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TOM TAT
Bai béo nay trinh bay van dé ciia lut diéu khién t6i wru thich nghi cho cac hé phi tuyén véi
nhicu dau vao va cac tham so6 chua bict. Muyc tiéu chinh la tim ra luat diéu khién t6i uu thich
nghi dya trén phuong phap quy hoach dong thich nghi (Adaptive Dynamic Programming
(ADP)), trong d6 qui hoach dong thich nghi online (Online Adaptive Dynamic Programming
(OADP)) 1a giai thuat dugc phan tich va thiet ké va n6 c6 thé 6n dinh h¢ thong vong kin. Bén
canh do, cac dac tinh hdi tu cua thuat todn dé xuat dugc chi ra. Cac phan tich ly thuyét va két
qua mo phong ching minh sy hiéu qua cua thuat toan dé xuat.
Tw khoa: Xép xi quy hoach dong, diéu khién t6i vu thich nghi, qui hoach dong thich
nghi online.

ONLINE OPTIMAL CONTROL OF CONTINUOUS-TIME
AFFINE NONLINEAR SYSTEMS

ABTRACT

This paper presents the problem of adaptive optimal control law for nonlinear systems
with input disturbance and unknown parameters. The main objective is to find an adaptive
optimal control law based on the adaptive dynamic programming (ADP) method, in
which Online Adaptive Dynamic Programming (OADP) is an analyzed and designed
algorithm and it is able to stabilize the closed-loop system. Besides, the convergence
properties of proposed algorithm is pointed out. The theoretical analysis and simulation
results demonstrate the performance of the proposed algorithm.

Keywords: Adaptive dynamic programming (ADP), adaptive optimal control law, Online
Adaptive Dynamic Programming (OADP).
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1. PAT VAN PE

Van dé cua didu khién t6i vu cho nhimg hé phi tuyén dong lién tuc duoc nghién ctru sau
trong vai thap ky. Mot thach thire ¢t 16i cua van dé diéu khién t6i wu phi tuyén 13 n6 thudng
roi vao gidi quyét phuong trinh toan HIB. Nguoi ta biét rang phuong trinh HIB thyc ra 1a mot
phuong trinh vi phan timg phan, rat kho khin hodc khong thé nao giai quyét dugc boi phuong
phap phan tich. Dé giai quyét van dé nay, chiing ta phap trién mot chuong trinh x4p xi diéu khién
tdi wu cho nhitng hé phi tuyén lién tuc affine str dung phuong phap thich nghi quy hoach dong.

2. NOI DUNG NGHIEN CUU
2.1. H¢ chuyén mach phi tuyén cé nhiéu dau vao

Xét hé chuyén mach ¢6 nhiéu dau vao duge xac dinh boi phuong trinh sau:

)'czfl.(x)+gl.(x)(u+A(x,t)) (1)
Trong d6 x(t) €Q_e€R" la vector trang thai va do dugc, u(t) €Q eR" latin
hiéu diéu khién. Ham aL‘[O, +00) > ={1,2,...,M} 1a ham chon ché d¢ cla hé, da biét
theo thoi gian, lién tuc trén timg khoang, va M 1a sb luong hé con. f (x) la cac vector
ham chua biét va thoa man fl(O) =0. g (x)lél cac vector ham da biét va thoa man:
G,. < || g, (x)” <G, .- A(x,t) 1a nhidu, bit dinh hé théng khong x4c dinh duoc.
Gid sir 1: Ton tai ham da biét théa man:

Vi hé (1), ta xét ham muc ti€u sau:

(x(0)u(0) = [ r(x(e).(x))de @
Trong do w(x(r),;,,(f)) =x"Qx +u" Ry va cac ma tran ) = QT >0 R=R">0
Muc tiéu 13 tim ra bo diéu khién u va xac dinh duoc ham chan trén K (u) thoa man
K (u) <M, déhe¢ (1) 1a 6n dinh bén va ham myc tiéu (2) phai théa man:
J(x,u) < K(u)
Dinh nghia: Ham K(u) la chan trén cua ham muc tiéu (1) nén no co tén la ham dam
bao chi phi. Hon thé nita, tin hiéu diéu khién u véiu = arg mgi)n K (u) sé dwoc goi la ludt

diéu khién toi wu chi phi. (Theo nguyén 1y t6i wu Bellman)

