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Abstract

The paper proposes a novel event-triggered robust optimal control algorithm for strict-feedback nonlinear
systems (SNSs) affected by dead-zone and external disturbance. An event-triggered feed-forward control (EFFC)
law is designed on the basis of backstepping techniques and on the framework of an event-triggering mechanism
to transform the control problem of a strict-feedback nonlinear system to equivalent control problem of an affine
nonlinear system. Subsequently, an event-triggered robust optimal control (EROC) law is designed in order to
reject the dead-zone effect and external disturbance. Compared with the existing control algorithm, which
samples states periodically, EFFC and EROC only sample the states when a triggering error exceeds the defined
threshold, and thus mitigate the computational and communication complexity. In addition, EFFC and EROC
also remove the drift dynamic identification process, persistent excitation condition. By Lyapunov analysis, it is
guaranteed that the closed dynamics is stable, the approximation error is uniformly ultimately bounded, and the
cost function converges to the sub-optimal value. Finally, the effectiveness of the proposed algorithm is
confirmed through examples of controlling linear systems, Euler-Lagrange systems and Van der Pol oscillator
nolinear systems with saturated inputs.

Keywords

Event-triggered control, dead-zone control, H_, optimal control

thong qua cac vi du vé diéu khién hé tuyén tinh,
Euler-Lagrange va m¢ rong cho hé phi tuyén dao
dong Van der Pol ¢6 ngd vao rang budc bao hoa.

Toém tit'

Bai bao dé xuét thuat toan didu khién t6i wu bén vitng
kich hoat sy kién cho hé phi tuyén truyen nguoc
nghiém ngat bi anh hudng boi ving chét va nhiéu
ngoai. Luat diéu khién truyen thang kich hoat su kién
EFFC (Event-triggered Feed-forward Control) dugc  EFFC Event-triggered Feed-forward Control
thiét ké, dya vao ky thuat cudn chiéu va co ché kich ~ EROC Event-triggered Robust Optimal Control
hoat sy kién, dé chuyén ddi bai toan diéu khién hé phi ~ HIJI Hamilton-Jacobi-Isaacs

tuyen truyén nguoc thanh bai toan diéu khién hé phi ~ RL Reinforcement Learning

tuyen affine twong duwong. Tiép theo, luat diéu khién NN Neural Network

t6i wu bén vimg kich hoat sy kién EROC (Event-  ADP Adaptive Dynamic Programming
triggered Robust Optimal Control) dugc thiét ké d¢  SNSs Strict-feedback Nonlinear Systems

loai hiéu tmg ving chét va nhidu ngoai. So voi cac  PE Persistent Excitation

giai thuat diéu khién lay mau trang thai theo chu ky,  CL Concurrent Learning

giai thuat EFFC va EROC chi ldy miu trang thai va ~ UUB Uniformly Ultimately Bounded

phat sinh tin hiéu diéu khién méi néu sai s6 kich hoat
vuot qua ngudng cho phép, va do do6, lam giam do
phirc tap tinh toan va truyén thong. Ngoai ra thuét
toan EFFC va EROC con loai bé dugc thu tuc nhan
dang ham phi tuyén khong 15 trong hé théng, diéu
kién kich thich lién tyc. Chtrng minh Lyapunov cho
théy réng dong hoc kin on dinh, sai sb Xép xi bi chan
va ham chi phi hoi tu vé gia tri can t6i uu. Cudi cing,
hidu qua cua giai thuat dé xuat dugc kiém ching

Chir viét tit

1. Phian mé dau
Hé thong phi tuyen ¢ dang lién h¢ ngugc nghiém ngét
dugc biéu dién theo nhiéu cach khac nhau va c6 rat
nhiéu tmg dung khac nhau trong thuc té 0-[5]. Trong
diéu khién thich nghi, bo diéu khién dugc thiét ké dua
vao ky thuat cudn chiéu 0-[3]. Trong diéu khién tdi
uu, bo didu khién ti thiéu ham chi phi duoc thiét ké
sau khi ap dung k¥ thuat cudn chiéu dé& chuyén hé
thong vé hé phi tuyén affine twong duong [4], [5].
Tuy nhién, khi khao sat cac hé phi tuyén néi trén, rang

' Phién ban nang cao cua bao cao ma sd 19, tham du

“Hgi nghi - Trién lam quoc té lan thir 5 vé Piéu khién
va Tu dong héa VCCA-2019” dién ra tai Ha N§i trong
2 ngay 06-07/09/2019; Phdn bi¢n: Phan Xuan Minh,
Vii Ngoc Phat, Nguyén Phing Quang.

budc ngd vao va nhidu ngoai chua dugc xem xét.

Gan day diéu khién t6i wu bén vimg dwoc dé xuit
cho h¢ phi tuyén lién hé ngugc nghiém ngit c6 nhidu
ngoai [6]-[9]. Trong d6 phuong phap qui hoach dong
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thich nghi (Adaptive Dynamic Programming-ADP)

két hop véi Iy thuyét didu khién H_, [10] dé xap xi luat

diéu khién ti uu va luat nhidu xdu nhat dong thoi tdi
thiéu ham chi tiéu chat lugng H, . Nghiém cua bai
toan phy thugc nghiém cua phuong trinh Hamilton-

Jacobi-Isaacs (HJI). Do phuong trinh nay khéng co

nghiém giai tich nén thuat toan x4p xi nghiém online

duoc dé xuit dua vao ky thuat hoc cing )

(Reinforcement Learning—RL) va mang than kinh

(Neural Network-NN). Tuy nhién, thuét toan nay su

dung co ché kich hoat thoi gian nén chua giam dwoc

chi phi tinh toan va truyén thong. Ngoai ra thuat toan
chua giai quyét van dé rang budc ngd vao.

