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Dual control strategy based on receding horizon
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Abstract; The control of a stochastic system with unknown parameter was considered. A novel dual control algorithm based
on receding horizon was proposed. In dynamic programming functional equation, the Kalman fliter is used to estimate the state of
such system, and the linearization method is applied to approximate the nonlinear cost-to-go' function with respect to posterior
probabilities , the receding horizon strategy is then proposed to decouple the coupling relation between control and leaming . Thus,
the explicit recursive expression of the original unsolvable functional equation and a control law with easy implementation are ob-

tained . The performance of the control law derived in this paper is also illustrated with an example. The simulation results show
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that the control law with dual property can achieve preferable compromise between leaming and control.
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1 3|5 (Introduction)
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RIFE A X, RIS B R 22 A B %) B 928 o S 7 A
KM R, X AR S RRE MR
[ FE B — 34, A Aa] $T BB 5 A B 2 2 201 £ R 1) M 158
Z 3 B ME S 2, Bellman 325 80 %1 7 8 9 0 &%
LT BBR BN 1% LQG ARKE s — I Bri A —
AT, B, %7 AR O B8 HEK g, B R
T AT i, e T % TRBMEL A, 44 O XE A AT 3k
A CER 9] g &, R s ALy AR TR 10K
B s i fa] R o A S 3E S, SO A A T ) o
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2 (@) AYHE IR (Problem description)

ZEAA ST EEN BRI RSN
B Bl (P):
min E{x(N)TQx(N) + E [x(k)TQx(k) +

u(k)"Ru(k) ]t
s.t. x(k+1) = A(O)x(k) + B(O)ulk) + v(k),
k=0,1,-,N-1, (1)
y(k) = C(9)x(k) + w(k), k =1,2,---,N. (2)
He: x(k) 2 n RS\ E, u(k) 2 r 4EFEH 1)
H,y(k) 2 mBEmEmE, o(k),wlk) M x(0) A
GEER VAT ST Y B it

v(k) ~ N(0,0,),

w(k) ~ N(0,5,),

x(0) ~ N(0,P(0)).
A(6),B(09),C(0) Ni& BHEBWERE, EMNS5EH
0 FR,FFHN 0 WETERE. BUE 6 R8sl
BRRAmEdE HIRETARES Q) = 16,,
62,7+, 0,1, 0 MRATHERBUE A

qi(O) =PB=26),i=1,2,-5s.
PERETEFR Y Q, R i SRR 2 1E 8 FLE & %t
PRFE .
BE MR ZIN &k, & B 2P 525 BB A Y
I EE R P = 1y(1),y(2),,y(k),u(0),

u(1),,u(k - 1)}.
SHE Pl E A R R LA R 2N R s i
u(k) = fi(I"),
/8 (P) Rt REFE Prak Bl /.

MRLERB(P) B ATHAHNSE 0, WAL
R AR EE N AR AR ORENL T, B
fo(k) lw(k) | BCERH E Mk b S e i
Kalman 8 % 3T & A, X B R 2 H1 LQG &
Pl a8 AE AT IRIRE (P) o, RATS $ 0 fE R
T B —FhARBEN:, N RGBITH S AL
TUI RS B — e R A B AT N B R it
Bt B2 I AR FE 28, X R R i T RE 5
A BT ETHR, SEARA RN ELH .

3 EMAXI{BEHI (Optimal dual control)

M0 =08, ABEHME. S A = A>4,),B; =
B(6,), C = C(@i).ZHESL 5\?,’(k| k) B BRI
B AR A, B

£ (kI k) = Elx(k)[ 6= 6, I}.
AR 9 Kalman 383 B8 3
£i(k|k) = A;2,(k =11 k=1) + Bu;(k - 1) +

K(k)v,(k), (3)

Ki(k) = P(klk-1)C'CP(k|k-1) +05,]",
(4)
P(klk-1) = AP(k -1l k- 1Al + 5, (5)
P(klk) = [I-K(k)CIP(k|lk-1). (6)

Her. o (k) = y(k) - C2,(klk) BFEFH,
y(k) HERGM LR . E X k%)% | MR
g:(k) = P(6 = 6| I'}.