Xét hé khong nhiéu sau:

x=fi(x)+g(x)u 3)
Va xét ham muc ti€u cuia (3) dugc dinh nghia nhu sau [1]:
1 (st0)u(0) = [[ (st () + 2o ) Jt 4)
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Theo vamvoudakis, K.G and Lewis, F.L (2010), ham muc tiéu cua hé théng khac mo hinh
toan cta hé phi tuyén. O phan dudi tac gia chimg minh J. : (x(t) ,u (l‘)) la ham muyc tiéu cta hé
phi tuyén c6 nhidu (1) va tir d6 chimg minh %~ 14 tin hiéu diéu khién ctia hé phi tuyén c6 nhiéu (1).

Ta chimg minh rang J, (x(t) U (t)) voi A 2> ”R” s€ 1a mgt trong nhirng ham dam bao
chi phi cua hé (1).

Tu viéc dinh nghia J(x(t),u (t))trong (2)va J, (x(t),u (t))trong (4), ta c6 thé dé
dang thay ngay:

J(x(t),u(t))SJl(x(t),u(t)) (5
Ta thdy rdng trong biéu thirc ctia J (x(t),u(t)) 6 thém thanh phan 4(p(x))’ 1a mot ham
duong (4> |R|> 0= A(p(x))* > 0) do d6

J(x(t),u(t)) = j(r(x(r),u(r)))dz’ <J, (x(t),u(t)) =

t

[[retehate) 200 o

Baty” (1) = minJ, (x(¢),u(r)) » ta co:

ueQ,
. T 2 6
V (t):f,relgl:n [r(x(r),u(r))+l(p()f+)2t Jdr (6)
V(t):lu’g}zn I [r(x(r),u(r))+/1(p(x))2}dr
S 2 ™
+1u1€1(11n J. [r(x(r),u(r))+/1(p(x)) }dr
V'(t):?ggi)?(fl[r(x(z'),u(r))+Z.(p(x))z]d‘r+V'(H—At) (8)
g;g{{f’[v(x(r»u(r)nupmﬂmW}:o ©

Theo dinh nghia ctia dao ham ctia ham s va theo nguyén 1y Bellman thi ham muc tiéu
la gia tri nh6 nhét cta ham chi phi va dé t6i wu thi gia tri nhé nhat cia ham muc tiéu phai
bang khong.

Cho At — 0" ta co:

Tfiz?{éjl[r(x(r),u(r))+l(p(x))z}lr+W}=0 (10)

fg{%l}[l’(x(t),u(t))+ Ap* (x) +(VV*)r (f, (x)+g (x)u)} =0 (1 1)

r 1t A Oh 1 2, <1y \i 1z \
Ki hi¢u: va == la dang cho moi ham 7 trong bai bao nay.

Dét' H(x,u,V”) = r(x(t),u(t)) +p* (x)+(VV‘), (f‘ (x)+g, (x)u) (12)
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Ta c6 thé théy ngay: H(x,u*,V*) = minH(x,u,V*) =0

ueQ,

(13)

(14)

Theo 1y thuyét quy hoach dong luc nay u’ 1a tin hiéu didu khién cua hé phi tuyén c6

nhiéu dau vao.

Dinh Iy 1 [11,[2]: Bang viéc sir dung tin hiéu diéu khién u(x)= —%R" ((x)) v¥ va chon

V(t)= T[r(x(r),u(r))+/I(p(x))2}dr

la ham Lyapunov, trong dé A 2 ”R”sé ddam bao hé (1) on dinh.

Chirng minh:
Dao ham cta V' duge xac dinh theo cong thirc:

V(0)= (V) (f(x)+ g (x)(u+A (1))

Bang viéc str dung u(x) = _%Rq (g, (x)) v -2 co the suy ra:

V(t)= 7r(x(t),u(t)) —p* (x)+ (gl (x))T VV'A(x,1)

=—x"Ox—u" Ru—p*(x)—2u"RA(x,1)
:ﬂchxfﬂ.pz(x)f(uT+A(x,t)T)R(u+A(x,t))+A(x,t)T RA(x,t}
==x"0x (297 (x) = A(xt) RA(x.0)) = (u+A(x,0)) R(u+A(x.1)
Véigia sie 1 va 2> |R|| ta co:
V(1) <202 (5) R () ) < =570~ (2- ) p* ()

V(t) <—x"Qx

Do d6, hé (1) 1a 6n dinh bén.