Bén canh nhiéu ngoai, ngd vao ciia hé phi tuyén
thuc té thuong bi rang budc bdi tinh chét vat 1y cua co
cAu chép hanh nhu bdo hoa, vung chét, tir trd,... Cac
rang budc ndy 1am suy giam chat lugng didu khién
hodc tham chi gay mét 6n dinh hé kin [11]. Thuat toan
diéu khién t6i wu dwoc dé& xuat trong [8], [9], [11]
nham giai quyét van dé ngd vao bio hoa. Trong do,
chi phi ning lugng bio hoa duoc biéu dién dudi dang
ham xéc dinh duong khong toan phuong. Tuy nhién,
cac thuat toan nay khong thé diéu khién hé phi tuyén
v6i rang budc ving chét, mot trong nhimg rang budc
phirc tap nhét 1am cho hé théng méit kha ning diéu
khién [12]. Néu cac phuong phap diéu khién kinh
dién khong thé khir duoc anh hudng ving chét, bo bu
ving chét dua vao NN duogc sir dung [13]. Hau hét
cac bo bu ving chét duoc thiét ké theo phuong phap
diéu khién thich nghi khong tbi thiéu bat ky phiém
ham chi tiéu chat lugng. Theo hiéu biét ciia nhom tac
gia, dén nay thuat toan diéu khién t6i wu loai bo anh
huong cua ving chét chua duge nghién ciu.

Nhitng nam gén day, cong ddng diéu khién dang
tap trung vao diéu khién bay su kién [14]-[17]. So véi
cac thuét toan diéu khién truyen thong 1dy mau theo
chu ky, thuat toan diéu khién kich hoat sy kién co
nhiéu wu diém. Mot trong nhitng wu diém ndi troi 1a
b6 diéu khién chi cap nhat tham s va sinh ra tin hiéu
diéu khién khi va chi khi sai so giira trang thai ldy
mau dugc giit trudc d6 va trang thai hién tai vuot qua
ngudng cho phép [16]; tir d6 giam tai duge chi phi
tinh toan va truyén thong. Thuét toan diéu khlen tbi
uu bén virng kich hoat sy kién cho h¢ phi tuyén affine
voi nhleu ngodi dugc phét trién manh cing véi sy
phat trién cua ADP va RL [17], [18]. Trong d6, ludt
didu khién t6i wu kich hoat sy kién dugc x4p xi dong
thoi véi luat nhiéu kich hoat theo chu ky. Ngoai ra,
thudt toan [18] con xtr 1y hién tuong bdo hoa ngd vao.
Tuy nhién, cho dén nay, cac thudt toan kich hoat sy
kién chua giai quyét bai toan loai bo anh hudéng ving
chét cho hé phi tuyén truyén nguoc nghiém ngit.

Bai bio nay lan d4u tién dé xuat thuat toan tdi wu
bén viing kich hoat su kién cho hé phi tuyén truyén
nguoc nghiém ngat bi anh hudng boi ving chét va
nhiéu ngoai. Cac dong gop moi dugce liét ké nhu sau:

1. Thiét ké luat EFFC dé chuyen do6i bai toan diéu
khién hé phi tuyén truyen ngugc thanh bai toan
diéu khién hé phi tuyén affine twong duong; thiét
ké luat EROC dé loai anh hudong cua ving chét.
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2. Thiét ké thuat toan EFFC va EROC dé loai bo thi
tuc nhan dang, loai bo diéu kién kich thich hé
thong PE (Persistent Excitation) trong diéu khién
thich nghi [19]. Chirng minh sy 6n dinh ctia hé kin
sir dung 1y thuyét Lyapunov. Ching minh sai sb
xép x1 bi chan va ham chi phi héi ty vé gia tri can
tdi uu.

Tiép theo bai bao dugc bd cuc nhu sau. Phan 2 mé
ta bai toan va chuyén d6i hé thong, Phan 3 thiét ké
thuat toan EFFC va EROC, Phén 4 kiém chimg thuét
toan va Phan 5 két luan bai bao.

2. M@ ta bai toan va chuyén déi h¢ thong
2.1 H¢ phi tuyen truyen ngugc nghiém ngat véi
ving chét va nhleu ngoai
Xét hé phi tuyén truyén nguoc nghiém ngit dugc biéu
dién boi phuong trinh khong gian trang thai
X =/ ()?1)+g1 (E)xz +k (fl)dl

» = hHi(x 2 (%)% +k,(X,)d,
X f(x):+g (x)x+ (x) 0

-x-)n :f;n( Wl)+g (
y=x

Vu, +k, (%, )d

m

trong d6 x, eR" (h=1,...,
T LG eR™, g,(x,) e R

va k,(X,) e R"™ " 1a cac ham phi tuyén tron, trong

m) la véc to trang thai

= T T
VO X, =[x ;00 X, ]

do f,(x,) khong biét. y € R™ 1a ngd ra ctia hé thong,
dy € L,[0,0) cR™ ,u,, = D(r,) e R lan  lugt la
nhidu ngoai va tin higu diéu khién véi 7z, e R la
ngd vao cia vung chét. Ham 4anh xa D(r,,) clua hé
thdng (1) dwoc xac dinh boi
m' (7, —b"), w20
D(x,) =10, b <z, <b" ()
m'(z, +b"), m,<-b
trong d6 m” >0, m' >0 lan luot 1a do dbc trai va
phai, va " >0, b' >0 14n luot 1a cac diém r& nhanh
trai va phai [20]. D(x,,) c6 thé duoc biéu dién
u, =mmu, —1T, 3)
trong do
mb’, 7 2b"
m' 7, >0 .
m=q , 1, =mrx,, —b' <7, <b"  (4)
m',r, <0 ; /
-mb’, 7, <-b

Chu y:

e Vi co cau qhép hanh cu thé, ta cé thér udc lugng
dugc tham som [21]. Vi vay, khong mat tinh tong
quat bai bao nay xem m 1a tham sO 13.

