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SRIM, 7ESEBR N, B R G0 B R A A X DLHERA SRS, X115 ARE MA@ SR, 1 Joidim
R EHRM ARE 193 )G a8, v 1 RO X SR e, filt KR 7 —2KMAE B & MBS K (adaptive dynamic
programming, ADP) {177 2 A8 v S it 2 [7~101 G e B3y 0 2 ) FH SO BE 1 R Gtk AS RN/ B il A N\ 25 25 R
fi# ARE HOME—IEEME. SCHR [7) BEXRGUAEFEARKD . SRR BE OO0 HOIESEIN (A 2 R GE Pl e el 4R 1 —F
IEAREEE. WREA ) RGOS — A X Ta) B A AT B BUEK A ARE (R0 — 11 58 A A3 DM, 328 1 58T S 5t
HAGE. SCHER (8] HR BRI B 1 SCHR (7] rh SRR S N R O N R BR 1, R 2R GRS AN i A\ B8R 1R
345 ARE P ME— A0 SOt 28 AT AME. SCHR (9] ) FH IR RIS [A) S 11 FA 191 28 2 1) 2R SRR A A2 ol g N\ 25040 45 2
JA ] Lyapunov 77 2 ME— 2 1EE M, S35 SEHT SRR AL SCHR [10] 0 SRR [9] TR, S 7 Pt ADP 5
%, — A EERAEREN AL R B B I A N T R G R WUR RGOS IR AR, — MR
KRR RS R R T R G R RGUIRAS MG [ 58 BB R . 3T B I, SR AR EL Riceati FEFE
T RE I SR S . AR X LR BT LR B — MR AR E B R A o T ENE BT R
HZIRRTRE. M, SCER [11,12) thER T SO ROFR I SR, SRR [11] B 28GR R M N RE R R R 0 S [
Ltk RGR L 1 O M SIS AR, SO [12] BEXT BN M Sh A RGBT 1A SIS AL, FE T LI
BT, A E SCRINLLUR & (Baermann) 57 IS & VUR 257K ARE, #E 88z hH#. /L&
th IR A S Hh 28 RO B T [H] IS R R AT R A

AR SN 5% G R B AR N R R SR TS SO D o N I 2R G B T REAT AT 9. B SR R aG S i 2t T
FGEHPIRS TR A AN, SR 5 SR RIS R 45 Jo 7 544 S NI ilE 28 G AR O TG IRk 2 49, 3 T B X A R 4 0l J
R T IR 2R 48 e v AT BELE M A R G . e, TR R S A IR BEREAT 0. O LA R, A
2 10 21 T SR 35 A ) MR B B 4 o RV AR B B 45 ) R e 8 R S N IV R . A S ) F EETTHR A R

(1) SAEGEHET R I i R G R T b, A SRR B T — R XS B4R 5. i NI R 4t
IBDZSHE R R A, F P 2 G AR ZS A g A\ Bt 50 428 il .

(2) SEETAREIY HBE IRz 7712 13 ARG, AR SCHE ) SRS a2 A SR 18 1o A 2R 205 sk 5 V2204 i N I i
RGO R G0, INITER X TCI i R G080 Lyapunov BREL, A K BFAK T RIS B 5 1 SR T H 5 5 24

(3) 5 MM HEMGIEAIIE B AR, A S A0 IR s 12 H1) 7 VE AU T W a6 8 1 142 1) s

g fEARNH, @ RRHEMERERITTE WFH (Kronecker product). ||| AAERMFER 2 ya% XHT A4
¥ oa<b, RS 1a,b] RANES {a,a+1,...,b}. TF5 T ARFANE 24k FE I 5047 KR

XTAERIERE ¢ e R, KA j SRR RINN ¢, j €11, r]. RF, K5 vec(C) For

T
VGC(C):[C’IT CQTC'rTi| .
SFTAEERI R 9 € R, w e R™ AMEEAEFE ¢ e R, A FRURAL:
9T Cw = (w ®9)" vec (C). (1)

BEAE, X FRIFRAERE X € R™n, &z RoRILH i ATH j FIITCE, 4,5 € I[1,n], £ vees (X) KN

T
vecs (X) = [$11 V212 0 V2T1, w20 V2r23 0 V2220 0 Tpeigpe1 V2Tno1m Tam

MFuWRHE 9 e R

9= 05 -, '

