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Abstract
which is a novel approximate optimal control method. Recently, it has become a hot topic in the field of control theory

Adaptive dynamic programming (ADP) is a powerful tool for optimal control of complicated nonlinear system,

and computational intelligence. This paper focuses on giving a review of ADP on the development of ADP algorithms
and its aerospace applications. The design methods of classic missile guidance law are introduced, as well as the present
and potential applications of ADP in the guidance law design of missiles.
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Fth4E 80 4E AL, Werbost® 1 i H 35 1 5
AR B, fv4 o ACD (Adaptive critic de-
sign). B A SRR B — 4> ek B0 L4548 A4 T
A eRER, F T H 8] IF ) SR A s S AR h) g, akE
T AL G 8l S HL R B G RRCU TR R, R e A AR
RGN IR TPt T —ANMERE. A fE gy
V5. Mg, ADP k28| R m ki, =4
T — R [E L4, Bl 3 &N P st (Adap-
tive critic design)*=% . JE{lzhZ & (Approxi-
mate dynamic programming)l® | £ 563 7S H R
(Neuro-dynamic programming)!” . #4k2%:>] (Re-
inforcement learning)®=% %&. jF-1-4£3k, ADP Jr
VA EL A R A i B 5 T SR BRI i F A RO
2006 4F, 7E 3 E P e A a4 “2006 NSF
Workshop and Outreach Tutorials on Approxi-
mate Dynamic Programming” #ffi4s F, B UCRHZ
F 48—k Adaptive/Approximate dynamic pro-
gramming. M 2007 4k, IEEE 1138 e th &6
W HI— ADP 5 RL Hfr € @wtit<, BT
2008 AEE LT ADP 5 RL 8 RZ 4, bR
& ADP U —AEENTR G, 25 m 1k, AR
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W 00K B R Y o A Jee, 4% [ 22 TR ) 25 [ 5
FIEREIAWTY R H H a2 RS0 650U ae i 4 e
LR A 72 050 [ v 5 RS o L . A — o
SRR R AT g, 2 R R A
B R A O T B A DU B, 7R 24 4515 B AL il
R DA S el Je e i, X b IR HESh AL G A
ik 7 2P E R AR o, o AR B L 7 A BT R
TR R, S SRR I K R R K
HAgs2 Rk il S5 fld i, ARl
BT BRI . b 7S B X H
PRESRHAAT v, i A Ak AR i o ol HE B SR
N ARGUI RS PR (B0 Bl T 5] R A
B) FEORATHEE A AR sE A A2 AT a8 Ak
BERE R Hbs, BT F5 A S S8
BRIz M UL Sk, B I FE R M,
fOR BOE L mE R BRI T N BERAT
T RAT A B U ORI . i TR H
PR AT PR B B MBS B BIL B E 7, SR 3 A
/MR Ay o H ARaE S, b A B2 RE A AE I 2 5
YOO (BIAn i 5 . Ak 2% i an b H
i, U T R G TR PR, IR
R R B B PR IRE R B 2%, HLsh H AR AT RE
KAFE AT HTBe (BIanth e . ik, M4E) il
AT 25 TS, AT 25 5 2 B 1 I A, K A - 3
Wi RGRE TS BRI R T 7 A SR, ik
ARk, AT AT ) BRI A ) G K SR Y
et G o AR NS 22 o I S BRAVA 253 N
TR S 2 1 W TR R T R ik
it 2T ADP SRR -5 07 A RE NS 08-S AR I H
B ATL I S5 IR 7 2 18] 8 AR S5 A i ] S, TR 3
SEHE FREE I ESR, RESARIESNR AL 1L
PARRGE A S ROREYE, GRS X5 A 1
VI e oo DS A VR U RN Y WSE SV S
B REH T R G EIE S

H TR R S R SR E T, $hE
ADP J5IRR R e, i 2 RERSAE S8 il i A
KAEE TR, A ADP J7 ik py B i T i it
frazimfi B, TR0 4T HAE AT A R S I 2L
AR R ZE LR LA A ) SR DT IR BT S, I
MR S AT B T IA MR RO 2, X ADP J5ik
eSS AT AR AT T

1 ADP HEMAR

ADP S5k n] DA O[] ) bR i 2T 4028 4%
MRAEVEIE Ay ST B9 h R & A% (Policy itera-
tion) FMEIECTE (Value iteration) (ZiFriEIL ADP

T3R); $ MRIR AT 7 FOR] PAGY Sy 1 ek AU GAA AN
TELE B G MR, e T £ 2 KA e v
RSSO IE B A B A48 64l IR b B 2. AR 3C
TR IR DA LR > SEARE, 435I ADP ST
PO 4 T A .

1.1 % ADP &%

AL ADP Sk 20 N s R A A E A
R R ARTRE IR N — T AR B 42 1l SR T
fi, WLLRAE— RS Lyapunov 855, B Bk
M T B BN R fIE. 1% 539K 2 Z AR S AN A5
M i vy A A AR 8 Q0 T ST A o B A
MG PE R AR L, AT B E D RIIR IR E
Pl SR, I AL AN IR E I BT AR (E s EO T4

ZAER, WHRE A R E S EHEAEAT T
KREHIFE, BUG T FRER. e, STk [19] B3R5
BT 7 BRI Ltk R e SR 8 AQ AR e I, 7™ 4%
WEH T FEAG R Pl T, HLak AU ol 22 ER
AR A ST A M. SCRR [20] #H0 sOR Seix
T — PR R AR, B T G A
PR SR RS BT 21 25K, 30k [21] % E
S HICR G IR DR, S HH T BT SR A e
BREAPE B SAIA, FFE4 I TRETEIEN]. SCHR [15] &
AR IE AR LM R SR TR TR R URARY
I Pt . SOk [22] 5 IEMRZ L Pn R G0 PR
HiE AN ZEOEN, THE TR RENEE
el R ARTTIR. SCHR (23] AR (24] fl 6 g iz G
SEENRIE, JH T SO R ADP 5358, 3C
A [25] BHXTEECRGER I TR E M ADP 59K,
WRFE AT DASE AR P 1R 8 R B B Ak Ry BT
F BEGET Q-2 S AR Y ] T4
il 2 20280,

RN, SR 2B AU RIR 2GR R G 6 e #a il 4
K2R, XMTRZARLKMERGA 5 LB, i {2
REFERADT BEECA 20K, P2 2R 2 05 1w
k. H M Bertsekas 2515 KR H 1 HE R EAR S
PN, SRS ) T AR K . 2002 4F, Murray
SFHUER N TEXES R L MEEN ADP 5%, I
4rth T R G RE MERIE R S E AL St
[30] % J& AR, R TR T EEA W E
KX BEHIRN TR, FH4 TR AE RS .
Wang 5% B4 R ADP 50398, $E il THT e %
ZEFHATE. GFRPAIE T B AL REHE AR R RURE S
PREFTE—A> ¢ FHENP. 258 B A SZ BRI
L, SCHR [32] &7 7 PEA 0 -5 4 ) I A 4 X0 ) 2%
GER, AT T A IR I 25 AN S5 A, AR R T S
RS E PRI TR, B SFE AT XHEE FUARAM
TREMFIFTS 30 Hor, SO [40] 410 B HUR S,
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Bth R B 0 ADP $73%, HALSMT T 218 ADP
SR 2 VI RE, T RS T BRAZ LEMEN. SOt
(34] itk T—FIBTA LIS ¢ ADP 5735, ST
FBET AR RE R S5 R A O, T DS B DLE R
E 5 BRIl 3 6 B R . St
39] FHRFBTHFAAERYE, ML THCF R ADP 3
TRAH. JESN, BT Q- MO AL A )
?:-E[35—36]'

HOMEZE S LS R S RIS A ADP S 1975
(E= SIIVENE TS B WIS S Es
RIAELE ST S PIR. FIRTBL RS 5 1 4
WAL 5 B I

1.2 BZKiEREZX

X TIELER G H, HX B BARSBOT &
2 ADP SRR I A . Hor, Al-Tamimi %55t
Xt B HOR GERY SR P ] A, R — PR ZER AR
B il i 5025540 ADP STEP0, IR 15Tk
st Wei Sl #it ADP 53K, ek 7 1E%
JEPH 2 M 28 A FRIEITIRZRE IS, BRI R
DR BRER Y AL, e A 2 & T
(AL A D i P T2 410 | gy e 1) e A ek
FRGE AT I R340 1A BB TR 5 42 i g 2 49)
7, ADP SRS 7 AR

2002 4, Murray &3¢ 4T X ELLAR LR S
)R %A% ADP STk T ok R AW
U A E A SR, IR AN T R SRR E SR
W SPERYUERA. X0 5 — B BAER] T RAH)
IR SR SR I AU RIR BRI SR UE R SR REUE
TSR RIS, % ADP B & f B A LR
WAL B, Abu-Khalaf 5 il i 22 9 45
ML ADP Skl Sk A PUT ALk
ARG I W, ZAEANER ARG AA
anta e el as. Tassa 5 T2 W 45 1) AR 2k
WEITAHE ST, BT KR, 1M e A fe /N R R g i
2 HIB 7. Song 45 JERIRUR K HAFAE T4
THOUR, AT I - PO A A, AR s
MR, PR B LR R Tk, W BT AR
TRAARAE R P42 i 25 S S B O (™). Sk [49] 4
Xof BE S AE LM R GE AR B AN A SR, R A
AL S Tk, WO T BRI B s Al 2 S S,
FHIEH] T P R FERHTIL RS E TE.