Deé thiét ké thuat toan ta st dung céc gid thiét sau:
+ Gia thiét 1 ([4], [5], [8]): f,(x,) Lipchitz
2,(5)#0, k,(x;,)#0 va ton tai cic hang sé

dwong b, va b, sao cho |g,(x,)|<b,,
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len G| < b, h=1,..om.
+ Gid thiét 2 ||z'b || < p* v6i p*1a hang s duong.

e Gia thiét 2 1a thyc té béi vi 7, bi rang budc.

2.2 Chuyén dbi h¢ th(")l}g o ;
Thiét ké thuat toan 'diéu khién toi uu thuc hién dé
dang trén h¢ phi tuyén affine nhung rat kho khan trén
h¢ phi tuyen truyén nguoc nghiém ngat [4], [5]. Do
d6, phan nay s€ trinh bay thu tuc chuyén d6i hé thong
nhung dya vao }(ich hoat su kién khac véi [4], [5].
Theo co ché kich hoat su kién [16], khi di€u kién
kich hoat xay ra tai thoi diém t,eT, véi Tla tap
chtra cac gia tri tang don di¢u T = {ty,4,.... 50, tpr1o---
Vk e N , trang thai dugc 1dy mau va giit cho dén thoi
diém tiép theo ,,, €T, x, =x,(t,), t;, <t<t,,,keN.
Dinh nghia bién méi nhu sau:
=YX
{ ®)
zp =X =Xy, 0 =2,...,m
trong do6 y,la quy dao tham chiéu tron bi chan, va
Xy =X (), t, <t<t,..keN latin hiéu didu khién
4o kich hoat sy kién. Sai sb gitta trang thai hién tai va
trang thai kich hoat trudc d6 dugc dinh nghia nhu sau:

€ =Xy =Xl SU<Ilp,1,€,(4)=0 (6)
binh nghia z, =z,(t,),t, <t<t,,,, keN, tr (5)

va (6) ta co:
0 =2~z (7)

Tin hiéu diéu khién ao va tin hiéu thuc kich hoat
su kién dugc phan ra thanh
— *

Xjg = Xjg T Xyg

—_ a *
= Uy T U,

®)

Up

trong d6 x{; va u? 1a ludt diéu khién truyén thang va

X, w, 1a luat diéu khién hoi tiép kich hoat su kién

dugc dé cap o phan sau. Dinh nghia véc to:

u=u"+u ©)

trong d6 u® =[xy ,uy' 1"

Ta thiét ké thuat toan diéu khién truyén thang kich
hoat su kién thong qua k¥ thuat cuon chiéu sau day.

* *T  «T4qT
u :[Eld s Uy 1, [=2,..,m

e Bude 1: St dung (5) va (6) va lay dao ham va déy
(1) ta co:
Z ==Yy + 1)+ & (x)x, (10)
+g1 () (x4 +£;d)—g1 ()_Cl)ﬁd +h (%)d,
Thiét ké luat didu khién truyén thang nhu sau:

& (x)x3 =yo; — Bz (11)
bong hoc  (11) tro thanh
4= [1(0) + &%) + & (%) 2+, (%)d, - Bz
(12)

® Budc 2,..., m-1: St dung (5) va (6) va ly dao
ham va dé y (1) ta co:
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Zy =—Xpg + () + g, (J_Ch)(ﬁ(ahﬂ)d +£(*h+1)d)

+ 81 (X)) X1 = &1 (X)X panya + K (X5,

(13)
véi ludt dieu khién truyén thang duoc thiét ke
2y () X(1ya = Xna = Bz (14)
Pong hoc (14) tré thanh
zp = Jr () + 8, (%, ))_C(*h+1)d +81(X)Zp (15)

+ky(x,)d), — Bz,
e Budécm: St dung (5) va (6) va lay dao ham, lai dé
y (1) ta co:

Zm =~ md+fm(xm)+gm(xm)(%n +ﬂm> (16)
+k,, (x,)d,,
Thiét ké luat diéu khién truyén thang nhu sau:
gm()_Cm)iC,Zd = .md_ﬂzm (17)

Khi d6 dong hoc (16) tré thanh
Z = Lo (B) + 8 (%, )ty + Ky (3,)d,, = B2, (18)

B0 dé 1: Néu thiét ké ludt diéu khién truyén thcfng
kich hoat su kién (11), (14) va (17) cho hé phi tuyén
phan hoi nghiém ngat (1) voi diéu kién kich hoat:

e, < |z, (19)
trong d6 B 2b, +x, 0<x <I,thi viéc giai bai toan
diéu khién cho hé théng (1) va hé thdng (20) sau
day la tuong duong

Z=f(x)+g(u’ +k(x)d (20)
trong do
2=z 5zl SO= LA G S GV
u =l 1 d=(dl,.d "
g(x)=diagig, (x,)} k(x)=diagik,(x,)}
Ching minh: Chon ham Lyapunov
J=> —zz 2n
hZ:I: > Zh

Dao ham (21) két hop véi (12), (15) va (18) ta co:

J =—ﬂiZhTZh +i2}f(.fh + g, +khdh)
=l =l

(22)
m—=1
+ZZZ 8hZns1
h=2
Lai cé
m—1 1 m=l1 1 m—1
zzzghzhﬂ < EZZ;{ (A EN +EZZhT+1 (A e
h=2 h=2 h=2
A
h=1
Tir d6 (22) ¢6 thé duge viét thanh
m m
Jsfﬂ 2z, +fY zle
; hZh ; h€h 23)

m m
+ZZ/{ (fh +gplty +khdh)+zZZthHZh
h=1 h=1

Thay (19) vao (23) ta dugc
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DAV RTINS A (24)
h=1
Miat  khac  néu Lyapunov

=y (s524)/2 cho hé théng (20), sau do Idy
dao ham str dung (20) ta co:

Jy = ZZZ (fh +&hty +khdh) (25)

h=1
So sanh (24) va (25) ta thdy rang néu thiét ké duoc
luat diéu khién on dinh hé kin (20) thi J, <0 hay

chon  ham

J <0, tir d6 hé kin (1) ciing 6n dinh. Ta ¢6 didu phai
chung minh.