~ T
J=02 Vanvs - V20O, 93 VEaby o VDU, - V2, VB0, 2]
b FALRRT AR X FIER M S A PE (i 5 0, bl Sk [8) 7T

9T XY = 9T vecs (X). (2)
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2 [olEEEIA
2 F& T T HY A N IS i PR 25 RO ] 28 1 Pk AN AR 2R
z(t+1)=Azx(t) + Bu(t—h), (3)

HHERE A e R fil B € R 2 BUERE; » (1) € R® RFREL R, u(t) € R RERAHIN, h MRS
. TEARSCH, A2 ORI

AL ESCPR ARG, 2 AEOL T S AL G, SR RGh, UAE RS BT 2R A
I 2 AT BRI, S R A AE AR, X R E IR B G NI, JE BRI DAAERR I B O 18] FE PR
AR (R DL A SR AL 22 R v e B ), kb i 7 b i 2255 R I i, LB BGR TR TE R RE, Jf 2T
DA 161 7ESEBReb, B e o 22 IO dE SR I (8] A RSB0l SR, 75 RSO R R Geh, BT A AL & AR 2
FE[E & KA T LB HOP AR . R, 2R T v ) AR S O] i 2 b A oy FL el (R B B R P K
PP AAAE TAR S B h 4 2 652, A R T B HONS [B) SR 8 i A BR il AESCHR [17~19) o [FIRE AR B SR S8 )
NN PIRPIIE: 2

BEX R GE (3) AOBE ), SCHR [20] HES 7RO AT V. AR SCER [20) HHROSER, HIE DL T AR R AR
/i

() = Azt + 3 ATILB(), ()

j=t—h

AR X (t) HIZHASTT LLREA O T T ok A\ i 3R 458
Xn(t+1) = Axn(t) + Bu(t). (®)

FTUE RO, SR [20] 25 HE T R A4S
SIE1 WR K REMIRS (5) FEERRE R RBHE L, A4,

t—1
u(t) =K [AMz(t)+ Y A"/ Bu(j) (6)
j=t—h
VB E RN RS (3).
PUA 7 AR 22 7 i mT LIS B 51 B 1 P RRE I RO 28 K. WRAEREXT (A, B) 2R E R, AT LR A
2otk TR VA, ST, SONRE RS (3) MBLE MR LA N TR RS (5) HOBRE ). Bk
i, P = P* KXTHEME P=PT >0 ) ARE [fIE—IF €M,

P=Q+A"PA—A"PB(B"PB+R) ' B'PA, (7)
Hrh QM R JZIEEHMER, Bl Q=QT >0 fl R=R" > 0. M\3CHk [21] Hrran, HRN AR B REHE K
K=-(B"P*B+R) " BTPA. )

FESEPRR T, RGUHERE A A NFERE B ATRETCIEMERA IR, X T X A, A A8 EHEMIE ARE (7),
TAERMZITRERIfE P, Kk, AR ARE (7) 52 B SR AERE (8). SR, W LASCER A RGTIZATIN A &
GRS A S A KE . DR, AR ACSE f S #) S 50 AR B R . IR AN SCRITIT 7 (0 AR SRR A A A\ T
585 2R 0 14 N I i 2 49 ) BELRE 11
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3 fEdlERat

AATH R RS A AR B ARFIFITEOLT, AR 21 2R GUIR S i A Kol it ol 8t

SEME R G I
SCiHk [22] $EH T RTHILL P (0) = Q AVIME KM RIIEREE I3RS ARE (7) FOME— IEE

P(k+1)=Q+ AP (k) A— A"P(k) B(B"P(k) B+R) "' B™P(k)A.

(9)

RE 5 HIE, ARE (7) SHRGEE)E ARS8 (5) AR, AZ SMAN RS (3) Ax. B, £5 k&

B, X RS (5), HIEWT Lyapunov BRI
Vie(xn(8)) = X (O P () xa (8)-
£ Lyapunov BRI Vi (xn(t)) BRI EERE N, B3 (5) AT LA 2
X (1P (k) xn(t+1) = x5 () AT P (k) Axn(t) +2u” () BT P (k) Axn, () +u” () BT P (k) Bu(t).
B, RIS
A=[ar=1 a2 . po1],
B =diag (B, B,...,B),
a(t—h)z[uT(t—h) ut(t—h+1) ... uT(t—1) |

R, 30 (4) AR BT LS N
xa(t) = Ala(t) + ABa(t — h),

2 (6) PRI T DL R
u(t) = KA x(t) + KABu(t — h).