IR, BRI iR R B At A7 5, — B &
Gk AR AL, TR B AT, AU g i
A E R AR, T H ISR S PR UL PR R AR ¢
MR ENE. P, AREfEL ADP SRR RA Bl
B T SCR AR .

1.3 HZBEBENEE

AT BB L RGN A B 5 AN B L
() B Y R RS B0KR, fE4k ADP SOk
MR I E RN T Bk, 7EZk ADP S
PR HFRAR 2 VG, FHEUAS 1 M 5T R

Lewis K& H B\ Z4Fk—HE )T ADP &
EIWESE, N T —E R HIE A 200120,
Vrabie &g 5efe it T HA AT - TP A8 51 7E
LA Al ) B R U S 7 2k R G S I
B0 % AR R E AR &M ST, R
BUR ARG RrE (Gt AetE) . BlJS, R
PR AR S R G CY. (R %A RS A S T
M55 MG 1 W AP TR AR MR AT, BIAE SR PP i e
H, RS R T AR AR, R Z IR X
AN 3k G b B L P B EORR M, T X R
A5 PR R G E R BT B — I TR E. R I,
Vamvoudakis S&4E H 7 [7] B I8 BEVF ] 9 28 F AT )
2R (R AE 26 ) A SR 6 A 449592530 i Lyapunov
PR B0 BT DATIE BH P 2R R B 1) — S A SR e 1,
(R 7 BER R G AR Bl AR

KA K HH AR ATEE T ADP IS AT,
FIx s 280 -5 R G0, Y R 50 DA K &
GiEIT T ADP YRR, Hob, SCER [54] Bk
W T — R B SRR, CRIE TR 2 RGNk
FUE M. SR R LA BA X T A2k ADP Sk i
FEBEUG T 3 5 AW R PO 08 T A a5 2
ESCPERBFEAR R AL, o T HE LM R B AEAEAT &
I 14 e I 32 ) i A 57 =590,

ADP SFyE7ef e M T 3 22l Lyapunov
PRECEIE A A ER R Ge ) dese v, (B3 H arh ik, K
4y ADP 3 HEEIE — B8R & H R E, BH 8
WL R e W ORI — E I EE RS 754 ADP &
YRR O e 2 B AT RSl L A AR
PREFRE ] EEEE ] o R AL N L
FPE I, AL ADP BRI .

TEZk ADP B8535 ¢ T4 W 4 il o) A A
POz SCHR [52—53,60] A T 52 B 3 I 15 AR5
YEBIAE R PAT AL R, 30 2 A 8 TP 0 285 AT I 265,
HR BT BT, FIH Lyapvnov oK%y ik B
TAUECECRPE. SCHR [61] B %R 7 R St
O, GBI A E PR - PP AR A, ST R 2%
AT 0 25 [ 25 08, PRUEFIER R ke e, 3¢
Mk [62] X5 Backstepping # AR . Pl AE ADP
RS, BT Lyapunov o #0UE AL, &t
T—MAHAEL ADP 605, % EfSa T
Backstepping $ ARZ 45 AT, v DAA S0
2k ADP Syt S ser. SCik [63) @t 42 A
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FAF i R PAT TR M K E i 5, ARGk T
32 Y 45 i SR )RR SO A5 A, T8k 1 DI A
T3, PRAIE T PP ZR ST i A e 1k

IR S A [V AU X TR )R N AR 4, X
il o B B SR R i, (EFE AR Y HP R A
I, BT ADP Sk i e 0 MR i g il 1) A5 3 1)
ZIESE. SCRR [64] BF9E T AN E JELME RGP/
g ADP BRER$E H 8. Dierks 254X ™ 4% S i3
WA HAEL TS RS, & Jcilat Backstepping
ANFHEA R S, SR E, FH B 45 e 4l
VTSR AR (A B 5 il 2 (95 —00) s AR Rt R G
ADP BREFEH], AT RGP AT E 15
A% SCHR [67] F1SCHR [68] JE KR ZEBI S R G
WEIREE RS N— DR G, HoE LYERETE
Fred &, SEPl T BLALE A R IR AE S ADP PR RS
Hil. SCHEk [69] BT Z AL AEL SRR NAE
2 ADP pRERYE N @, Zhang 4538 i Zcds 9K 50
V5, SEEL T BRI LR TEL ADP R BRI,
AT —ASE B B SR I, PR UE T R ER R
B e =

a1 N 32 PR I A2 S o TR N FH A J0 2% e ) o L
HERZ—, BHEZEWESR RN EGrELE, E2s
SEHMHRGE A RE. Fik, X1 ADP Bn i
AZ R, A2 J LA R o A8 7T 2 ) R .
Lewis &% L MIAF5E T ADP Bk A 52 B 0] 8,
e AR IR A R R R AR R 2, RN
WA B HAELEIE L, SREFH ADP Jr ik iiAE
2% 1 PR AU AT TO-T2 S i, g kit
LXT ADP g Az BRI 5T S TR 2 1
SRE5=56. T3] 3% 5 1 RE RS A b A T A 32 B 4 ol
R, 152K K —F0OA R, H8) iz, HERE
PEUE A A 52 2% HAYBR T A 2 (32 B ) .

B TR LI RGN EREE A AP AT A
i R R AT 2 AR . ADP #=#ragiit
KE T 2 T RGAE B, HTE S Fria il &
£S5 RN N S a7 b S B 7 o) O N 1 e Y P e T
B, BRI, A JREE B3N Sh SRR iAo~ ] b
Jiang G5 G HI L, BRI EHE AT
B Zh S IR AR, B, R R AR R
il HRIE T AR RE &R E N, &
GENSFHERMRENBONFEZRGH A, ER%EE
T Y YRR TR AR R AL, i 2 PR AE O (R I fe 04
MK, SCRE SN e, AT SEERAEZebE R 40
& ADP $#:]07-59.78 Zhang 23 178 ADP
R E SIS WA Ak, SR AR R S
R I, SCik [80] K ADP RS RIELAR
FEHIBEE AL A, PR AT ADP BRIl 7

N T TR R R GRS 4 i FR O LM 2K,
Zhang SE4R T — AR IR S) B R I (Pl DL R AR
Hemg P S AT AR B S B K B R,
SRE A RS IR JE AR S R R SR S A bR A
2 ADP J5 5K Ul o, - Haseit 17—
R, PRAE R A TRZZWIAT IS SCRR [81] A15C
Wk [82] $ it 7R TR M LI gR I FELL ADP 55
Ve, SRR R AL A T, L R R AT,
FAELEG BT 4 ADP 5l g8, Zhu £ 4
22 I 3 T s o R PR T PR R Kt
fridt, SEIUET BRI ADP AR Fds
L SCHR [84] SR HBUR, BRI T — R Z
HFO A - AT ERTEL ADP 503K, TR
AR L 2 G0 R R I ] )

[ 2, AF R —RE Lk TriE, ADP BIggHA
N SR IR X RN I A IR — A R (R HERY
JriE, T Z A T o EgE R . Vrabie 48
KRBV siALEE 535, R —FhfEZk ADP Jrikok
FRAAFE IR, DT IR DUCESR R SR A, Sk
[85] $i th S 7] 25 BB oK M, R — A 0F
Wras M AAT e [ 22 AE R E, R HI AR 2 5
THCHR I I BB AL %R GATAESNE T, 3
HR [86] R BHEIKBN 5 Ik, LA R SRBE AR,
WIS RAT I 25 AP P A5 AR LR MR R Lewis 4%
BT[] 25 SR 2 SRR S E R S 2 N AEZ
FIZE ST, 3 Hofe ) 2 2 A\ BRI R, 1%
VT A I R > A Zhang 45 A A
BB TS BOR, 262 N xseiEie, o
5T 2 etk — Bk SR AL B 0L A ADP
TSR 22 8 R i )R E A ST #1043
HR [95] SR Bl ksl st fk 2 > 5 vk, BHIE T RSN
AR 22 B RE M fi D0 — B il )AL

2 ADP HIARZ A KN A

H1T ADP J7 A SRR SR TO 454, (6 FLAE it
I Al AR 2R G B 042 ) 1 e P 2 B 4 R
J1. W, BT ADP JriAR s d © 2AE ) &
%[96—99]‘ %’ﬁ%fiﬁj’%ﬂ?ﬂ[mo*wz} ﬂ]]:ikﬁﬂiﬂ[m?)—los]
SEURIBAS: TR A B .