WHE SCHk (6],  Bayes 243X, 3 F X5 87 49 WL I

y(k),q;(k), REEIEHEIT R

(B = Lk aCk - D) D g0k - DLK).

HAYUE ¢:(0) RWATFTAR S HRKATHER, H
Li(k) = | P, (klk=1,8) |77 «

exp[—%vi(k)TP;il(Hk— 1,8,)v,(k)],
P, (klk-1,6)) = CP(klk-1,0)C] +o,.
FE X
J(k) = x(k)"Qx(k) + u(k)"Ru(k),
k=0,1,-,N-1,
J(N) = x(N)TQx(N).
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MBS A T RL N, FRE (P) PHERELS
bRk B /N R B A P R T T 51 B/ M e
(R DA -

minJ =

min E%x(N)TQx(N) +
u(0) . u( V=1)

S x(E)TQx(k) + ulk)TRu(K) ]| 10 =

k=0

%?E%J(o) + rﬂiI?E[J(l) oo
min ECJ(N) [ P=1)-- '] 1} (7)
KR ARIEVE(T), € X BRAR R ERE v (k) K
k B % B K AT %) N B RAR M RESE bR, B
Vi(k) =  min )E%i](jﬂl"%,

IR AMRYE(T7)
Vi(k) =

j=k

E[ D7) P B =

j=k+l

n{lir)lE%.](k)+ VX (k +1)]| FF}. (8)

BRFMEHR V(N) = 0.

X RAEEIE (P) Wsh AR 72, it b
BTHE®) , BIXTHH#HIT R, HEERKBIFHFE
X B e R SR I, (8] BB Y B 24 1 55 R HE M 7 2
() ARIRIFF 45 . 3L B & & LA BT A 5 Stk
RRERF,M V' (k+ 1) BREEEMBHIERMY
PR BN EBBEFNES, SR TREATEX S
F2(8) #ATKMR; SICEAT, R M S BB R KH T
B2 &k BRHZ B IR ], mahe i 20 &k i
FIXEMERRWERER, X2— M8 . B LR
SPPTRATLLE Y AL PR X 28 [ B £ 8 BB E Tk
X —HEEE, T IR B X s
RshZH 03 ERZ N - 1,

V(N - 1) =

E{J(N) + J(N-1) + V*(N)| ¥} =
E{x(N)TQx(N) + x(N - 1DTQx(N - 1) +

u(N - DTRu(N - 1) | "1} =
E{[A(O)x(N=1)+B(O)u(N-1)+v(N-1)]Tx
QLA(O)x(N-1)+B(O)u(N-1)+v(N-1)]+
(N-DTQx(N-1)+u(N-1)TRu(N-1)| "'} =

minE{ J(k) + min
w( k) wlk+D) o u(N=1D)

20 gi(N = D1z (N-1I N-1D)T x
(4704, + Ql2 (N - 1IN - 1) +
tr[ (ATQA; + QP{(N - 1IN - 1)] +

2u(N - DTBTQA, 2(N - 1[N - 1) +

u(N - DT[BYOB; + RIu(N - 1) + tr[ Qo,]}.
9)
Hod w( ) RRHERERL .
KEGREEA N - 1 B2 0 SR, 528
S E/ME(9) BB MEIH «* (N - 1). LR,
BB V(N - 1) 2 u(N-1) RN RE, B H R
INRRME—. BB (N-1) 5, BHAA V(N -
1), FRN R B/ MBS V(N - 1) 3R)E R shaSHRi1
S HHGEHEZ R RE(8) Xt N - 2 B % Wy B R 45
TR, XEHZ R AR (S)F W TR
VAN ~2)= minEiJ(N-2) + V" (N-1) | V-2,