FIHC (15) AR R, o] LAt — DT (1) IR R N
XE(t+ )P (k) yu(t + 1) = [Ahx(t) + ABu(t - h)} CATP (k) A [Ahx(t) + ABa(t — h)
+2uT(t)BTP (k) A [Ahx(t) + ABa(t — h)} +uT(t)BTP (k) Bu(t)
= 2" (t) (A" ATP (k) AAMz(t) + 27 (t) (A") " ATP (k) AABa(t — h)
+ @ (t — h)BYATATP (k) AABu(t — h) + 2u™ () B P (k) AA x(t)
+ 20" (t)BT P (k) AABa(t — h) + u™ (t) BT P (k) Bu(t).
=75, X (15) 7] LS F|
xn(t+1) = APzt +1) + ABa(t +1 — h).
PRI, BREL X (t+ 1) P (k) xn(t + 1) ATLAE R
XEE+1)P (k) xn(t+1) = 2T (t+1) (A") " P (k) APa(t+1) + 227 (t+1) (A" P (k) ABi(t—h+1)
+aT(t—h+1)BTATP (k) ABi(t—h+1).

(10)

(18)

HIF RGUERE A MR AGERE B RK1, PISLAE T th K 55005 v i 200 e A X MR R, it € SCT I

3AKRTHFEF Y {P(k)} WHFETH) {G (k)}, {F (k)}, #1 {H (k)}:

G (k) = BYP (k) B,

(19)
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F (k) = (A1) P (k) B, (20)
H (k) = BTP (k) AAB. (21)
PR F I (19)~(21) RABIR (17) oh, W45

XE(E+ 1P (k) xn(t+ 1) = 2% (t) (A" P (k) AMFa(t) + 227 () (AM) T P (k) AABi(t — h)
+aT(t — h)BTATATP (k) AABi(t — h) + 2uT (1) FT (k) x(t)
F2uT (4 H (k) at — h) + uT ()G (k) u(t). (22)

Y5 ARE KIS P (k), RGUEAERE K 7 LLh T i B3 AE I

o
§k&

K (k)=—(B"P(k)B+R)" BTP(k)A. (23)
FET e, R (16) dEEEEIAE w(t) TR
u(t) = K (k) Ahz(t) + K (k) ABa(t — h). (24)
FT R (19)~(21) FRIFEREFES {G ()Y, {F (k)}, f1{H (k)}, 3% (24) G w(t) 7TUAERR N
u(t) = — (G (k) + R) " FT (k) x(t) — (G (k) + R) ™" H (k) a(t — h). (25)
HHOCHR [22] AT limy_ o P (k) = P*, U
lim K (k) = — (B"P*B+R)”'B"P*A.

k—o0

Rk, /55 & BAE T, K (24) PRSI o (6) MAT RS (3). HEAP LRI 8] X TR TSN T [tk te-
TERIIRIEAE k= 0 I, FITIIERUE T w(t) = uo(t) T RS (3), HAEXIE T [to, teo] PWIHILFE R, FELL
XA P, BT LAV SAG 2R P(1) WM. X TATRERE ¢ € Tlta, tee), PTIEE R (18) A1 (22) HESH