—HLAK, AMTAWr s ADP J7 ik T
HA MG . ZIRAR LM A R B 2R P R A2 A
KATaeH. R, &R, A X ADP BUISTEAT
AR5 A BT BCRAR A, AR S i S g s
HA ) R B 2 A B DL A R R B R 5 SRR
VERAR AN 20 M 54k, Nodland 454 ] ADP
Ji5Y:8% aa RS B VAV RIAIUE R elidirt e Er e N 5.
TRNETHHLRIBOE IR ER T . %07 IR B R
R A B E AU, 457 Backstepping AR
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2 DR 285 RO 2, 3 A A T LX) 4% & M) A 2 T A
etz s, i Lyapunov J7 i PR IE PR B BR &
SR, Lewis S57% [BAFAE 2 M T HLFIALAUR
B A 25 5 Al e Y T 3 L s il At
TE A R — TP P 28 L 2 E AT M 28 S5 A TR i
SRS, K5 ADP Jy ik B T B AL ] )
w08 S 4E R0 TR RO Xie 28R T
% R B AU S % B S AR 450 008 SeBl T kAT
AR B SRR B SCHER [109] 45 A s il A
ADP J5i%, it TR EE X b s il ds, 9
T T e R AT e Y R RS ] AR A g
() ADP #5358 7 35 B X i s i T B BR B 1R 22
TR IR, BRI E AR S AL (2 Ref
W AR AT S BOR E R4, A ARk
PR R GE AR E T, (45 TE R 2 1242 i 38 A MG
T RGOR BB, T2 R HBdEIRK) 7 =

T ADP $oRmy A, I TRZ A . F
WP KPR KERA 2 B L ADP Jrkans, 2
HEAEAE S0 Horp, SCHR [110] £10) ®AT A8
£t 1P T o T Sl & R VA R g Fa R R 2 S
R RS — RN M R — AT
W 2%, H H AT RGOS B, ek [111]
FISCHR [112] PA AH-64 faar i e BT TS
5t BRI Je R MR BB DO R S, B
L2 PRI, Bt T —Fiop 2 70 3l AR ) 45
o EATEL S O, LB % BT PLA RS i
i, R B EEVERE. BE)S, Ferrari S84t
XS H B E AT, IR T ET M KR Lt
PR A AR R A — Ao AL B LN SR B AR
Ry Ay, AR A A NPT W 2% HE LA RE
FRPRER AL, X% AT A R BUE D7 BRI AR R
PR SOk [114] BF9E T A BRI KAT R
A 3 Y s Ak AR S P . %O R R A
27 2 A T B4 ] PR 3 Y B0 A s o A R R
RESS A, FIHET Q- IEm o> &
IR TP 2% — AT HR M2 254, )5 A
HTNIL 4k (Galerkin method) )4 HE 18
R AR SEELH bRk B E L. SOk [115) SR Hoo
AR SL B R AT A IR SR R . A TR
it Hoo 155 2 AR vh 484 Hamilton-Jacobi-Isaacs
(HJL) 7%, SCrb R FAE 2R R 20 R g AR B AR SE B
TELKAR. SCHR [116] £l e kAT A 9k 4
i, $e b T EE R A S A . SO R RO
P28 0 28 50 AR SR SRAR ISR B 27 2] BB I A B,
HATFRECHMARGECEAAEA, T2 A AL 7
ARSI TR [117) SR 280 22 B4
BRI B PRl MRS HE G Bl LR R, SR, 20t
LRI, I il 1 e I A SRR R AR B B T 4

il 2 P S RO R DRHOR D 5 Al 5 > Y AR
A ST S S, S T REFIZCR. Zhou
525 TR AL AR RAT R AR G — oM PASRAS HA ey A
A, Sl AU ADP FE i Bk p SR AR MR Gk
BT, R TR ADP #ERIUNE. moriAE
T AT AR AR LR AT A A e, 153 ML Y Y
AU, SRE R E h it ADP RV T
E%U[HS_HQ]-

S — R IR R AT g, R B NS 2
ARSI AR, NS A M RE SR ™A, i A L
SR R RIS BT A K, Bk
il AR LA BT AR

3 SFHBISEBMHITEE

S A AL R 5 R S IR 9T o B A
FHIMIIER G R BORZ —. HIL, 25 H
R R, B EE IS SR A ORI T i
HbR s s 55 R R 558 - H AR
XL MR SR AE R, 515G H
b, SEHECE. H AR A i 507 SR b
5 1200, SR Y DA AR 2 A )
A2 o O A TR R P R R
W, .5 F5CE, = H i & Z S5 053k B
BV JH OB 55 1A I, i i H AR I B 7 TR 2
BT MG A R R AR i At
FBER B H A BA SRS PER), B AP RERF SR
R REE IARA BRI AR, S 1] SR
wfe. BRI, ER G SRR R A R Ty
M. I, S5 e AL, BT A
PEHBE BT RS L S IR S A A R
R T DR, F T WA 1 0 2 R AN 7 12 DA
LANERTPEHAT RAFAHY B & BRI et fe (i
T A T )z R 22 (A A R
AEBOT R oSS R el LR R, HLAE
i A, Ao K AEFHRIS, TRECA % IEPERESR bR
BRI PRAIE S BE RS TE s AR I B AT AL 55

s M0 il Al o i I 42 i B 44 5 1 1) 5
e, EANURERE % BT - H AR sh A, i H
A DA R S AR AR AR B R RS, Bl
Ui PR ER /N LIS TR MR/ N i BE R 4 20K, AR
Yk 45 52 N [F) P RS, S tH B O ) 5 A2
BB MRS LM B e A A AR Lt
Pl . Hoh bk m Ll S AR AE S S H ARk
LM BUL R R LR b, ARV RESS
PAtE S R, B DARES BB B 4 . 20 fih4D
70 A, Kishi % 15 YR SR I F2 BRI W] T 3
H- AR, AR WS R RE” —
3 T 1w S, st AT
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AL R BIE BT R e DL 35 A 2 2 1 F
Gt 126128 s 26 AR A R B 0 S Ak 5 Y
ZEITIIER, B DA/ MBURE B ay rf H ARIE AN,
A RN LA—E I M TG F AR, AT fi =) 8
KA R, BT R BARCR. i Kim T
1973 48 YHET: Al 9 A 29 RO SR8 A -3 DA
K, B WINEF GG T i HAT 3R I 5
HAEATHIIE, HHBUS T FRT AR, Taub 555 H £
PR B A L ) B, BHORHAT T AR i 2R
9, BT TR T A 2SR TR O ) 0L
SEARIO T S R A AT 2
At T T H BRI, B v A 2R, o =4S
[ PR 7] 3 1) AL A DA AT v~ T R 25 - T R e 0
Pl )R, ARV BB e L] . Lee
SECT T[] PR 2 2% S ) JEE R D38 2 249 SR B 1 1
S0l Sk (133] TR B A 0 A R
AT I TR 2R ) A e il S Pl e D ol B 4 1
AR 55 A BRI D0 T HoA R TERE. 4R
GATAEANNE SR ARB SON T IR, iS5 4
A ORI 22, 1 3 3 5 X A ST 4
(3 AN B, I AR A AR L SO
A GER ) T I7 35, BT T — Rl vE A AR A
DLassk i & S5 1B R S5 AR 55 [
(LT b5 AT AR S A ], SR T I A B
.