3. Piéu khién téi wu bén virng kich hoat
su ki€n
3.1 Ham chi tiéu chit lwong bam H

Duya vao Bo dé 1, dé giai quyét bai toan diéu khién hé
thong (1) theo yéu cdu, ta can thiét ké luat diéu khién
t6i wru bén virng kich hoat su kién cho h¢ kin (20).

Str dung cach biéu dién ving chét (3) cho (20),

u'=mzx" -1, taco
2= f(X)+h(x)v" - g(y" +k(x)d (26)
ATy =051, h(x)=mg(x),

7" 1a tin higu diéu khién t6i wu kich hoat su kién, 7,

trong d6 v =[x}

14 tin hi¢u bu nhiéu ving chét xéu nhat.
Dé thiét ké thuat toan didu khién tSi wu ta dinh
nghia ham chi phi:
J(z,v") =J. (ZTQZ+X*TSX*)dt (27)
0
Trong diéu khién bén vimg A, , ham chi phi (27)
bi chéin trén boi 40 loi L, [22]:

“(.T *T o % * * 2T

+v 'S ISJ. U +y°d’ddt

IO(ZQZ v z)d O( )+r )d
(28)
trong d6 Q 1a ma tran xac dinh duwong, S 1a ma tran
chéo xac dinh duong, y>y" >0, voi y* la gia tri
nho nhét sao cho (26) luon 6n dinh. Béi vi lg* bi chan,
ning lugng ciia nd c6 thé biéu dién boi mot ham

khong toan phuong ban xac dinh duong U (l/_/*) [23]

v
Uly')=2p j tanh ™7 (s / p)Rds (29)

trong d6 R 1a 12 ma trAn chéo x4c dinh duong, p < p*
1a hé s6 giam anh hudng. Tir (28), ta dinh nghia ham
chi tiéu chét lugng bam H,,

J(=200" .y d) = J-:(ZTQZ+X*TSZ* Uy -7 d )

(30)
Ly thuy¢t tro choi két hgp voi ADP dugce st dung
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dé tim gia tri t6i vu bén vimg ¥ *(z(0)) thoa diéu kién

V*(2(0)) = min max max .J (Z(O),X*,l//*,d) (31)
R v

Néu diém yén ngya (v",y",d") ton tai thi bai todn
diéu khién t6i uu bén viing dugc giai, trong d6 v* 1a
lut diéu khién t0i wu kich hoat sy kién, " lut t6i wu
kich hoat su kién loai bé anh huéng ving chét va d*

nhiéu ngoai xau nhat.

Chu y: Ham chi phi (30) va ham danh gia t6i wu (31)
dugc dinh nghia khac so véi cac cong trinh da co, tir
d6 thuat toan diéu khién thiét ké trong phén tiép theo
1a hoan toan mai.

3.2 Thuét toan diéu khién
DPinh nghia ham danh gia:
V(z) :J' (7 0z +v"Sv-U)-y2d"d Yz (32)
; z
Str dung cong thure Leibniz ta c6 phuong trinh HJI
H(z9V"vp,d)=2"0z+ v Sv-U(y)-y’d"d

+(v V*)T (£ 00+ (AGw - g + k() )) =
(33)
trong doVV*(z)= 8V*(z)/6z . Sir dung diéu kién
dung cho (33) ta co:

LR AT e (34)
v =—ptanh(N"), V'

=$R‘1gT@VV*(z) )
d* = %kT(x)V V*(z2) (36)

Nghiém cua phuong trinh (33) cho (34), (35) va
(36) khong thé giai bang g1a1 tich, ta thlet ké thuat
toan dwa vao ADP két hop v6i NN dé xép xi nghiém
nay. )

Theo dinh 1y xap xi bac cao Weierstrass [24],
nghiém tron 7" kha vi bac nht c6 thé dugc xap xi boi
NN nhu sau:

Vi(2)=W'g(2)+e(2) (37)

VI (2) =V ()W +Ve(z) (38)
trong 36 ¢(z) la ham tac dong, W € R" 1a trong s
NN Iy tuong, voi h 1a s té bao 16p an, V 1a toan tur
dao ham riéng phan, va &(z) 1a sai s xap xi. Tinh
chat x4p xi ham dugc gi6i thigu sau day.

Tinh chit 1 [24]: Néu chon ¢(z) 1a tap co so doc lap
tuyén tinh c6 cac phan tir 1a ham toan phwong, xuyén
tam, dang ham tanh hodc sigmoid thi ||¢(z)|| < by,

[Vé(2)| =[04(2)/ 62| < by, khi d6 V*,VV* dugc
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xap xi déu trong mot tap déng cho trude. Pic biét, khi
h—>w, €50, Ve=0s/0(z) > 0, voi h hitu han,

||g|| <b,, ||Vg|| < by, ,trong d6 b, , by, 14 cic hang sd
duong. Ngoai ra, V¢(z) con lién tuc Lipschitz véi
hang s6 duong Ly
[Vo@) -V < Logle—2]|=Loyle] (39
Str dung (38) cho (33) ta c6 sai s6 cia phuong
trinh HJT (33)
ey =2 0z+v Sv-Uy)-y’d"d

WV 100+ (h(x)w — gy + k(x)d ))
(40)
trong do v, v vad dugc dinh nghia

v S W (V@ V) @D

v=—p tanh[iR1gT(z)(V¢T(z)W+v8(z))]
2p
(42)
1
d= ?kT(x)(Vf(z)W + Vg(z)) (43)

Chii y: Theo thudc tinh 1, ton tai tap dong dé g, bi
chin sao choVb,y, >0,IN (b, ) :supscn ||5H || <b.y.
Hon nita, &;; s€ hoi tu déu dén zero khi h — 0.