T(t41) (A" P (k) APa(t+ 1) + 227 (¢ + 1) (A")" P (k) ABi(t — h+ 1)
+ 4" (t—h+1)BY AT P (k) ABi(t—h+1) (26)
= 2T (t) (AP P (k) AP () + 227 (1) (AP P (k) AABa(t — h)
+ 4" (t—h)BTATATP (k) AABi(t—h)+2u (t)F" (k) 2(t)+2u™ (£)H (k) a(t—h)+u" ()G (k) u(t).
M (24) W50, TR K IEAD ) B R Fa 4
u(t) = K (k—1) Ahz(t) + K (k — 1) ABa(t — h) (27)
T R4 (3). ¥=hE (27) KA (26) AT LATG 2]
2T (t4+1) (A" P (k) Aha(t+1)+227 (¢ +1) (AM) " P (k) ABi(t—h+1)
+ 4T (t—h+1)BTATP (k) ABi(t—h+1)
= 2T (t) (AP P (k) AP la(t) + 207 (1) (AP) T P (k) AABa(t — h)
+ @ (t—h)BTATATP (k) AABu(t—h)+2 ( (k—1) AMz(t)+ K (k—1) ABu(t— h)) FT (k) (t)
+2 (K (k — 1) Aha(t) + K (k — 1) ABa(t — )T — )+ TG (k) ult)
= 2T (t) (AP P (k) AP a() + 207 (1) (AP)T P (k) AABa(t — h)
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+ 4T (t —h)BTATATP (k) AABu(t — h) + 23:T( ) (Am " KT (k )FT (k) z(t)
4207 (¢ — B)BYATET (k — 1) FT (k) 2(t) + 227 () (A") T KT (k — 1) H (k) a(t — h)
+ 20" (t = h)BYATK™ (k — 1) H (k) i(t — b) + " (1) G (k) u(t ) (28)
=, X (28) FHIKR AW LN SN
2Tt +1) (A" P (k) APa(t 4+ 1) + 0" (t — h+ 1)BTATP (k) ABu(t —h+1)
= 2T () (AP P (k) AP () + 227 (1) (A1) P (k) AABa(t — h)
+iT (¢ — h)BTATATP (k) AABu(t — h) + 227 (t) (A )TK 1) FT (k) z(t)
+4z™(t) (Ah)T KT (k—1)H (k)a(t —h) +2a"(t — h)BYATK™T (k — 1) H (k) a(t — h)
T ()G (k) ut) — 227 (¢ + 1) (A")" P (k) ABa(t — h+ 1). (29)
BT P (k) R0 RE, aE (1) M (2) Hig R, X (29) FRICERT LI R R AN
T (t + 1)vecs ((Ah)T P (k) Ah) + 4% (t — h + 1)vecs (BTATP (k) AB)
— &7 (t)vecs ((Ah+1)T P (k) Ah“) +2(a(t — h) @ 2(t))T vec ((AhH)T P (k) Ale)
+&T(t — h)vecs (BTATATP () AAB) +2 (2(t) @ K (k — 1) APa(t)) " vec (FT (k))
+4(a(t—h) ® z(t) " vec ((Ah)T KT (k—1)H (k:))
+2 (&(t—h) ® K (k-1) /iB&(t—h))T vecs (H (k) + ™ (t)vecs (G (k))
—2(a(t—h+1)® 2 (t+1))T vec ((Ah)T P (k) AB) . (30)
M b€ Tt to) F, FTBUHES IR 1 e &, 76X (30) h, EIERE (AM)" P (k) Ah F1 BTATP (k) AB 5%

CAIRGURERE A MEHIRAFERE B. N TAEPTHE  RIAARENE T Sl R GUERE A M AJERE B, 2 R
T ANFERE P (k) AH ORI R

o (k)= (A" P (k) A", o (k) = BTATP (k) AB, (31)
Ka (k) = K (k) A", Kg (k) = K (k) AB, (32)

et 0 (0) = (4M) " QAN Al ¢ (0) = BTATQAB. 35, & Sl 4L B I AE R
S () =[ & (1) 7 (o +1) - j(tfk)f,
S () = fi(ta ) @ (tg1) et —h+1) @ (b1 - ity — h) @ x (t5,) '
Saa (k)::ﬁ(tsk—h) W(tsp—h+1) - ﬂ(tfk—h)]T,

S ()= (1) © K (5 1) 2 (t34) (1 1) © Koy (5= 1) (et 1) =+ 2 1) © Koy (K1) o) | -

Saa (k)= u (tsk—h) ® Kp (k—1) i (tsr —h) itk —h+1) ® Kp (k—1) @t —h+1)
-t —h) @ Kp (k—1) &(tfk—h)}T )
T
Suu (k):[d (tsk) U (tsk + 1) ﬂ(tfk)} ’

B ~ ~ T
Pan (/f):[ﬂT(tsk —h+1) W (tgp —h+2) - W (b —h+1)|
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T (k) =[ S (k) 250 (k) S (k) 28 (K) 2500 (k) S () 25 (k+1) | - (33)
TR LT DA HE SR (33) o IO Pl RGO BRI IS O K. JEAh, N T PR, 1
Dy (k) = (A" P (k) AAB + 2 (A" K™ (k — 1) H (k). (34)

WA b e SCRIFEREANTT 5, 20 (30) HAYRIA AT LUE R = on A

Sxx (k + 1) vecs (¢ (k) + Paa (k) vees (¢ (k))
= S (k) vees ((A™F1) " P (k) A1) + 280 (k) vee (D (k) + S (k) vees (G (k)