(15)
(16)
(17)

(18)

R4t kho dé giai truc tiép phuong trinh HIB (13), do d6, ham muc tiéu V' cua hé (3) co thé duoc

xap xi bang mang RBF trén tap Q. :

V' =wlo(x)+e(x)

Theo Iy thuyét toan hoc

(19)

Xét ham kha vi lién tuc f(x) dugc xap xi ham bang vector ham noron (NN) truyén thing

mot 16p theo cong thirc:
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S (x)=W"p(x)+e(x)

Trong d6 W 1a trong s6 NN 1y tudng, @(x):R" > R"; p(x) la vector ham tac dong, n,la sO
lwong nut & 16p an va 8(x) 1a sai s6 xap xi NN. Khi d6, néu hé {@ (x):i:@} la vector co s&
doc 1ap hoan toan thi f (x) va dao ham cua no:

o (x) [8(/7()6)]7 o, 0e(x)

o o o s€ duoc xap xi deéu. Ngoai ra, sai sO & va dao ham ctia n6 s€ hoi tu déu

vé 0 khi n, — . Hon nira, néu n, hiru han thi € va 9¢ s& bi chin bdi cac héng s6 duong
A . 0.
trong tap dong. ’

Con viée luyén mang no ron va tim ra théng sb tac gia lap trinh trén phan mém Matlab.
Trong d6 o(x):R" - R";0(0)=0 la (NN), N 14 s neural 4n, va 8(x) 1a sai s6 x4p xi do
NN, we R" 1a vector ham trong luong. O'(x) c¢6 thé duoc chon sao cho véi N — o0, ta
co: e(x) — 0va Vg(x) — 0, do @6 viéc lya chon N hitu han, ta c¢6 thé gia sir:

Gia sir 2: ||g(x)|| <€ Vg(x)” <Ve, Vo, < ||V0"(x)|| <V i W € W
Bang viéc két hop (13), (14) ta c6 thé suy ra:

H(x,u*,V*) = r(x(t),u* (t)) +Ap’ (x)+(VV*)T (f, (x)+g, (x)u*) =0 (20)
:xTQx+lp2(x)+(VV*)Tfi(x)—%(VV*)T g (x)R'g,(x) (VV')=0 1)
Phuong trinh (19) c6 thé din 16i: V' = (Vo (x)) w+Ve(x) (22)

Str dung mang NN vao phuong trinh HJB trén ta c6:

ey =X Ox+Ap’ (x)+(VG(x)T W)Tfi(x) (23)
1 r _

—Z(Va(x)T w) g, (x)R 'g, (x)T (VO'()C)T w)

eyy =X Ox+Ap* (x)+w' Vo (x) f(x)

24
—%WTVO'(x)gi(x)Rlgi(x)TVO'(x)Tw e4)
Sai s6 cia hé NN gay ra co thé dugc viét lai:
ew = _Vg(x)r (fz (x) +g; (x)u*)+%Vg(x)T 8i (x)Rilgt (x)T V&‘(x) (25)

VoiN = o, ey, co thé hoi tu vé khong. Nén voi sé N hiru han, eyy S€ nam trong mot tap
compact, do d6 ta c6 thé gia st ey, <e_ .
Str dung mang NN dé c6 nhiing xap xi sau:
A 1 .
VszO'(x)za(x)T w;uz—ER 1(gf(x))TVV (26)
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Khi d6, sai sé x4p xi s& duoc sinh ra [3], [4]:
ey = r(x(2),0 (1)) + 207 (x)+(Vo-(x)T w) (f,(x)+ g (x)a) (27)

s :xTQx+/Ip2(x)+vAvTV0'(x)fi(x) (28)
_iwa(x) g, (x)R g, (x) Vo (x) W

Vector trong luong duge cap nhat: ; _ _ 5_E (29)
voi E = EeZIJBeHJB "

Dinh Iy 2 [4]: Bang cdch sit dung ludt diéu khién (26) va vector trong heong dieoe hoc theo
mang NN va cdp nhdt theo ludt (29), thi sai léch vector trong lwong W= wW—W va trang thdi
x(t) ctia hé kin sé la én dinh UUB.