Trong sb 1y tuong W khong c6 san, ta xap xi ham
danh gia boi trong s6 NN x4p xi

V=w"y (44)

Vi vy lut diéu khién t5i wu kich hoat sy kién,
luat toi uu kich hoat~ su kién lpai b(’} anh hu(:yng cua
vung chét va luat nhicu ngoai xau nhat dugc xap xi:

i =S @V (45)

j=—ptanh(R), N =——R'g" )Wo' )

B 2p (46)

d= szT(x)wT(z)W (47)
2y

Tir d6 phuong trinh HIT (33) tré thanh HIT xap xi
El(z, Vf/) =2'0z+ 978 - Uy)- yd’d

STV (£ 0)+ ()3 - g0+ k(0d )|

(48)
Tur (40) va (48), ta can thiét ké luat chinh dinh
trong s6 NN dé W —W.Yéu ciu nay s& thoa néu tdi

., : 1
thiéu duge ham sai s6 e/, = Egggﬁ , voi
N ~
g = L_TH(Z,W)dT (49)

trong d6 7 >0. Dya vao thuit toan Levenberg-
Marquardt, luat chinh dinh trong s6 NN duoc dé xuét:

A

W= —aA¢(A¢Tfo+ f) (50)

trong 46 o > 01a tc d6 hoc va A¢g va 7 dugc dinh
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nghia:

Ag

— L—~

V(£ 00+ ()5 = g + k(0 =

Vpzdr = g(z(1) - p(z(1—T))
t-T
F= j (zTQz + 370 -U)- yzc?Ta?)dr

t-T

(51)

Dé bao dam W hoi tu v& W ta can phai kich thich

hé thong bang cach thém nhiu nhé (6ng) vao tin hiéu

diéu khién (diéu kién PE [19]). Tuy nhién diéu kién

nay kho xac dinh online. Trong bai bao nay, k¥ thuat

hoc dong thoi (Concurrent Learning-CL) dugc sir

dung dé giam sy can thiét phai dung diéu kién PE.
Trong CL dit li¢u qua khir dugc thém vao (50):

. P
W= —aA¢(A¢TW+f)—aZA¢, (A¢,vaf+r})
=1
= —aA¢(A¢TW+f)—aA¢7(A;ZTW+?)

(52)
trong 46 A = {Ad}r, va 7 ={/}L, 1a tap dit liéu
dugc luu trit tai cac thoi diém trong qua khi Y
1=1,..,P, Ady = Ad(z(t))) vaF, = 7(t;) , Pla s lugng
dir lidu can luu trir. D& ma trén A¢A¢T xac dinh

duong va khong suy bién ta can diéu kién sau:

Piéu kién 1 [25]: P véc to thanh phin trong tap
A¢ = {A¢}r., phai doc lap tuyén tinh.
DPé xac dinh thdi Vdiém kich hoat trang thai cho
(45) va (46), ta thiet ké luat kich hoat:
E=(1-p)x

=A@l + Zin O UG -7 W
(717—1Jﬂm<g>+Y2 i
(53)

trong d6 0<7, <1, A, (X) 14 gia tri riéng nho nhét

clia ma trin X , va Y?dugc dinh nghia & phin chimg
minh Dinh 1y 1. || £ dwoc goi la ngudng. Cht ¥ chu ky

kich hoat m&i s& bét dau khi sai sb kich hoat vuot qua
ngudng cho phep, do 1a || > ||z -

3.3 Chirng minh hdi tu va 6n dinh

Dua vao cac budc thiét ké néu trén, ta d& dang xay
dung thuat toan didu khién t6i wu bén viing kich hoat
sy kién. Tinh 6n dinh va hoi tu cia thuat toan duoc
chiing minh thong qua dinh ly sau day:

Pinh Iy 1: Xét hé phi tuyén phan hoi nghiém ngit

(1) chuyén sang hé twong dwong (20). Pinh nghia
ham danh gia (32), luat diéu khién t&i wu kich hoat sy
kién (45), luat tdi wu kich hoat su kién loai bo anh
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huong cia ving chét (46) va luat nhiéu ngoai xu
nhét kich hoat thoi gian (47). Pinh nghia luét cap nhat
trong s6 NN (52) va diéu kién kich hoat (53).

Thuat toan diéu khién t6i wu bén ving kich hoat
su kién bao dam réng: dong hoc kin (20) 6n dinh tiém
can va sai s6 NN bi chin theo tiéu chudn UUB [26].

Chirng minh: Chon ham Lyapunov:

L=L+L,+1; (54)
trong do
L=V"(2)
¢ *
L, =J' V*(2(r)dr (55)
T
BN .
L, =3 t_Ttrace(W w )dr

v6i V" 1a ham danh gia t6i wvu. Ta xét dao ham theo
thoi gian cua (54) trong hai truong hop: trong khoang
thoi gian gitr mau va tai thoi diém kich hoat.