RS TR AR H ARz 3h 2R 6L
AFEIAY, T SE B AR AR S R B 1 Lk
ZAE, BT TG, X IR I T B R
UM [RLEE, PR 7 26 T DA 6 SR B R Dy A il
T 51 SRt Ss AL, MR sHE—
P EIERDRUT 2. SCik [135] DAFEARBLEN H #x
Ry, Wit T ET SDRE JE it s st d il S,
SRR (LQDG) il S H4E T 1
BE. AR AE R o M R BT TR EIRARY
WEIE, I T —E B EE) JiME e HAE SO
TR AR, FF5E A0 T, DA KT 4R
] il S kL

IR, B A B0 il 507 YRR A3 J B T AR
BB, FEMBEOUT, XA LR 5 5L pr
RUIFFAEROR RS, TS A B S T . R bk
RE A AW ) i, SR L i R A Rk
SR EY . AN E PR AR R RO Y, ORI KL
RGO ME AT Yang 478 i1 >R % Hamilton-
Jacobi (HJ) ff fil o A 2 2045 2 ] 3 B AR e Pk A A
i) Hoo EFETHISAT. SR80, BT Ho, ST
1 i T = R AR R o AN E S, I IR o AN S5
KA AR A O A5 2. B2, MERET
FEL M A A i PRSI SR B T AR S il o X SR e

BTl S, FRN ] R S R EOK A . Hamilton-
Jacobi-Bellman (HJB) =3 HJT 7 #E. 1iiX 4>
AR JE T AR L s o R, EAR B BT AT
AR TRIME, 25 TRE N FH 8 B T AR KBRS, AR iR
il AL SR R R UL, b Rk
fit HIB 5 HJT 7 2R, 2 n] UK T R GiA
A, SR RE AL ST S, AT AR L S A

ADP $AR R GRS BHiENES . 5R1ik
22 R ReES 4 ST E g i BV & RN R i —FE
Bl L vk, & RENE A eR BIGE (DL 24544 3k
Il HIB 5 HIT R2AM#, R B s e T3
T, RIS R G R B 04 i SR, AT BB S A KL
Hoff eI RGP ARSI 8L T ADP $oR
MRS, T RFEHE—EHBU TR X PN 6
R e b3 i B AR B T3 e st . &
i ZAENB T, AU T —E Mgt STk [138]
PR T ET BN IEN S5 R B ) SRR T
T 5G] ST XTI, R B RS
P, Han G550 A Sz 20100 O, SR A B &M
VEO 28 Bt il S, AT PR IR BIRE 3 5 BE 98 7E
NGBS T) A ER D a6 4 T i 5 T 281 46 s ) 1)
TR, [ IR IE 2% B3 £ 14 Sz iy 139 = 1401 iy
S5, I B3GR W 4458, BFSE T B S
Wt FE3CHk [142) v, Han 252 A i i
INRAT HRBCELR, BIMRSZ A, st TR T HE
I TP I 285 4 ol S, S B0 5 5HUFE Fe /N B TR DY FR AR
AR s 8 3 28 2% iy T R A, ) S ORTE LA
AN ). Bertsekas 450540 & S AR/ FL Y S
LI 80 1) A 3R SR — A Bh SR B R R e e
e, 38 2 A ph 28 50 B0 AR e AR S8 B % B) Y SR
fgl sl Sk [144) BR5E TR ZE S, Q04T e ER
B A At 2 S 5 1 TR R, R LA AR S — S TR
BRI, FIH ADP £ AR K e L Hs. Lin
WFGE MRS 25 S B 38 NP B 302 BTt oy
V. TR BE N IPM S BT AR, R BT
— 1 8 ) 5% 1 S IR 8 2R R TR R T L A AR R 2R
PR £k, T H 38 PO BT AR iR A AR ST AE SR
TR R oo, bty A RE R TH BraE i
BRZEA S TP, 38 G 75 428 ) il S BN
AR R E) 8L SRk [146) A4 T amAkeE )
TE2S 25 OSSR T A R S . STk [147) B
55T LN AT —X—2S i At i ADP R
T B U T I SR JE ad — A e A R
Y RIS SR U YR AE 4R 58 % ) AT 45 . SCHR [148] J&
Tomiba > ik, Wt TSR A, R IR AL
P, 18 SCRZ T EH B TS 6T 5135, Lee
ST T S - HARB R, Hor SR ) 4l L



73] PMFSEAE BT B S A A T ] SRR SR

1107

B 51 753, 100 H AR I 35 A2 2] F3 55 B ek
Hemgl 0L Sun 2 G- H ARSI A
HRAR, GG HREE, ik T AR R G
AN E SR A R e P DR, R AEZR ADP %
AR, ST ) AU T o W SR E £k ADP
il i 1901,

MUA LAl AR 2, AT o > iy
i AT, INEGR AT Y P S5 1 S
BTt 2 oeah S AT, T ADP
il IR R, R ADP SRR T i S et
Hh, ANBCAT AR R B DL ) ST R B BOR MRS, T
HXP R MR G RETA . R A 2 il 5
A G HA B EIS O E AR Y SE PR il
FRGERIFEARM— ORI

4 TFRERMMIR R RE

ADP $0AR B 8 i DAl 32 2] AR AR F 5
NG FRERE AL AE ST S br B A AR IR
4 T EEM R, I BRI E R LRSS R
IFEAT S ALK B, Fr B2 fE Lk ADP $ORFES 3
il 7 AN P e VRS — MUl P R O3,
ADP $ARAE S i S HBOT o] DUAHE A Al BR &
MFE. TR B4 ADP $5oRAE G i SR
TEr AT RE S AR DA R f a9

1) ZAHEME T ADP §il S, B K535
W H 825, O ARG SR, FEPHE
] 42 ) TP 2322 7% B8 — BB Y SRR AF. A Y
FEERUL, IR EZI NI — 2RI, R
AL, BN R AR . SR R
SRR IANRE PSR, TR LR, BRI A Y
OIS 2wl At R T, W HEAIR R R AR, B
U2 s g JE LA L LR i JEE AR, B I ] 24 RS
YA T B ) T4 o [P A 52 I AR S e
il A\ 52 2 PR TE LR — AR Lk R LR
il I RO, A R IR s 2 AR 2 s o I A
WA J) TH. ADP il S A SURES i o Al e fr f
] S SR AR DR XE Y AL, i ELRE S A SO AL B 2 2
A TR S AL AT, ADP 5k XA 3%
ZURAEIEHTIT R 2, (EIY @ T 1 B 58 A
YT, T TCIRAL BRI ZR A A 205 (15 TR A2 g DX T
AR B AR, XPIRAS A2 LY PR R 2o LD
P& e 2 A Y ADP i 02 -0 A 2L
.

2) B AN IR ADP i AESE PR
R, @SR BPATIU RIE. IR
B, 1A RESR (LB AR A AT 0. A, ARBEIA
A e e 7 R R R AR P O 3R, T % ADP
AR ISP RCR H AR D, I, TR T

AR ADP S B A URER £ H ADP
RSN HVE L, i E R AR EESERY ADP
il HA R R

3) AERIFE] ADP il S i FAESE b il id A
W, R BT SR AR RS A RN TR A o R E R, AT
PRAUEFT TR 1 H BT ADP 46 K30 FHE AR T
T BRI Al A il A7 KR INFTR) ADP 42 i Rl i 2

4) ADP A, BEFE RIS 2% A K
RARBAFFE, K2 MG SRZ LR
AL g DA R 0 0 SR 22 b ) i 5
UKL E 9 A N VN S TR OEG DS R INTTIE PN
2 VAA il 0T o 220 B A 48 B AT e kA, A
TSR B A AR A TR R AR AT P ] ol )
4T BA KL B8 T /AT H AR, 2R
BEAFSOL, oS SRR . i ADP
75 B A R e S 2 AR e AR G 0 B A 4 o 17
AL, UL, 25 S A S PR AR AR, AR ST
ADP $ARMZ S5 R 6 5 SR 2 — A+ A
i AR

5 #5ip

H 8 N B SR AR R AR L R G
il A A AL BEEE TR, ZRHORE I 1K
HSEA. AR T A &Y gh S SRR IS
WFFSUERE, A4 T AR AL BEAS [ 2 ) 17 A
R, AL S T B G BT I LB,
AT U IR 0 T IR S 5 ] 5
HE R R S ASALRI B AT E R T R
i U, PRI, RS T S B SR B AR B i
il A RERS A RAL B A A AR A0 i SR AR I
HESE R, T HoWSE SR AR REAL . ReRffE. RTY
PRt 7 SR RIS B, B R B B (.

References

1 Zhang H G, Zhang X, Luo Y H, Yang J. An overview of
research on adaptive dynamic programming. Acta Auto-
matica Sinica, 2013, 39(4): 303—311

2 Liu D R, Li H L, Wang D. Data-based self-learning optimal
control: research progress and prospects. Acta Automatica
Sinica, 2013, 39(11): 1858—1870

3 Werbos P. Beyond Regression: New Tools for Prediction
and Analysis in the Behavioral Sciences [Ph.D. disserta-
tion], Harvard University, USA, 1974.

4 Prokhorov D V, Wunsch D C. Adaptive critic designs.
IEEE Transactions on Neural Networks, 1997, 8(5): 997—
1007

5 Padhi R, Unnikrishnan N, Wang X H, Balakrishnan S N.
A single network adaptive critic (SNAC) architecture for



1108 H B k& Es i 434
optimal control synthesis for a class of nonlinear systems. 19 Liu D R, Wei Q L. Policy iteration adaptive dynamic pro-
Neural Networks, 2006, 19(10): 1648—1660 gramming algorithm for discrete-time nonlinear systems.