+Saq (k) vecs (BTATATP (k) AAB) + 28 (k) vec (FT (k) +284n (k) vec (H (k)
— 28y (k + 1) vec ((Ah)T P (k) 2’15) . (35)
N T fEi R IE R (35), 8 SO HIAR KN AR f 20 ) 25 6 R
T (k) = fvees™ ((4"1)" P (1) 47+1) vecT (D (K)) vees™ (BTATATP (k) AAB) vec™ (F™ (k)
vecT (H (k)) vecsT (G (k) vecT ((Ah)TP(k;) AB) }T. (36)
F130(33) A1 (36), 2 (35) HHHISC R AT LAt — B HET O T 2t 2
S (k + 1) vees (i (k) + @an (k) vees (6 (k) = T (k) T (k). (37)

RS kISP, CRERE o (k) M o (k) BME. 22 TRXNAFEREM (33) sh8Etb & iAERE, AT DATHRE R RS
T (k) FME. ST, FEFE T (k) NRIIEBRE). X SEAAREESRIIE (37) /D 3. Ak, 7T LURH = &+
{E53f# (singular value decomposition, SVD). Moore-Penrose | SCi¥ BEI& [F] H T LS T iE KRR A 56 T (k).
BARKU, SVD Tk BABE T R, A& T RS RE; Moore-Penrose | i 771 AR BE SR L fie /s
TUHOW, (BEMEARS E VAN SVD. B, SRS [T VE SRR TR (37). & SCIENALSH A FHI 1E 1L
TUIALE. 2R, Jr e (37) KA

T (k) = (07 (B) D (k)42 (k) 1) T (k) (Se (k + 1) vees (i (k)) + ®an (k) vees (4 (k). (38)

BATRILR (38) HAEIERIA o (k) A ¢ (k). ATIHE o (k) 5k SRBHME, E (9) £F (47, FH
e Al 193]

(AN P (k+1) A"
= (AM)T QA" 4+ (AT P (k) AP — (AP P (k)B(BTP (k) B+R)BYP (k) AP, (39)
FA, R T URES B IRAOP AR ¢ (k) 00, 455K (9) 3R BTAT, £ AB, 35

BYATP (k+1)AB

= BYATQAB + BYATATP (k) AAB — B*ATA™P (k) B(BYP (k) B +R)™" BT P (k) AAB. (40)
FIH L (19)~(21) #1 (31) HIE X, 3 (39) AT ASEMHLE A
o (k+1) =@ (0) + (A" P (k) A = F (k) (G (k) + R) " F™ (k). (41)

Feflhy, 3 (40) ATEAEAL 90T B

Y(k+1) =1 (0)+BYATATP (k) AAB— H" (k) (G (k) + R)"" H (k). (42)
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IR ATLLE Y AT LA B MAIEE » (0) F1 o (0) FFAEARRETTRE (41) A1 (42). BHILEME ¢ (0), ¥ (0)
ARG FE KA (0), Kp (0) FRIEHEMFE T (0) A &gy (0) ARNBITFHE (38) H, nI LATHAAS B 52 456
Y (0). o, AR T (0) PRET (AT P(0) A1, BTATATP(0) AAB, F(0), H (0) 1 G (0). fR4Eix s
FERE, WTLLE R (41) A0 (42) AR o (1) Mo (1) BB RIS LR NT, EREE kSRS h R
o (k) o (k) BE, IBATTLLEE R (38) HEAERE T (k) i) (AT P (k) AP+, BTATATP (k) AAB, F (k),
H (k) A1 G (k). dkim, A (41) A1 (42) ST P (k+ 1) BINFREERE o (k+ 1) A1 o (k+ 1). FETXH
ANSFRRAERE, 2R AT N — AR

BEIE AR Y (k) J5, R (25) BHEiEsla o), FHBHEAET - ERSHERT RS (3). ik 1 Mtk
RIS 1 SE E AR )RR . JNVE R BRI P A RGUAERE A SRS B, bAh, AT
P AR SR T BN 5. R, 2 AR T s A k.

ik 1 BT RIS R IR R AR EIE

N BRI ARARE KCa (0) 1 Kp (0) LT RS (3). IEHIMHAE ¢ (0),  (0), k=0 ARZ—RAME € > 0;
it 3R (25) R u ()

TELR WA EL AR ARG HE B T (0) A1 @aq (0);