Truong hop 1: L1 =0 do V*(z)1a hing sb va
. t
i, =j VI 2(0)dz (56)
t-T
Str dung (45) va (46) cho dong hoc (26) ta co:
2= f(0)+h(x)P - gy +k(x)d (57)
St dung (34)-(36) cho (33), rat s6 hang
(VI £(x) sau d6 két hop véi (57) ta co:
. [
L,= . Ldr (58)
L=-20-vTs)” +UW")+y7dTd"
v (hg gy +kd” ) (59)

+ V1T (1 - gy +kd |
Thay !/_/* tr (35) vao (29) ta cod
7

% *)
* — l// * - 3
Uy")=2ptanh T[—?th/_/ +p2R1n[1—;)—2]

:(VV*)Tgtanh(é(b+c)R_lgTVV*j (60)

pzl_ﬂn[i—tanhz (i (b+c)R_lgTVV*B
trong d6 R 1a véc to hang chita cic phan tir duong
chéo cuia ma tran R, va 1= [1,1,...,1]—r ¢6 kich thudce
phu hop dé nhan. Tir d6 L, c6 thé viét thanh
Zz =0z vV + 2T d*
—pzkln(i tanh?(N* )) (61)
_vpT (hg* +kd" +hg—gy_>+k(})
Ta bién doi cac so hang trong (61) thanh
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szln(l tanh2 ):I 2ptanh™" (s/p)Rds

y
(12) g tanh( )

(62)
14
VI T gy = | 2oN*T Rds
& J - (63)
4
—p(b+c)VV*T gtanh(N™)
K'vv* =2p%d* (64)
202d T d - y2d* T d* < y*d"d (65)
2'0z=2'0z-2z"Qe+e' Qe
66
>(1-n)z"0z- (2 -1)e"0e ©
n
gVt =-28yv* (67)

Thay  (62)-
Z2 < _(1_77) min (Q)" " [__ljﬂ’mm (Q)"e"

(67) vio (61)taco

*T o * =T oA ~ 2 5P
+v Sy =2 Sy +U)+ S+ |d
(68)
A 1/7/* -1 \7 M
trong do §=J‘R 2p<tanh (s/p)+]y) Rds . Bang
v
cach dbi bién s = —ptanh(v), & c6 thé viét lai thanh
N T
gsjj 20*(v-N°) Rav
N

= p* (N -8) R(N'-R)<

(69)
thay VV*(z) tir (38) vao N* (35) sau d6 sir dung N

(46), chty W =W —W ta co
&<p’|R| ; R‘lgT(zc)VqéT(z)W—%R‘lgT(x)v¢T(z)u>

1 ~ 2
~R ! gT(x)V¢T(z)(W+V8(z))

<3 oIl | (| wed @ covd @ if

+gT(x)V¢T(z)(W+V£(Z))2j

(70)
Str dung Tinh chat 1, Gia thict 2 va 3, cha y bat
dang thitc (ab—cd)? <2a*(b—d)* +2d*(a—c)*, tacod

" v @& v e G
<2|g@| [V(2) - Vi)

+2|Vo) e -g@|
<21l + 4554,

(71)
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_Thay (34), (37), (67) vao bét dang thic (71) dé
bién doi cic sO hang trong (68)
2
‘\/?T 5

(w5 -
s Vi lef -
P+ 20058

(72)

= mzbébé¢ HS’IH, 1 = wbs, . Dya vio
(70)- (72) ta viét lai (68) nhu sau
) VN (o) X R NN

e |l ([_—1%]“@)#2 i JII I

vIsy -2 sp <

trong do

(73)
trong do6 y, = yfbéé( S’1||+||R71||) A= 2bé¢bg2 (m* +1)
= By (|5 ll) v = o o)
Chu y rang R 1a ma tran chéo nén, ||R||“R_1 “ =1.

Tir (52) dong hoc sai s6 xap xi NN ¢6 thé viét
. P
WZ_O‘M(MTW_‘?H)_“ZA@ (A@TW_“"H(II))
=1
(74
1,
trong do6 &5(f) = J " velzdr. Dao ham L, trong
4-T

(55) sir dung (74) v6i sup, g e (4)]| < bey

! P
L= I [—aWTHW+aWT [A¢5H +ZA¢,£H(Q)BdT
° =
(75)
L —_ = \
trong 6 TT=AgAg" + > AGAg" >0 (thoa man diéu
I=1
kién 1). St dung bat déng thirc Young ta co:

L3 <~(a- 1)ﬂ,mn(n)f||W|| dr+—(P+1) j 2 dr

(76)
Thay (76) va (68) vao (54) ta co:

< j |12 @2l =i

t=T

o (5

2
o 722 |

(77)

trong d6 s =a—p5—1. Chon o> py+1thi 45 >0,
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2
o <
Ao = Ja + i s s Hs === (P+ Dbz - Dt

by =\ | us + g / s (78)

va str dung diéu kién kich hoat (53) cho (76) ta c6:
. 1 2
L= B((1-D A (@2l + 2

o (79)
~U@)-7? ”d” j <0,V1
mién la

”W” > b, (80)
Tir (79) va (80) ta thdy rang néu sai sé xap xi NN
W vuot qua bién cua tp dong by thi L <0 hé kin én
dinh va W bi kéo vao trong tdp dong. Hay noéi cach

khac W bi chin theo tiéu chuan UUB [26].

Trudng hop 2: xét hé thong tai thoi diém kich hoat
t=1t,,Vk €¥ ,lay sai phan ham Lyapunov (54):

AL=V' ()= o)+ | V(@)

4T

- J' V*(z(t_))dr+%WT(tk)Vf/(tk) (81)

t-T
—%Vf/r(t")l/f/(t")

Boivi L<0 (77) va tinh lién tuc ctia ca trang thai
14n sai s6 xap xi nén ta co

j " )dr < J' ey (2)
4T G-T

WG W (6) < W) (83)
T d6 AL duoc viét thanh
AL <V (z(t)) =V (z(t-))

<V () -V (2(0) (84)
<K' [e) =240 ==K et

trong d6 K" thudc ham 16p x . Vi vy ham Lyapunov
(54) tiép tuc suy giam tai =1,k e N .

Vay két hop (54) va (84) ta thdy dong hoc kin (26)
6n dinh tiém can. Ta c6 diéu phai chimg minh.