Chirng minh:

Pat: W=w— W= Ww=—W

Xét ham Lyapunov sau:

V(1) =V )+ Vo (0371 (1) =5 9(0) l0)i0a (1) =V

Tac gia chon theo bai bao da ghi trong danh muc tai li¢u tham khao.

DPao ham ham V] (t) , ta thu duoc:
Vi (6) =L i(e) (1) =~ w(e) (e) = w(e) £
: o o ow

Vl = ﬁ’TeHJBVU(x)(fi (x)+ &i (x)ﬁ)

Két hop (14) va (26) ta c6:

h—u :—%Rl (gi(x))r (VI}—VV*)

LR (e (0 (Vo) (Vo) w-ve()
=38 (& () (Vo)) s V()
Mat khac ta co:

Vo (x)(f(x)+ & (x)i) = Vo (x)(f,(x)+ & (x)u )+ Vo (x)g, (x)(a-u')
= Va(x)(fi (x)+g,(x)u +%gi (x)R'g,(x)" (Va(x)T W+ Vg(x))j
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Tu (24) va (28) suy ra:

s — €y = —(Va(x)T ~) fi(x) (29)
(30)

€rm ~ €y :—WTVO'(x)ﬁ(x) (31
+1(WTVO'( )g, x)Rflg[(x)TVO'(x)Tw J
H+'Vo(x)g (x)R g (x) Va(x) w
)

e —ew =—W Vo (x) f(x (32)

%Wv(;(x) g,(x)R g, (x) Vo (x) w
—%VT/TVO'(x)g[ (x)R"'g, (x)T VO'(x)T w
Viu = —%R‘l(gi(x))r ((Va(x))r w+ Vg(x)) nén ta co:
1 A (33)
Cup — €y = —wTVO'( )f( )+WTVO'( )g (x)(—u _ER g( ) Vg(x)

-7V (x)g (¥R g (x) Vo (x)

w
~T
Cum = Enn ~ VG ( +g1 )

(x)R"'g,(x ) Ve(x) (34

l\)I»—

_i V'Vo(x)g (x)R g (x) Vo(x) W

Gid st 3: | £;(x)+ g (x)u']| < fay
Kihiéu: u =7 (x)+ g, (x)u*;Gl. =g, (x)R‘lgl. (x)T ; Vo = VG(x);Vg = Vg(x)

Tur phuong trinh (34) ta co:
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—e,, + W' Vou,
H+
Vi) == +5 @' VoG Ve vo-(x)[%G,(Vojﬂ/+V€)]

f—

—_ N

+—W'VoGVao'w

N

Vi(1)= —%(WTVO'G,VO'T\X/)Z
_{%(VVTVUM)+%(WTVGG,~V€)+%(WTV6M)+%eNN}(ﬂ/TVGGiVO'Tﬂ/)
~(#'Vou,) {ew —%(WTVO'G[Va;)}(WTVo-M)

31
. | , Z(W Vo;u,.)
Vi(t)=—<(#WVoGVew) - (WVeGVo W)
8 +i(WTVGGiV8)+EeNN

~(WVou) + {ew —%(WTVGG,Vg)}(VvTVowi)

Dat:
A=WVoGVc WB = 3(VVTVG#.)Jrl(wTv(;(;.v,s)+le :
i > 4 i 4 i 2 NN >

1
C=w'Vou;D=e,, —E(WTVUGI.Vg)

Dé dang nhan thay:
A+4B 2] (G ) A (R) (Vo )

mi

3V G + ¥ G (G ) s (R )V )26

2 2
V(t)z—lA2 —BA-C? —DC=—1(A+4B)2 -l 2
: 8 8 2 4

V(1)< —%[(A+4B)2 ~(168°+207) |

2

168" +2D" < ([#(3V 0pbtpn +V O (G s (R )V )+ 26,0, )2

‘max

2
+2£em + %||w||vava (G ) A (Rl)ngaxj

Tir (39), (40), ta c6 bt déng thirc (4+4B) (168’ +2D)2 7,

(35)