B2

BHFE o (k) A1 (k) FRATR (38) w1, HHEARE] (A1) P (k) AM+1, BTATATP (k) AAB, F (k), H (k) W1 G (k);
RIE (41) 1 (42), R EIFFE o (k) 1 o (Kk);

MRHE (25) HEFHEHIEE u(t);

FEAEHIEE w (t) fEFT, SRR A N B

TERHERE T (k + 1) F1 @ (k + 1);

tk+—k+1;

cBE o (k) —p (k-1 <e

—_

_

—_

W38 & EACD AT RS (k+ 1) AU RN T RS (3) EUEE RGUIPIRZS A% il N Hafs,
JH3 S S B0 25 BB RELRE Sy (K 4 1), @ag (k) A1 T (k). HIETT SN, 2SSO HY B AR R — AN FR 2 H]
A7
KA I S IO UG S5 25 R, 45 HH DL RS
ERE2 ARSI I FE M BRI AE S B 2R FE RE ICa (0) 1 KCp (0) TFAR, ZUEE RS (3) AHRLPIRES.
BT ax SeTE LR CER A, MG HERE Sk (1), @aa (0) 1 T(0).
FETROR, 4t ARE (7) IR P (k) B PR S P
51382 (B UCHR [22]) XFTHILEEMA P (0) = Q HIEREE (9) BEIFS (P ()}, thEH
P(k)y< P(k+1)<P*, k>0. (43)
W2, 4EFEFE P (k) &S A A
T, A HOCTRERE P (k) A1 K (k) POUCSihE.
5133 (ZLCHR [23]) X TEBUNEEHE RS (5), EEHIHE ut) = Ky (t) FIER T, 44
limy,yoo P (k) = P*, limy_ooK (k) = — (B"P*B + R)’1 BTP* A,
Hrf p* 2 ARE (7) HIME—IEE iR,
MRAE 51 HL 3, FRATTAT LATS 20 € 2.
EEL T EHN MRS (3), AR REEAEIER BIE R o) PIERT, G
limyootp (k) = (A")" P*A" limy o0t (k) = BYATP*AB, limy, oG (k) = BTP*B,
limp oo P (k) = (A") " P*B, limy_ooH (k) = BT P* AAB.



HEEF TEHNZEEERFE 2026F FEs6eE Fs5H 1236

TSR I EIE T, FEIXIA] 1 [t tee] PREEEHIEE w(t) M T RE (3) KUE RGUIRES MG NS HE. R
FH IR S H 5 1 A0 Bl 30 4 BARAERE Sy (k + 1), g (k), A1 T (k). BB XA T [ter, t) FOHSEE AT LAGE AR R],
L A] AR AN [R].

FERR, RFSCHR [24]) TR A SO R BRI TR B R R, Hodh, ik ek nsRiis E Rt EE
HESLIN— MR RUSHE (flop). X THFE W e RVN B FIZHE wT MR E W BrkEE R 5008 0 il
N3 + N2 4 N 4 flops. JEX vy =ty —ta + 1. 70 (38) MITHHEERE N

E3 + 4E?v, + 2E? — E + (1 + n)nvy, + (1 4 hr)hrog + Ev} — vy,

=

(1 +2n)n 4 2 + (1 -|—;LT)hT

2k > 10, 3 (41) F(42) MR E S BN

b= +nr+ hr? +

(I+r)r
—y

34+ 22 4+ n? + 2nr? 4+ 2n%r — nr,
r3 4 2r% 4 203 + 20213 + h2r? — hr?.

EFE3 H5ICHR [25~27) PEEXT RN RS tH A A 4 g T VA A B, SR [20] T HH AR AR 4 gk 7 VAN
TR RS A AT, SR, SCHR [20] HRAIOGEIE T CRI R GUAERE A FIS SRR B R ¥tit4aia. A gkt
TN R HE T — PP T HE f 3 R BT 7, O VEBR AN B R RGUERE A AT SUR TR EHERE A R
B 0.

AR AU FERE RN R AR E BN LR R R TI B 1w, B KRR B To
RS (5) AF AR E W SBHE a, A2 HHE (6) v LAEE BRI R 4G (3). 28m, =414 (6) HE& 7 &
GURE RN SR N E . Dy T i G A 2R G R A A N R, AR Y T A (6) IR IRBE A (25).
WEL R, FEHIE (25) 5 (6) AN, KUk, FHEE (25) AT LUV 2 A N3 10 RS0, PRIE 1 B s 18] He s
i RS R E .