4. Vidu
bé kiém ching tinh hi€u qua cua thuat toan dé xut,
vi du mé phong diéu khién duogc gidi thiéu trong phan
nay:

1. Hg tuyén tinh,
2. h¢ thong Euler-Lagrange trong khong gian bién
khop va
3. hé¢ phi tuyén dao dong Van der Pol véi ngd vao
rang budc bao hoa.
Chu ¥: cac hé thong nay chira nhidu ngoai, va
ddng hoc nodi khong biét. Hé thong 1 va 3 dugc so
sanh v6i phuong phap diéu khién v6i chu ky 1dy mau
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c0 dinh.

4.1 HE tuyén tinh
Xét hé tuyén tinh x = Ax + Bu + Kd sir dung trong [27]
nhu sau:

5 b

Nham so sanh véi nghiém xap xi boi thuat toan
trong bai bao voi nghiém gidi tich, chon tham so6 cia

(85)

ving chét trong mo phong b' =b" =0, m' =m" =1.
Véi h(x) =0, phuong trinh (48) tré thanh:
ATP+PA+Q—PBR’1BTP+L2PKKTP:0
4

(86)
trong d6 O, R 1a cidc ma tran don vi, y =5 . Nghiém
gii tich (Riccati) cho (86) Ia p:{“‘m 0’4428]

0.4428  0.7010

Gia sir ma tran 4 khong biét, nghiém (86) duoc xép xi
st dung thuat toan kich hoat sy kién. Chon ham tac
dong @(x)=[xi xx, x3]", thi véc to trong s6 NN
t6i wu 1a W' =[1.4289 0.8856 0.7010]" . Chu ky liy
méu va thoi hang tich phan duge chon 7 =0.1s , hing
56‘ hoc g:}S. Nhicu nho dugc céng’ vao tin hiéu
diéu khién d¢ kich thich trang thai h¢ thong trong gidy
dau tién. Kich thude chong dir liéu cho CL 1a p =20.
Tham sb cua diéu kién kich hoat (53) dwoc chon
L=2,1n=06.

Hinh 1 biéu dién su hoi tu trong ) NN bét QQu tr
gia tri khoi tao zero dén gia tri toi wu xap xi
W =[1.43840.89050.7083]" . Ta c¢6 thé nhan thy
ring W‘di héé tu xap xi dén w". Trangﬂthéi va tin
hiéu diéu khién kich hoat sy kién dugc bi€u dién trén
H. 2 va H. 3. Khi sai s6 kich hoat ||ek | trén H. 4 vuot

qua ngudng ||eT|| mau méi s€ dugce lay va sai so kich

hoat s& tr& vé& zero. Khi tham s6 NN hdi tu, ngudng
ep cling giam dan vé gan zero. Hinh 5 biéu dién
khoang thoi gian gitra hai lan kich hoat véi gi tri nho
nhat 1a %, =0.2s. Chi ¥ rang by diéu khién kich
hoat sy kién chi c6 105 lan cap nhat tham sb so véi
250 lan cua bd diéu khién lay mau theo chu ky.

1.5

= 0.5f —7
- _W2
0 --Ws
-0.5
0 5 10 15 20 25
t(s)

H.1 Trong 56 NN héi tu d@én gid tri 16i wu

10
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4
—1
2 i
8
Or - =
VA
v vy
-2 s s s s
0 5 10 15 20 25
t(s)
H. 2 Trang thai hé thong
0.5
0
g
= 05
-1 : s s s
0 5 10 15 20 25
N 1€)
H. 3 Tin hiéu diéu khién kich hoat su kién
4
; —Tlex
— 3 - =ller||
~ n
\S} 1
i 2 ]I 0.1
T 1 0.05
= 1p 0
\
o st 10 15
0 5 10 15 20 25
) t(s)
H. 4 Sai so va ngudng kich hoat sy kién
0.8
0.6+
Py *
204} *
Fey Fr kK koo
0.2+ e
0 L L L L
0 5 10 15 20 25
t(s)
H.5  Thoi gian giita hai lan kich hoat

4.2 H¢ Euler-Lagrange trong khong gian bién

Kkhép
Xét 1op hé théng Euler-Lagrange dugc biéu dién dudi
dang h¢ phi tuyén truyén ngugc nghiém ngat [28]:

{q =g,(9)%
9= £3(4,9)+g5(q, 9t +ky (9,97,

voi, 9=[v,@]" 1n luot 12 bién khép va bién vén toc

87

trong hé toa do suy rong, 7 = [rl,rz]T 1a ngd vao diéu
khién gia sir bi rang bude boi vang chét. 7 =[7,7,]

1a nhiéu ngoai. fy(g,9)la ham dong hoc phi tuyén
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tron khong biét trude, g,(9), go(q.9) va ke(q,9) 1a
cac ham phi tuyén tron thoa Gia thiét 1. (Céc tham )
cua (87) xem trong [28]). Tham s6 vung chét dugc

chonm=12va b' =b" =08, p=0.25.

_Chu y: Mac du [28] xu 1y hé (87), tuy nhién ving
chét chua dugc xem xét va co ché kich hoat su kién
chua dugc 4p dung.

Khoi tao W,(0) =W,(0)=...=W,;5(0)=0. Ham
#(x) dugce chon 1a td hop toan phuong ciagva 9

[28]. Khoi tao ¢(0) = [0.5,—0.25,O]T , 3(0)=0,y=5.
7=/ =0.8.Qui dao tham chiéu g, :[xd,ydﬁd]T véi
0, =y, Xy =v;c08(6,), ¥, =v,sin(@,), trong d6
N :{vd H Jeos® 1+4cos?(21) 1
0% (2sinzcos(21) —4sin(2¢) cost) / (cos® t+4cos*(21))
Bai toan dat ra la thiét ké thuat toan diéu khién
kich hoat su kién dé tli)rg ||qd - q” =0 va t6i thiéu ham

danh gia dugc dinh nghia theo phuong trinh (32).