IEEE Transactions on Neural Networks and Learning Sys-
6 Wang Y, O’Donoghue B, Boyd S. Approximate dynamic tems, 2014, 25(3): 621—634
programming via iterated Bellman inequalities. Interna-
tional Journal of Robust and Nonlinear Control, 2015, 20 Wei Q L, Liu D R, Lin Q, Song R Z. Discrete-time op-
25(10): 1472—1496 timal control via local policy iteration adaptive dynamic
programming. IEEE Transactions on Cybernetics, 2016,
7 Bertsekas D P, Tsitsiklis J N. Neuro-dynamic program- DOIL: 10.1109/TCYB.2016.2586082
ming: an overview. In: Proceedings of the 34th IEEE Con- )
ference on Decision and Control. New Orleans, LA, USA: 21 Zhang H G, Song R Z, Wei Q L, Zhang T Y. Optimal
IEEE, 1995. 560—564 tracking control for a class of nonlinear discrete-time sys-
tems with time delays based on heuristic dynamic pro-
8 Zhu L M, Modares H, Peen G O, Lewis F L, Yue B Z. gramming. IEEE Transactions on Neural Networks, 2011,
Adaptive suboptimal output-feedback control for linear 22(12): 18511862
systems using integral reinforcement learning. IEEE Trans- . .

. 22 Song R Z, Xiao W D, Zhang H G, Sun C Y. Adaptive dy-
actions on Control Systems Technology, 2015, 23(1): 264— > . .
973 namic programming for a class of complex-valued nonlin-

ear systems. IEEE Transactions on Neural Networks and
9 Bhasin S. Reinforcement Learning and Optimal Control Learning Systems, 2014, 25(9): 17331739

10

11

12

13

14

15

16

17

18

Methods for Uncertain Nonlinear Systems [Ph.D. disser-
tation], University of Florida, USA, 2011.

Vrabie D, Vamvoudakis K G, Lewis F L. Optimal Adaptive
Control and Differential Games by Reinforcement Learn-
ing Principles. London: IET, 2012.

Zhang H, Liu D, Luo Y, Wang D. Adaptive Dynamic Pro-
gramming for Control: Algorithms and Stability. London:
Springer-Verlag, 2013.

Lewis F L, Liu D R. Reinforcement Learning and Approx-
imate Dynamic Programming for Feedback Control. New
Jersey: IEEE Press, 2013.

Jiang Z P, Jiang Y. Robust adaptive dynamic program-
ming for linear and nonlinear systems: an overview. Euro-
pean Journal of Control, 2013, 19(5): 417—425

Khan S G, Herrmann G, Lewis F L, Pipe T, Melhuish C.
Reinforcement learning and optimal adaptive control: an
overview and implementation examples. Annual Reviews
in Control, 2012, 36(1): 42—59

Busoniu L, Ernst D, De Schutter B, Babuska R. Approx-
imate reinforcement learning: an overview. In: Proceed-
ings of the 2011 IEEE Symposium on Adaptive Dynamic
Programming and Reinforcement Learning. Paris, France:
IEEE, 2011. 1-8

Diao Zhao-Shi. Research on High-precision and High-
efficiency Terminal Guidance and Control Key Technolo-
gies for Missiles [Ph.D. dissertation], Beijing Institute of
Technology, China, 2015.

(IR SRS 2 OR35S R T TT (M2
e, detE TR, i, 2015.)

Li Yun-Qian. Integrated Guidance and Control for Endo-
Atmospheric Interceptors [Ph. D. dissertation|, Harbin In-
stitute of Technology, China, 2011.

(FBIT. KAZ AR T4 ) S — R 5 (e 3,
MR Tolk k2%, HE, 2011.)

Sun Chuan-Peng. Research on Interception Guidance
Based on Game Theory [Ph.D. dissertation], Harbin In-
stitute of Technology, China, 2014.

(PMEME. BT HZRE M BT [ L2003, BR
wELI R, i, 2014.)

23

24

25

26

27

28

29

30

31

32

Wei Q L, Liu D R, Yang X. Infinite horizon self-learning
optimal control of nonaffine discrete-time nonlinear sys-
tems. IEEE Transactions on Neural Networks and Learn-
ing Systems, 2015, 26(4): 866—879

Wei Q L, Liu D R, Lewis F L, Liu Y, Zhang J. Mixed
iterative adaptive dynamic programming for optimal bat-
tery energy control in smart residential microgrids. IEEE
Transactions on Industrial Electronics, 2017, DOI: 10.
1109/TIE.2017.265087

Wei Q L, Liu D R, Lin Q, Song R Z. Adaptive dynamic pro-
gramming for discrete-time zero-sum games. IEEE Trans-
actions on Neural Networks and Learning Systems, 2017,
DOI: 10.1109/TNNLS.2016.2638863

Wei Q L, Liu D R. A novel policy iteration based determin-
istic Q-learning for discrete-time nonlinear systems. Sci-
ence China Information Sciences, 2015, 58(12): 1—15

Kiumarsi B, Lewis F L, Modares H, Karimpour A,
Naghibi-Sistani M B. Reinforcement Q-learning for opti-
mal tracking control of linear discrete-time systems with
unknown dynamics. Automatica, 2014, 50(4): 1167—1175

Vamvoudakis K G. Non-zero sum Nash Q-learning for un-
known deterministic continuous-time linear systems. Au-
tomatica, 2015, 61: 274—281

Murray J J, Cox C J, Lendaris G G, Saeks R. Adaptive dy-
namic programming. IEEE Transactions on Systems, Man,
and Cybernetics, Part C: Applications and Reviews, 2002,
32(2): 140—153

Al-Tamimi A, Lewis F L, Abu-Khalaf M. Discrete-time
nonlinear HJB solution using approximate dynamic pro-
gramming: convergence proof. IEEE Transactions on Sys-
tems, Man, and Cybernetics, Part B: Cybernetics, 2008,
38(4): 943—949

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

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



7

# PMFSEAE BT B S A A T ] SRR SR

1109

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Wei Q L, Liu D R, Xu'Y C. Neuro-optimal tracking control
for a class of discrete-time nonlinear systems via general-
ized value iteration adaptive dynamic programming ap-
proach. Soft Computing, 2016, 20(2): 697—706

Wei Q L, Liu D R, Lin H Q. Value iteration adaptive dy-
namic programming for optimal control of discrete-time
nonlinear systems. IEEE Transactions on Cybernetics,
2016, 46(3): 840—853

Wei Q L, Lewis F L, Sun Q Y, Yan P F, Song R Z.
Discrete-time deterministic Q-learning: a novel conver-
gence analysis. IEEE Transactions on Cybernetics, 2017,
47(5): 1024—0237

Wei Q L, Song R Z, Sun Q Y. Nonlinear neuro-optimal
tracking control via stable iterative Q-learning algorithm.
Neurocomputing, 2015, 168: 520—528

Wei Q L, Liu D R. Stable iterative adaptive dynamic
programming algorithm with approximation errors for
discrete-time nonlinear systems. Neural Computing and
Applications, 2014, 24(6): 1355—1367

Wei Q L, Liu D R. Adaptive dynamic programming for op-
timal tracking control of unknown nonlinear systems with
application to coal gasification. IEEE Transactions on Au-
tomation Science and Engineering, 2014, 11(4): 1020—
1036

Wei Q L, Liu D R. Numerical adaptive learning control
scheme for discrete-time non-linear systems. IET Control
Theory and Applications, 2013, 7(11): 1472—1486

Wei Q L, Liu D R, Lin Q. Discrete-time local value iter-
ation adaptive dynamic programming: admissibility and
termination analysis. IEEE Transactions on Neural Net-
works and Learning Systems, 2017, DOI: 10.1109/TNNLS.
2016.2593743

Wei Q L, Wang F Y, Liu D R, Yang X. Finite-
approximation-error-based discrete-time iterative adaptive
dynamic programming. IEEE Transactions on Cybernet-
ics, 2014, 44(12): 2820—2833

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

Wei Q L, Zhang H G, Liu D R, Zhao Y. An optimal control
scheme for a class of discrete-time nonlinear systems with
time delays using adaptive dynamic programming. Acta
Automatica Sinica, 2010, 36(1): 121—-129

Song R Z, Wei Q L, Sun Q Y. Nearly finite-horizon op-
timal control for a class of nonaffine time-delay nonlinear
systems based on adaptive dynamic programming. Neuro-
computing, 2015, 156: 166—175

Wang D, Liu D R, Wei Q L. Finite-horizon neuro-optimal
tracking control for a class of discrete-time nonlinear
systems using adaptive dynamic programming approach.
Neurocomputing, 2012, 78(1): 14—22

