE Transactions on Neural Networks and
Learning Systems, 2017, 28(3): 584—598

Wang D, Liu D R, Zhang Q C, Zhao D B. Data-based adap-
tive critic designs for nonlinear robust optimal control with
uncertain dynamics. IEEE Transactions on Systems, Man,
and Cybernetics: Systems, 2016, 46(11): 1544—1555

at the Institute of Automation, Chinese Academy of Sci-
ences. He received his master degree in operations research
and cybernetics from Northeastern University, Shenyang,
China and his Ph.D. degree in control theory and con-
trol engineering from the Institute of Automation, Chinese
Academy of Sciences, Beijing, China, in 2009 and 2012, re-
spectively. His research interest covers adaptive and learn-
ing systems, intelligent control, and neural networks. Cor-
responding author of this paper.)

BEER

Rkl

PNEINE R = EIL ‘%q,u
B2, 2012 F3RG R R
Rt i EA RNV Iﬁﬁﬁﬁbﬁﬂﬂlkéﬁﬁ%

. TS H N, ek S Ak, B EE R

. E-mail: cxmu@tju.edu.cn
A&
tion Engineering, Tianjin University.

(MU Chao-Xu
She received her Ph.D. degree in control science and engi-

Associate professor
at the School of Electrical and Informa-

neering from Southeast University, Nanjing, China, in 2012.
Her research interest covers nonlinear control and applica-
tion, intelligent control and optimization, and smart grid.)

@R AL RO AR I%‘&ﬁﬂ%
Jila Ky A &N s A, R R, B
FER S5 BAL B, e Tk R G i ‘5
¥, E-mail: derong@ustb.edu.cn
(LIU De-Rong  Professor at Uni-
versity of Science and Technology Bei-

jing. His research interest covers adap-

£h

tional intelligence, intelligent control and information pro-

tive dynamic programming, computa-

cessing, and modeling and control for complex industrial
systems.)