(10)
R V(N - 1) B LQG B T, dkst
XTan LRI RY & B B R R IR e iR R R, B
ZAF%] 0, 8 AT LASK 4% B8 2 ) B A 5 ) . SR i, %f
R B BULIE R A X 4R 8. X — KRt
PN e — B E R T EEFF W
HEFCR W, BT E A e BRI — R MERT
Kalman J§#(3) ~ (6) , Al @ i RS T R HAG T
EWNTER DG RGA FITZILIBTNER XA,
R GEAEAT Ao B 2] ) SE B {5 2 T AT i 8 ok AR
B NG THBUCK B =, (9 A LE
WBAE N - IR mEER (V-1 HER
BERFRESMA T RE X V(N - 1) HEERH
B q(N-1) WL REL B V(N - 1) BEH
# ERAEIER, BT XIEXTIZ AT (10) £k
N - 2 BRI AR w* (N - 2) AHRIR V(N - 2)
WK . ARSI SRR KRG N -1
AT ZILARTRF A Bl w™ (V - 2),u™ (N = 3),-+,
u" (0), XERHKM LQG MBIE 1 TR—ZhEM
X, XFFREE (P) Ca LN T Ash AR K
LB LQG [BIEA MR R i — 1 R HEIB S 5
HIFR B IE R AR, o — D RERENSEHWE
FBorEvE SUTE N E 2+ SN IR G
B TRV R AT RAR R, X PSR AT
B RS AR HE S F TR Mgl (P), &35
AT ] 0 A SR A (31 R 45 2 8T 4k SRR TR
R Il B i 5 BRI RS iR R &
AT IR SR AL KBS T T 4 aTisH SR KGR
HREKHEE X AWM, ARG B RN
BT R P X %
4 ETEIHALB B H (Receding hori-

zon dual control)

X F LQG [, AT o o3 B A e 4
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th IR TR A B, KR A B RO IS R S
REMAT /B ok, it K #% Bellman 77 B2 43 3| &%
T #3825 L 32 ) Kalman 8P 5 LB 8RR A A0
it o B M SR TR B B 1 s AR S A
HE BRI R, 5 TAEEAHE S BL T
TR BRI, Sy A R N BT A T R A TR
METFETE T X s il 18 45 A SR A T AN A2 TRl o, %
FRUNT TR shAR Ak 7 i 0t ) B A7 SR Ao -
HXYTABEST 0,0 = 1,2,+,5, EX

A = diag(A[, A5, A,),

B = [B],B],,B]",

W(k,Q) =

diag(q,(k-1)Q, ¢2(k-1)Q,,¢q,(k-1)Q),

P(k-1) =

diag( P, (k—1]k-1),P(k-1]k-1),-,

P(k-1lk-1)).
X (9) T UL EHRE HEMTEX
V(N -1) =
TN -1D[ATW(N, Q)4 +
W(N,Q)IX(N-1) + u[ATW(N, Q)AP(N-1)]+
2u™(N - 1)B"W(N,Q)AX(N - 1) +
u™(N - 1)[B"W(N,Q)B + R]u(N - 1) +
trl Qo, .
XF u(N - 1) HME B, WA

w (N -1) == (N - 1DX(N - 1).

Hrp

(11)

I'(N-1) = D(N-1)"'"B"W(N,Q)A,
D(N-1) = B"W(N,Q)B + R,
X(N-1) =

[2/(N-1|N-DT,
(N -1N- D", 2(N -1 N-D"]T.
fEsEfERHODRE V(N -1), A

V*(N-1) =
XN -1)S(N-1)X(N - 1) + T(N - 1).
(12)
Hrf

S(N-1) = A"W(N,Q)A+W(N,Q) -
I'(N-1)D(N-1)T'(N-1), (13)
T(N - 1)=tet| A"W(N,Q)AP(N-1) ] +1r] Q5,].
MF (N - 1) 2 W(N,Q) WAELEmE, m
W(N,Q) XNREHRME (N - 1) R, RiE