Abu-Khalaf M, Lewis F' L. Nearly optimal control laws for
nonlinear systems with saturating actuators using a neural
network HJB approach. Automatica, 2005, 41(5): 779—
791

47

48

49

50

51

52

53

54

55

56

57

58

59

Tassa Y, Erez T. Least squares solutions of the HJB equa-
tion with neural network value-function approximators.
IEEE Transactions on Neural Networks, 2007, 18(4): 1031
—1041

Song R Z, Lewis F L, Wei Q L, Zhang H G. Off-policy
actor-critic structure for optimal control of unknown sys-
tems with disturbances. IEEE Transactions on Cybernet-
ics, 2016, 46(5): 1041—1050

Song R Z, Lewis F L, Wei Q L. Off-policy integral rein-
forcement learning method to solve nonlinear continuous-
time multiplayer nonzero-sum games. IEEE Transactions
on Neural Networks and Learning Systems, 2017, 28(3):
704—713

Vrabie D, Pastravanu O, Abu-Khalaf M, Lewis F' L. Adap-
tive optimal control for continuous-time linear systems
based on policy iteration. Automatica, 2009, 45(2): 477—
484

Vrabie D, Lewis F. Neural network approach to
continuous-time direct adaptive optimal control for par-
tially unknown nonlinear systems. Neural Networks, 2009,
22(3): 237—246

Vamvoudakis K G, Lewis F L. Online actor-critic algo-
rithm to solve the continuous-time infinite horizon optimal
control problem. Automatica, 2010, 46(5): 878—888

Vamvoudakis K G, Vrabie D, Lewis F L. Online adap-
tive learning of optimal control solutions using integral re-
inforcement learning. In: Proceedings of the 2011 IEEE
Symposium on Adaptive Dynamic Programming and Re-
inforcement Learning. Paris, France: IEEE, 2011. 250—257

Zhang H G, Cui L L, Zhang X, Luo Y H. Data-driven ro-
bust approximate optimal tracking control for unknown
general nonlinear systems using adaptive dynamic pro-
gramming method. IEEE Transactions on Neural Net-
works, 2011, 22(12): 2226—2236

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

Yang X, Liu D R, Huang Y Z. Neural-network-based online
optimal control for uncertain non-linear continuous-time
systems with control constraints. IET Control Theory and
Applications, 2013, 7(17): 2037—2047

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

Wang D, Liu D R, Li H L. Policy iteration algorithm for
online design of robust control for a class of continuous-
time nonlinear systems. IEEE Transactions on Automation
Science and Engineering, 2014, 11(2): 627—632

Wang D, Liu D R, Li H L, Ma H W. Neural-network-based
robust optimal control design for a class of uncertain non-
linear systems via adaptive dynamic programming. Infor-
mation Sciences, 2014, 282: 167—179



1110 H B k& S i 434
60 Vamvoudakis K, Vrabie D, Lewis F. Online policy itera- 73 Yang X, Liu D R, Wang D. Reinforcement learning for
tion based algorithms to solve the continuous-time infinite adaptive optimal control of unknown continuous-time non-
horizon optimal control problem. In: Proceedings of the linear systems with input constraints. International Jour-
2009 IEEE Symposium on Adaptive Dynamic Program- nal of Control, 2014, 87(3): 553—566
ming and Reinforcement Learning. Nashville, TN, USA:
IEEE, 2009. 74 Jiang Y, Jiang Z P. Computational adaptive optimal con-
trol for continuous-time linear systems with completely un-
61 Yang X, Liu D R, Wei Q L. Online approximate optimal known dynamics. Automatica, 2012, 48(10): 2699—2704
control for affine non-linear systems with unknown inter-
nal dynamics using adaptive dynamic programming. IET 75 Jiang Y, Jiang Z P. Robust approximate dynamic program-
Control Theory and Applications, 2014, 8(16): 1676—1688 ming and global stabilization with nonlinear dynamic un-
. . . . certainties. In: Proceedings of the 50th IEEE Conference
62 Wang Z, Liu X P, Liu K F, Li§, Waflg H Q Backsteppmg— on Decision and Control and European Control Confer-
based Lyapunov function construction using approximate ence. Orlando, FL, USA: IEEE, 2011. 115—120
dynamic programming and sum of square techniques.
IEEE Transactions on Cybernetics, 2016, DOIL: 10.1109/ 76 Jiang Y, Jiang Z P. Robust adaptive dynamic program-
TCYB.2016.2574747 ming and feedback stabilization of nonlinear systems.
63 Vamvoudakis K G, Miranda M F, Hespanha J P. Asymp- ifrff gg?ZSZ§Eg§S gg;jesggal Networks and Learning Sys-
totically stable adaptive-optimal control algorithm with ’ ’ '
saturating actuators and relaxed persistence of excitation. . . . . .
IEEE Transactions on Neural Networks and Learning Sys- 77 Jiang Yf Jiang Z. P. GIObél adaptive dynamic programnTlng
tems, 2016, 27(11): 2386—2398 for contmuot.ls-tlme nonlinear systems. IEEE Transactions
’ ’ on Automatic Control, 2015, 60(11): 2917—2929
64 Yang X, Liu D R, Wei Q L, Wang D. Guaranteed cost
neural tracking control for a class of uncertain nonlinear 78 Wang D, Ifiu D R_’ Li.H L, Ma H W.‘ Adaptive dynamic
systems using adaptive dynamic programming. Neurocom- programming for infinite horizon opFlmal rf)bust guaran-
puting, 2016, 198: 80—90 teed cost control of a class of uncertain nonlinear systems.
In: Proceedings of the 2015 American Control Conference.
65 Zargarzadeh H, Dierks T, Jagannathan S. State and out- Chicago, IL, USA: IEEE, 2015. 2900—2905
put feedback-based adaptive optimal control of nonlin-
ear continuous-time systems in strict feedback form. In: 79 Luo Y H, Sun Q Y, Zhang H G, Cui L L. Adaptive critic
Proceedings of the 2012 American Control Conference. design-based robust neural network control for nonlinear
Montréal, Canada: IEEE, 2012. 6412—6417 distributed parameter systems with unknown dynamics.
Neurocomputing, 2015, 148: 200—208
66 Zargarzadeh H, Dierks T, Jagannathan S. Optimal control

67

68

69

70

71

72

of nonlinear continuous-time systems in strict-feedback
form. IEEE Transactions on Neural Networks and Learn-
ing Systems, 2015, 26(10): 2535—2549

Modares H, Lewis F L. Optimal tracking control of non-
linear partially-unknown constrained-input systems using
integral reinforcement learning. Automatica, 2014, 50(7):
1780—1792

Kamalapurkar R, Dinh H, Bhasin S, Dixon W E. Approxi-
mate optimal trajectory tracking for continuous-time non-
linear systems. Automatica, 2015, 51: 40—48

Zhou Q, Shi P, Tian Y, Wang M Y. Approximation-based
adaptive tracking control for mimo nonlinear systems with
input saturation. IEEE Transactions on Cybernetics, 2015,
45(10): 2119-—2128

Modares H, Lewis F L, Sistani M B N. Online solution of
nonquadratic two-player zero-sum games arising in the H,
control of constrained input systems. International Journal
of Adaptive Control and Signal Processing, 2014, 28(3—5):
232—-254

Modares H, Sistani M B N, Lewis F L. A policy itera-
tion approach to online optimal control of continuous-time
constrained-input systems. ISA Transactions, 2013, 52(5):
611—621

Abu-Khalaf M, Lewis F L, Huang J. Neurodynamic pro-
gramming and zero-sum games for constrained control sys-
tems. IEEE Transactions on Neural Networks, 2008, 19(7):
1243—1252

80

81

82

83

84

85

Fan Q Y, Yang G H. Adaptive actor-critic design-based in-
tegral sliding-mode control for partially unknown nonlin-
ear systems with input disturbances. IEEE Transactions
on Neural Networks and Learning Systems, 2016, 27(1):
165—177

Liu D R, Huang Y Z, Wang D, Wei Q L. Neural-network-
observer-based optimal control for unknown nonlinear sys-
tems using adaptive dynamic programming. International
Journal of Control, 2013, 86(9): 1554—1566

LvY F, Na J, Yang Q M, Wu X, Guo Y. Online adaptive
optimal control for continuous-time nonlinear systems with
completely unknown dynamics. International Journal of
Control, 2016, 89(1): 99—112

Zhu Y H, Zhao D B, Li X J. Iterative adaptive dynamic
programming for solving unknown nonlinear zero-sum
game based on online data. IEEE Transactions on Neural
Networks and Learning Systems, 2017, 28(3): 714—724

Song R Z, Lewis F L, Wei Q L, Zhang H G, Jiang Z P,
Levine D. Multiple actor-critic structures for continuous-
time optimal control using input-output data. IEEE Trans-
actions on Neural Networks and Learning Systems, 2015,
26(4): 851—865

Vamvoudakis K, Vrabie D, Lewis F L. Adaptive optimal
control algorithm for zero-sum Nash games with integral
reinforcement learning. In: Proceedings of the 2012 ATAA
Guidance, Navigation, and Control Conference. Minneapo-
lis, Minnesota, USA: ATAA, 2012.