(36)

(37

(3%)
(39)

(40)

Véi ;>0 c6 thé dugc suy ra khi [# du 16n, béi vi hé sd bac cao nhit la
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((Gmin )2 A (R‘l)(vo—mm )2)2 >0 . Do d9, ta hoan toan cé thé tim dugc sb thuc 3 sao cho

V”VV” > taco: (4+4B) _(1632 +2D2)27[1, tr (40) ta co: V1 (t) < —r,. Tuong tu voi

V, (1), tir (21) ta tinh dao ham ciia no:
V,=(VI) (f +g (a+2))

— (¥ 0x+ 40" (1) + (V) g, ()R g, () (V) (41)
+(VV*)T g (—%R'l (gl. (x))T Va(x)T w4+ Aj
- —(xTQx+/1p2(x))—i(VV*)T gR'g" (V1) (42)

+%(VV*)T gl.R’lgl.T (VO'(x)T W+V8(x))+(VV*)T gA

Dé thuan tién ta gia sir p(x) = @ ||x]. Tir (46) ta co:

V, <A (0)+ Aa )| +6” (43)

2.2. M6 phéng hé chuyén mach phi tuyén c6 nhiéu dau vao

Tac gia 1ay hé duéi theo vi du cia mot bai bao di xay dung khong phai ddi tuong thuc
nén vé qua trinh vét 1y hé thong 1a chua thé hién hét.

Phén 16n nhitng bai bao trén tap chi 1én cua nhidu Nha nghién ctru vé thuat toan ADP
(Adaptive Dynamis Programming) va dé chimg minh thuat toan thi chi can chon lya vi du
mot h¢ tuan theo mo hinh chung cua hé phi tuyén v6i nhiéu dau vao nhu & dudi tac gia chon,
nhu tai liéu tham khao [1]. O ddy tac gia gia dinh nhidu ddu vao bi chan. Sau khi mé phong
su dap trng cua tin hi€u la chinh xac khi tham chiéu véi thuat toan. Do d6 két luan ctia bai bao
tac gia két luan hoan toan chinh xac. Vi két qua thuat toan nay tc gia da ap dung cho mo
hinh con lic nguoc va da dugc dang trong mot hoi thao chuyén nganh.

Xét hé chuyén mach sau:

—X, + X, 1
X =|-0.2x, —sinx, cosx; |+| —1 |u+A,(x,1)
| X,x, —sinx, -2
_—xl +x, 1
x=|—x,—sin(x cosx;) [+ =1 [u+A,(x,t)
sinx, —x, -2
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Trong do,

| dx, 1
% =[5-32]34, (1) = o o, A < o]
3%3

Véi, d,;d,;d,dugc chon 1a rand() trong matlab.

Ta chon cac tham so cua b diéu khién:

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

Disturbance

Hinh 1. So do cdu triic diéu khién cia hé thong

Hinh 2. Tin hiéu diéu khién cia hé thong

—
—_—2

S -

. .
o 2 B 6 8 10 12 14 16 18 2
Time (s)

Hinh 3. Trang thdi ciia hé thong
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[) 2 1 6 8 10 12 1“4 16 18 20
Time (s)

Hinh 4. Nhiéu ciia hé thong

[ of weight matrbc

Hinh 5. Sw hgi tu cua ma trdn trong luong
3. KET LUAN

Bai bao da trinh bay vé 1y thuyét va ung dung ctia thuat toan ADP trong diéu khién hé
phi tuyén. Tac gia da thiét ké thuat toan va mo phong vi du don gian trén phin mém Matlab.
Dé ap dung vao mot ddi twong c6 md hinh phirc tap nhiéu bat dinh can thém nhimng nghién
clru nita tir tic gia. Poi twong diéu khién & ddy co thé phat trién v6i hé phuc tap, quy mo 16n,
dic biét dd co nhitng nghién ctru bude dau ddi véi hé multi agency.
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