4 Efl
4.1 HfHl1

9T YRt B B R S 40 8, TR [28] 1 P16 YL B o A7 A £ O
MATLAB & b #7808 07 2. BARSRE, RGeS E LA o = [a q 56] L Hoh o RIS (deg), g NS
SERE (deg/s), 0. NTHRRMEMRA (deg). REHNERFIRMAIT 22 o IR . K58 e 6 F-16 KHLS B R %1
T, = 0.1 s BOSKREIRRHEAT BS BOAL, BSHAL RG9S 0N

0.9065 0.0816 —0.0009
T

A=10.0741 0.9012 —0.0159 |, B= [O —0.0008 0.0952 | ,
0 0 0.9048

BN b= 3. BbAk, J7FE (41) R (42) HEIWIGEEERE © (0), « (0) A1 ARE (7) 1 R 43510

1.5267 2.9672 0.1646 0.0009 0.0011 0.0012
¢ (0)= {29672 5.3680 0.2012 |, ¥ (0)= |0.0011 0.0013 0.0015 |, R=0.55x 1072
0.1646 0.2012 0.0784 0.0012 0.0015 0.0017



REE TEHNZEERFE 2026%F FseE Fs5H 1237

(a) 20 |:: ] (b) 20 (¢) 3
1 [
15 B 15 1
LI
[LILNH
100 41 i 10
LI
o SH o i = ) l
% 0 [L L I A = 0
& NI 2 “
(LI ]
S -3
1
qob Mt 10
(LU
ash b -15
ML
Y LA 20

100 2(‘)0 300 400 560 6(;0 760 1 60 260 300 400 500 600 760 2 4 6 8 10

t (step) t (step) k (step)
B 1 (WEREE) £5% 1 SENTHIETEA 1 PHARGHNNESHETHHEZ. (a) REMKRESHEELZ; (b) REH
EHEBANEILZ; (c) o (k) BB LihL.

Figure 1 (Color online) The response and gradient variation curves of the system in example 1 under the controller obtained by
Algorithm 1. (a) State response of the system; (b) control input of the system; (c) gradient evolution of (k).
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Figure 2 (Color online) The response and gradient variation curves of the system in example 1 under the controller obtained by
Algorithm 1 with the initial state (0) = [0.5 3 0.5]T (deg, deg/s, deg). (a) State response of the system; (b) control input of the system;
(c) gradient evolution of ¢(k).
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Figure 3 (Color online) The response and gradient variation curves of the system in example 1 under the controller obtained by
Algorithm 1 with different initial control inputs. (a) State response of the system; (b) control input of the system; (c) gradient evolution

of p(k).
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Figure 4 (Color online) The response curves of the system in example 1 under the controller in [23]. (a) State response of the system;
(b) control input of the system.
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Figure 5 (Color online) The response and gradient variation curves of the system in example 2 under the controller obtained by
Algorithm 1. (a) State response of the system; (b) control input of the system; (c) gradient evolution of ¢(k).
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Figure 6 (Color online) The response and gradient variation curves of the system in example 2 under the controller obtained by

Algorithm 1 with the initial state 2(0) = [2 5]T. (a) State response of the system; (b) control input of the system; (c) gradient evolution
of (k).
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Figure 7 (Color online) The response and gradient variation curves of the system in example 2 under the controller obtained by

Algorithm 1 with different initial control inputs. (a) State response of the system; (b) control input of the system; (c) gradient evolution
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Data-driven control for input-delayed systems based on model reduction
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Abstract In this paper, the stabilization problem of discrete-time input-delayed systems with unknown system and input
matrices is investigated. To address this, a policy iteration-based control algorithm is proposed. Since the system matrix and
input matrix of the controlled system are unknown, the data of states and inputs is collected to construct data matrices. In
addition, due to the presence of input delays, the controller cannot be applied to the system immediately, which may result
in system instability. To this end, the model reduction method is employed to transform the input-delayed system into a
time-delay-free system. For the resulting delay-free system, the algebraic Riccati matrix equation is solved by using the data
matrix. Then, the control law is designed to stabilize the input-delayed system. Importantly, an initially stabilizing controller
is not required for the proposed iterative algorithm. Finally, the effectiveness of the proposed algorithm is verified through
two examples. The simulation results show that the state responses of systems converge, that is, the designed control laws
can stabilize the considered systems.

Keywords adaptive dynamic programming, data-driven control, policy iteration algorithm, discrete-time input-delayed
system