7

# PMFSEAE BT B S A A T ] SRR SR

1111

86

87

88

89

90

91

92

93

94

95

96

97

98

Wei Q L, Song R Z, Yan P F. Data-driven zero-sum
neuro-optimal control for a class of continuous-time un-
known nonlinear systems with disturbance using ADP.
IEEE Transactions on Neural Networks and Learning Sys-
tems, 2016, 27(2): 444—458

Vamvoudakis K G, Lewis F L. Multi-player non-zero-
sum games: online adaptive learning solution of cou-
pled Hamilton-Jacobi equations. Automatica, 2011, 47(8):
1556—1569

Vamvoudakis K G, Lewis F L, Hudas G R. Multi-agent
differential graphical games: online adaptive learning so-
lution for synchronization with optimality. Automatica,
2012, 48(8): 1598—1611

Wei Q L, Liu D R, Lewis F L. Optimal distributed synchro-
nization control for continuous-time heterogeneous multi-
agent differential graphical games. Information Sciences,
2015, 317: 96—113

Zhang H G, Zhang J L, Yang G H, Luo Y H. Leader-based
optimal coordination control for the consensus problem of
multiagent differential games via fuzzy adaptive dynamic
programming. IEEE Transactions on Fuzzy Systems, 2015,
23(1): 152—163

Nguyen T L. Adaptive dynamic programming-based de-
sign of integrated neural network structure for cooperative
control of multiple MIMO nonlinear systems. Neurocom-
puting, 2017, 237: 12—24

Jiao Q, Modares H, Xu S Y, Lewis F L, Vamvoudakis K
G. Multi-agent zero-sum differential graphical games for
disturbance rejection in distributed control. Automatica,
2016, 69: 24—34

Jiao Q, Modares H, Lewis F L, Xu S Y, Xie L H. Dis-
tributed L»-gain output-feedback control of homogeneous
and heterogeneous systems. Automatica, 2016, 71: 361—
368

Adib Yaghmaie F, Lewis F L, Su R. Output regulation of
linear heterogeneous multi-agent systems via output and
state feedback. Automatica, 2016, 67: 157—164

Zhang H G, Jiang H, Luo Y H, Xiao G Y. Data-driven op-
timal consensus control for discrete-time multi-agent sys-
tems with unknown dynamics using reinforcement learn-
ing method. IEEE Transactions on Industrial Electronics,
2017, 64(5): 4091—4100

Venayagamoorthy G K, Harley R G, Wunsch D C. Dual
heuristic programming excitation neurocontrol for genera-
tors in a multimachine power system. IEEE Transactions
on Industry Applications, 2003, 39(2): 382—394

Park J W, Harley R G, Venayagamoorthy G K. Adaptive-
critic-based optimal neurocontrol for synchronous genera-
tors in a power system using MLP/RBF neural networks.
IEEE Transactions on Industry Applications, 2003, 39(5):
1529—1540

Wei Q L, Liu D R, Shi G, Liu Y. Multibattery optimal
coordination control for home energy management systems
via distributed iterative adaptive dynamic programming.
IEEE Transactions on Industrial Electronics, 2015, 62(7):
4203—-4214

99

100

101

102

103

104

105

106

107

108

109

110

111

112

Wei Q L, Liu D R, Shi G. A novel dual iterative Q-learning
method for optimal battery management in smart residen-
tial environments. IEEE Transactions on Industrial Elec-
tronics, 2015, 62(4): 2509—2518

Cai C, Wong C K, Heydecker B G. Adaptive traffic signal
control using approximate dynamic programming. Trans-
portation Research Part C: Emerging Technologies, 2009,
17(5): 456—474

Zhao Dong-Bin, Liu De-Rong, Yi Jian-Qiang. An overview
on the adaptive dynamic programming based urban city
traffic signal optimal control. Acta Automatica Sinica,
2009, 35(6): 676—681

(B, fge, Sydsi. HT B shaS R i i sm = 50
el keRk. AE iR, 2009, 35(6): 676—681)

Wang F Y. Agent-based control for networked traffic man-
agement systems. IEEE Intelligent Systems, 2005, 20(5):
92—-96

Lee J M, Lee J H. An approximate dynamic programming
based approach to dual adaptive control. Journal of Pro-
cess Control, 2009, 19(5): 859—864

Wei Q L, Liu D R. Data-driven neuro-optimal tempera-
ture control of water-gas shift reaction using stable iter-
ative adaptive dynamic programming. IEEE Transactions
on Industrial Electronics, 2014, 61(11): 6399—6408

Lin Xiao-Feng, Huang Yuan-Jun, Song Chun-Ning. Ap-
proximate optimal control with e-error bound. Control
Theory and Applications, 2012, 29(1): 104—108

(Mg, FOCH, KRBT W e RERMT O RIER. FEhEe
5MH, 2012, 29(1): 104—108)

Nodland D, Zargarzadeh H, Jagannathan S. Neural
network-based optimal adaptive output feedback control
of a helicopter UAV. IEEE Transactions on Neural Net-
works and Learning Systems, 2013, 24(7): 1061—1073

Stingu E, Lewis F L. An approximate dynamic pro-
gramming based controller for an underactuated 6DOF
quadrotor. In: Proceedings of the 2011 IEEE Symposium
on Adaptive Dynamic Programming and Reinforcement
Learning. Paris, France: IEEE, 2011.

Xie Q Q, Luo B, Tan F X, Guan X P. Optimal control for
vertical take-off and landing aircraft non-linear system by
online kernel-based dual heuristic programming learning.
IET Control Theory and Applications, 2015, 9(6): 981—
987

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

Balakrishnan S N, Biega V. Adaptive-critic-based neural
networks for aircraft optimal control. Journal of Guidance,
Control, and Dynamics, 1996, 19(4): 893—898

Enns R, Si J. Apache helicopter stabilization using neural
dynamic programming. Journal of Guidance, Control, and
Dynamics, 2002, 25(1): 19—25

Enns R, Si J. Helicopter trimming and tracking control
using direct neural dynamic programming. IEEE Transac-
tions on Neural Networks, 2003, 14(4): 929—939



1112

H 3t

¥ 4

43 %

113

114

115

116

117

118

119

120

121

122

123

124

125

Ferrari S, Stengel R F. Online adaptive critic flight control.
Journal of Guidance, Control, and Dynamics, 2004, 27(5):
T7T—786

Valasek J, Doebbler J, Tandale M D, Meade A J. Improved
adaptive-reinforcement learning control for morphing un-
manned air vehicles. IEEE Transactions on Systems, Man,
and Cybernetics, Part B: Cybernetics, 2008, 38(4): 1014
—1020

Guo C, Wu H N, Luo B, Guo L. H., control for air-
breathing hypersonic vehicle based on online simultaneous
policy update algorithm. International Journal of Intelli-
gent Computing and Cybernetics, 2013, 6(2): 126—143

Luo X, Chen Y, Si J, Feng L. Longitudinal control of hy-
personic vehicles based on direct heuristic dynamic pro-
gramming using ANFIS. In: Proceedings of the 2014 In-
ternational Joint Conference on Neural Networks. Beijing,
China: IEEE, 2014. 3685—3692

Furfaro R, Wibben D R, Gaudet B, Simo J. Terminal
multiple surface sliding guidance for planetary landing:
development, tuning and optimization via reinforcement
learning. The Journal of the Astronautical Sciences, 2015,
62(1): 73—99

Zhou Y, Van Kampen E J, Chu Q P. Nonlinear adap-
tive flight control using incremental approximate dynamic
programming and output feedback. Journal of Guidance,
Control, and Dynamics, 2017, 40(S): 493—500

Zhou Y, Van Kampen E J, Chu Q P. An incremental ap-
proximate dynamic programming flight controller based on
output feedback. In: Proceedings of the 2016 AIAA Guid-
ance, Navigation, and Control Conference. San Diego, Cal-
ifornia, USA: ATAA, 2016.