K(13),S(N - 1) HEEME ¢, (N - 1) BAEL MR
BBEEEHIMHELT, S(V - 1) ME 2B E B AR
BT, 33K TR 2o A Xo AR S Tl ) A o R X, FRA ()
B9 7 1k T X — R ME , ] LA 7= A R [R] A ok AR 3 4
SR T BRI REE R R EEATEE S HE
BEHAEE B RAS IR L EE il BB 24 S, AR EX
— BEASCRAT R
HFE N - 1 BZIMET—EZ] v - 2 BE5RH
(N -2 = 1,2,,s5) BREHH, Bk, 1
g (N =2) &b 5 S(N - 1) FEATZR AL, B4R S(NV -
1) £ q;(N - 2) fb—BJRH | ZBE R I, X HE L]
BE] S(N - 1) Wi IRER
S(N-1) =
(N - 1)U, (g(N -2)) +
g (N =D Uy(g(N=2)) + - +
g.(N - 1) Us(g(N -2)).
Her, U(g(N-2)) 5 q(N-1) LXK, 5 ¢(N-
2) BX,M (N -2) TEN - | WZEOH. Xk
S(N - 1) XFBA ¢(N - 1) ZEHN.
SR TFE(8) 1 N - 2B A
V(N -2) =
umi_r;)E{J(N— 2) + VI(N - DI "2, (14)

fFEEEHRDF HS(IN-DREV(N-1 F
MS(IN-1DFA

V(N -2) =

E{x(N -2)"Qx(N -2) + u(N - 2)"Ru(N -2) +

T(N - 1) + X"(N - DS(N - DX(N - 1) | M2,
BT S(N - 1) H q;(N - 1) Bkt ers, Rtk _F X
S PO AT AR B R R T o B UK,
5 N - 1 BRI EE, % V(N - 2) £F u(N -
2) R/, AT LAMES N - 2 BRI I Y

u (N -2) =-T(N-2)X(N-2).

Hrp

I'(N-2) = D(N ~2)"'B"W(N-1,5(N-1))4,

D(N-2) = B"W(N-1,5(N-1))B + R.
Hou® (N = 2) fRAXRIE VN - 2), 0] LATE 3t %]
N - 2 AR BB AR A IR B AT 2k =X, HE U
SR IRAEL AR

V(N -2) =
X(N-2)S(N-2)X(N-2)+ T(N -2).

BHEE N - 282K, 7 ¢.(N - 3) 4, %
S(N - 2) #1784k, 15 5
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3
a

S(N -2) = 25 g(N - 2)Ui(g(N - 3)),

XEERT LA 2] NV - 3 BT A9

bk SR HE S REIE1S B — 1 R 5
MEA fF T RB I R s

u (k) =-T(k)X(k), k = 0,1, N - 1.

bR SRS K (9] FE X B EF, 7E AT
SCk) SEIET, & XT 0 2 IR S 1L 15 2] 0 )5 30 4
F,MARVIGHIERMEE. BR, WEEH AR
AT R RALR VR B R LS B, g
FEXT S(k) BEATUTIN , (5T 3T ¥ 36 FE B 28, T AS
B AN 2 E R, sk e £ AR TG
58 B, 75 CHER[9) MR T, R “Rah” itk
7T RAR HARRYAR . R AU R iA=L S(k) %
T YR ZIM G R BEE (k) HATLRMRML, B AR
8GN F ARG, Wil , R CE B G 3R
BEHX S(k) FATRMEEMIBE] S(k), Ml H
W dle, RN IR

RS AL T B 5T X S 56 48 2R 4 3 1L 7 ik
BOHTEENSB ST ER R Hsh &0
FEERER Sk) #HATIEM, B KRKTEHE
BRI, B FXHE BT SR, K8 T84T 0
IO . X LU 17 7 A SR B A P o R, B
BAER) BB LR R B AT LB AR
HER SN IHEFE R, —F\E . BRI ER
BMREEAELYMEAMNERBR L ITHTERNS
JRB AR BRI A, RIBHRIE T g sl B A 2
RS HERR, XMEHEAFEHN, BAEZ
e T w8 AR M ESIER B — |, S
kR VECR) R SCk), fERT — B 2 B IR =R
qi(k - 1) ZEHATERAEAL ARIE T 3h&H K A6 F) iz
M HEEREH R RHEEREN T AERET
ERaEM. B, RS NEHREAE B S,
HLER RN, EFRMMHERS, BRTER—4
Pra HER A .
5 {5E 4% (Simulation analysis)

FENTEESEAHELN MRS

x(k +1) = Ax(k) + Bu(k) + w(k),
y(k) = Cx(k) + v(k).