Ghosh S, Ghose D, Raha S. Capturability of aug-
mented pure proportional navigation guidance against
time-varying target maneuvers. Journal of Guidance, Con-
trol, and Dynamics, 2014, 37(5): 1446—1461

Shaferman V, Shima T. Linear quadratic guidance laws for
imposing a terminal intercept angle. Journal of Guidance,
Control, and Dynamics, 2008, 31(5): 1400—1412

Lee Y, Kim Y, Moon G, Jun B E. Sliding-mode-based
missile-integrated attitude control schemes considering ve-
locity change. Journal of Guidance, Control, and Dynam-
ics, 2016, 39(3): 423—436

Kumar S R, Rao S, Ghose D. Nonsingular terminal sliding
mode guidance with impact angle constraints. Journal of
Guidance, Control, and Dynamics, 2014, 37(4): 1114—
1130

Zhou Hui-Bo. Study on Guidance Law and Cooperative
Guidance for Multi-missiles Based on Finite-time and Slid-
ing Mode Theory [Ph. D. dissertation], Harbin Institute of
Technology, China, 2015.

(R ER . HE T PR (a) A v B 1 55 | B 22 330 vl 1
5 [0 3], W/REE TR, HE, 2015.)

Zhang You-An, Huang Jie, Wang Li-Ying. Research
progress of terminal guidance law with constraint. Jour-
nal of Naval Aeronautical and Astronautical, 2013, 28(6):
581—586

(KA, ¥k, s, AT RARN SE TR, B
23 TAREBE2EAR, 2013, 28(6): 581—586)

126

127

128

129

130

131

132

133

134

135

136

137

138

139

Imado F, Kuroda T, Miwa S. Optimal midcourse guidance
for medium-range air-to-air missiles. Journal of Guidance,
Control, and Dynamics, 1990, 13(4): 603—608

Balakrishnan S N, Xin M. Robust state dependent Riccati
equation based guidance laws. In: Proceedings of the 2001
American Control Conference. Arlington, VA, USA: IEEE,
2001. 3352—3357

Indig N, Ben-Asher J Z, Sigal E. Near-optimal minimum-
time guidance under spatial angular constraint in atmo-
spheric flight. Journal of Guidance, Control, and Dynam-
ics, 2016, 39(7): 1563—1577

Taub I, Shima T. Intercept angle missile guidance under
time varying acceleration bounds. Journal of Guidance,
Control, and Dynamics, 2013, 36(3): 686—699

Chen Ke-Jun, Zhao Han-Yuan. An optimal reentry ma-
neuver guidance law applying to attack the ground fixed
target. Journal of Astronautics, 1994, 15(1): 1-7, 94
(BRFafe, BIXTT. —Fpid F T et il B e 5 b i St i ANLE)
S TR, 1994, 15(1): 1-7, 94)

Zhao Han-Yuan. Reentry Vehicle Dynamics and Guidance.
Beijing: National University of Defense Technology, 1997.
(BT, AT BB S AUt ER R R i,
1997.)

Lee Y I, Ryoo C K, Kim E. Optimal guidance with con-
straints on impact angle and terminal acceleration. In:
Proceedings of the 2003 AIAA Guidance, Navigation, and
Control Conference and Exhibit. Austin, Texas, USA:
ATAA, 2003.

Lee J I, Jeon I S, Tahk M J. Guidance law to control
impact time and angle. IEEE Transactions on Aerospace
and Electronic Systems, 2007, 43(1): 301—310

Hu Zheng-Dong, Guo Cai-Fa, Cai Hong. Integrated guid-
ance law of reentry maneuvering warhead with terminal
angular constraint. Journal of National University of De-
fense Technology, 2008, 30(3): 21—26

(WIIEZR, ¥4 %, S0t W M AR AL sk i 2 & 35
A E R K 2A4R, 2008, 30(3): 21—26)

Bardhan R, Ghose D. Nonlinear differential games-based
impact-angle-constrained guidance law. Journal of Guid-
ance, Control, and Dynamics, 2015, 38(3): 384—402

Fang Shao-Kun, Li Deng-Feng. Research advances on dif-
ferential games and applications to military field. Com-
mand Control and Simulation, 2008, 30(1): 114—117

(7 3L, 2R R0 RO SR S FAE 7R S U ) W T e . s ]
S5{5H, 2008, 30(1): 114—117)

Yang C D, Chen H Y. Nonlinear H,., robust guidance law
for homing missiles. Journal of Guidance, Control, and
Dynamics, 1998, 21(6): 882—890

Dalton J, Balakrishnan S N. A neighboring optimal adap-
tive critic for missile guidance. Mathematical and Com-
puter Modelling, 1996, 23(1—2): 175—188

Han D C, Balakrishnan S N. Adaptive critic based neural
networks for control-constrained agile missile control. In:
Proceedings of the 1999 American Control Conference. San
Diego, California, USA: IEEE, 1999. 2600—2604



7

il

PMFSEAE BT B S A A T ] SRR SR

1113

140

141

142

143

144

145

146

147

148

Si J, Barto A, Powell W, Wunsch D. Adaptive Critic
Based Neural Network for Control-Constrained Agile Mis-
sile. New Jersey: John Wiley and Sons, Inc., 2012.

Han D C, Balakrishnan S. Midcourse guidance law with
neural networks. In: Proceedings of the 2000 ATAA Guid-
ance, Navigation, and Control Conference and Exhibit.
Denver, CO, USA: ATAA, 2000.

Han D C, Balakrishnan S N. State-constrained agile missile
control with adaptive-critic-based neural networks. IEEE
Transactions on Control Systems Technology, 2002, 10(4):
481—-489

Bertsekas D P, Homer M L, Logan D A, Patek S D, Sandell
N R. Missile defense and interceptor allocation by neuro-
dynamic programming. IEEE Transactions on Systems,
Man, and Cybernetics, Part A: Systems and Humans,
2000, 30(1): 42—51

Davis M T, Robbins M J, Lunday B J. Approximate
dynamic programming for missile defense interceptor fire
control. European Journal of Operational Research, 2017,
259(3): 873—886

Lin C K. Adaptive critic autopilot design of bank-to-turn
missiles using fuzzy basis function networks. IEEE Trans-
actions on Systems, Man, and Cybernetics, Part B: Cy-
bernetics, 2005, 35(2): 197—207

Lu Chao-Qun, Jiang Jia-He, Ren Zhang. Research of preci-
sion guidance law based on Q-learning for air-to-air missile.
Control Technology of Tactical Missile, 2006, (4): 19—22,
76

O ERE, LI, AT, BT HE3R2 ) i 28 28 3 RERG i ] 5
WgE. MoRIE R R, 2006, (4): 19-22, 76)

McGrew J S, How J P, Bush L, Williams B, Roy N.
Air combat strategy using approximate dynamic program-
ming. In: Proceedings of the 2008 AIAA Guidance, Nav-
igation and Control Conference and Exhibit. Honolulu,
Hawaii, USA: ATAA, 2008.

Gaudet B, Furfaro R. Missile homing-phase guidance law
design using reinforcement learning. In: Proceedings of the
2012 ATAA Guidance, Navigation, and Control Confer-
ence. Minneapolis, Minnesota, USA: ATAA, 2012.

149

150

151

Lee D, Bang H. Planar evasive aircrafts maneuvers us-
ing reinforcement learning. Intelligent Autonomous Sys-
tems 12: Advances in Intelligent Systems and Computing.
Berlin Heidelberg: Springer, 2013. 533—542

Sun J L, Liu C S, Ye Q. Robust differential game guidance
laws design for uncertain interceptor-target engagement

via adaptive dynamic programming. International Journal
of Control, 2017, 64(5): 4091—4100

Yao Yu, Zheng Tian-Yu, He Feng-Hua, Wang Long, Wang
Yang, Zhang Xi, Zhu Bai-Yang, Yang Bao-Qing. Several
hot issues and challenges in terminal guidance of flight
vehicles. Acta Aeronautica et Astronautica Sinica, 2015,
36(8): 2696—2716

(WA, R, BUXAE, £, T, TRk, RASE, Bk, AT
AT P LA B BB S PR itz 244, 2015, 36(8): 2696
—2716)

SRR BRI MR H Bk b
[ 3 o ] SO o 1l W B (T ) I ol
w5, R AL

E-mail: sunjingliangac@163.com
(SUN Jing-Liang Ph.D. candidate
at the College of Automation Engineer-
ing, Nanjing University of Aeronautics
and Astronautics. His research interest

covers optimal control, differential game, and adaptive dy-

namic programming.)

328 )

XEFEE BRI B S b
Bz, EEWEITTT ) & A, e
P, WD 5 A R A ) S A AT
AR . ASSCEAE TR

E-mail: liuchsh@nuaa.edu.cn

(LIU Chun-Sheng Professor at the
College of Automation Engineering,
Nanjing University of Aeronautics and

Astronautics. Her research interest covers adaptive control,

optimal control, fault diagnosis and tolerant control with

the application in aircraft. Corresponding author of this
paper.)