1 0.1
He. 2 =[ ],B = [0.05,0.1]%,
0.1 1-0.20

C =1(0.3,0.71,0 = 0.4,R = 0.3. AHAE S
0€ Qy = 10,,0,!, HEEEFSHE N

J =E{x(50)7Qx(50) +
Silx(k)TQx(k) + u(k)Ru(k)]}.

VIHRIEE I° K ¢(0) = [0.5,0.5]", MIHEIRA x(0)
RN, - 6T, K WA [, BT 0, =
0.1,0, = 0.9,0, XtR BRI BACE R R FAFE
R M X RGEREATEE B B AL BB A S B
B, B0 0 = 0y, B BhA RIS B Ao b bl 3R B S0
T HR S 0, SRS MR R T
e B ABE SRS U S 168 4 o 2SR P 1 %ot s S B AR
q(0) SRAR YA 25 ol B, X R — R L R 7 ik 2
FRIAA R HER R TR B 1~ 3 485
T 100 Y Monte Carlo f/j EL i BE 48 47 F 88 K B 4T
Pl R SGEAT A AR IS MR R & KiE
BB, J REREAEHR , u HPEhE, p HE RS,

B 1 e, R o B 1 P R A PR B B AR T
SHEFSH R B P B AR R T
SEH0 MR I LA Xe B 45 o A /N O BB AT . X 36
BB TE T B A AT 1 R 5 o A .
EVERIHEAT , PHA L B W B RS A O 8
HEWT R REDRALE 5 H T e B8R Ll
HEERHETES.

20——————————
60 — B{P

e Al B )
50 e SRR A P
s AR oo AL ]

30

20

- -

I
e et SO

———ar A e s«

0 5 10 15 20 25 30 35 40 45 50
kI

1 Monte Carlo {5 H
Fig. 1 Monte Carlo simulations

SR 2 P 3, 40T ) SR Ho A AR AT L
Y, 7ERHE R H 0 RGPS R (E RS B
MEET L ERERERERET o) LIFT, Bk
ZY7E 20 AR, 4 Fh P A0 2 ) B IR B, 1ELIR B
IRAG BRI o S 4320 B R  h , PR T BA  T 8/
BETE AT FEHAZS S, t THRIE EH S5, X
1P S IR 2 o AR — T o4 o TE o T B
AW ENE , S B S B RS ATt 2%
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100 X Monte Carlo ff B, % 1 431 TKEJKT»%E%S
BOF &R R H R R ERRIEAR . R 1 R AR E Y
RIINR( 6,, 60, ZEMINK) , SIEMERER PRGN .
FEXHBIE R A REFE AR U] BBOK, R TIA
R RHE PRI DI R | B T IR sh 01 A £ 5 i 4
[ 58 A% R 455 o O PR RE S AN, R r i T T i
BRI EERHMEPTEINERNER.

A1 FREARHELSHT Monte Carlo 45 fbk gzt
Table 1 Perdfonmance index of Monte Carlo runs comparison
for different uncertain parameters
0:,6, BAER AEXHEER BRI Bk
0.1,0.9 408.4479 517.5988  492.2280 488.6375
0.3,0.7 283.7501 369.5799  348.8661 319.6473
0.4,0.6 200.4503 272.5656  252.4170  222.1949

6 %51t (Conclusion)
ALY SR A A A T B A T 1) R P e, AT
FAHSEAHE R LQG i &, 51 A Kalman
USSR P B A 4E B8 K A R, ﬁﬁi’ﬂ"ﬁxh%
B 50 P RUIEL R R 2% TRl — B 21 9 5 SR HEBR AT 4R

PR AL, FTHE T AT -5 R R R LS 9 48 3R A
A9, SR T Bellman 77 78 A8 B i) (R ME , M 1T 45 2
TR FIF B RA AT SR B BB ok R R Rk
AR T E L AR B R AR R, FE 5
BEBEE 2 7RSI R R P A
HRY], A SR BRI O s, B RO T 15
H ST T E S5, HER T 2RGSO
SEVE, BB RAF B RIFFIE .
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