AN
2
0.5 T o%d
8
0 .
-0.5}
0 100 200 300 400 500
t(s)
H. 6 Chdt lrong bam x
1
oW’
4
= 4
1F
2
0 100 200 300 400 500
t(s)
H.7 Chat lwong bam y
6
—0
- _gd\
4+
)
2 .
0
0 100 200 300 400 500
t(s)

H. 8 Chat hrong bam 0

11
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6
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4
ol
0
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t(s)
H.9 Hdm chi phi xdp xi
40
[ —7:1
Y
20
“ 0 »
40 -
20 0 _m‘n‘. —
40"
0O 20 40 60 80 100
-40 ‘ ‘ :
100 200 300 400 500
t(s)
H. 10 Tin hiéu diéu khién ving chét
— &

- - llell

E], el

d 4 n" =y
& Yt 1, Lt
ra,‘j“l'hrﬂ "wf ﬁ: Rl »
; 0 1 2 3 4 5
O £ A
0 100 200 300 400 500
t(s)

H. 11 Sai 56 kich hoat va ngudng

Hinh 6-8 biéu dién chét lugng bam g theo g, v6i
chi phi giam vé gi4 tri can t6i wu sau thoi gian 60s (H.
9). Tin hiéu diéu khién sau vung chét duoc biéu dién
trén H. 10. C6 thé thay rang hiéu tmg ving chét duoc
loai bo triét dé sau khi tham sb hé thong hoi tu. Sai sb
kich hoat va ngudng dinh nghia bdi (53) dugce trinh
bay trén H. 11. Ta thdy rang, khi sai s6 kich hoat vuot
qua ngudng, sai sd nay tré vé khong va chu ky kich
hoat moi lai bat dau. Tong s6 lan 14y mau 1a 2485 it
hon so v&i 5000 lan lay mau v6i phuong phap diéu
khién theo chu ky lay mau 0.1s. Cha y rang s6 lan
laymau s& it hon nita néu diéu chinh tham s 7, 8 dé

¢6 bién d6 ngudng lon hon. Tur d6 hi¢u suét tinh toan
s€ tang lén. Tuy nhién, can phai can béng gitra s lan
ldy mau va chat lugng didu khién.

4.3 Mé rong cho he phi tuyen rang budc bio hoa
Thuat toan dé xudt c6 thé mé rong cho hé phi tuyén
affine rang budc bao hoa. Khi d6 dong hoc trong hé

thong (26) ¢6 v* =0 va ta bo qua luat diéu khién (45)
va sO hang ¥ trong (53). Dé kiém chimg ta xét hé
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dao dong Van der Pol [29] c6 nhifu ngoaid(f) biéu
dién boi hé affine x = f(x)+ g(x)u+k(x)d , trong d6

X2

f(x)= 1

2y_ .2
- —Exz(l—xl ) =X X

— 0 .k — 0
8= A= Gnax —iyx,

v6i ngd vao diéu khién bi bao hoa véi |y < p=0.1.

(83)

Chi y: Cho du hé thong (88) khong ¢ nhiéq, no VETIII
¢ chu ky toi han khong on dinh khéng di€u khién
dugc va diém can bang quanh goc khéng on dinh
[29].

ChonQ(x) = ||x||2 , R=0.2, y=5. Véc to trang
thai khoi tao x(0) =[1 11", W =W, W, W;]" 1a trong
s6 NN duogc khoi tao bang zero. Ham tac dong chon
$(x) =[x} x;x, x3]1", hé s hoc @ =125, toc d¢ lay
mau dugc thiét 1ap 0.1s, thoi hing tich phan 7 =0.1s.
Kich thuéc chong dir liéu p =20. Chon nhidu nho
kich thich hé théng ban dau khi chdng dit liéu trong
r= sin®(¢) cos(2¢) +sin? (1.5¢) cos(0.1¢) + sin® (—0.1¢) x
cos(2¢) +sin’(r) . Nhidu nay bj loai ngay khi phép
toan lay hang ciia chdng tra vé gia tri 3. Tham sb diéu
kién kich hoat (53) dugc chon L=0.5, n=0.25.

Hinh 12 biéu dién sy hoi tu cta trong sé NN dén
gia tri toi wu sau 7s véi W =[1.61130.56391.3503]" .
Quy dao mat phang pha trén H. 13 cho thé}{ thuét toan
de xuat da dua duogc trang thai cua hé kin vé goc. Trén
H. 14, sai s kich hoat”ek” va nguong ||eT|| hoi tu vé
gan zero va sai s6 luén nam bén dudi bién do ngudng.
Khodng thoi gian gilta hai lan kich hoat kién ti€p
dugc bieu dién trén H. 15, trong do khoang thoi gian
nho nhat 4, =0.4s.

Nhém so sanh chét lwong diéu khién khi tham §6
bd diéu khién cép nhét theo sy kién va theo chu ky lay
mau ¢ dinh, thut toan diéu khién tbi uu H, theo
chu ky ldy mau ¢6 dinh [27] dugc 4p dung. Ca hai
thudt toan dicu str dung trang thai khoi tao nhu nhau.

2

0 2 4 6 8 10 12 14 16 18
t(s)
H. 12 Tr,ongsd'NNh,o”i tu déngid tri 16 wu

20

12
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0.7+ * & *
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H. 16 So sdnh chat lugng dicu khién giita bg diéu khién
kich hoat sy kién va chu ky ldy mau c6 dinh: a) Quy
dao trang thai; b) Tin hiéu diéu khién
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H.17 Tin hiéu diéu khién kich hoat su kién véi n=1

20

Quy dao trang va tin hiéu diéu khién cta ca hai
thuat toan dugc biéu dién trén H. 16. Ta c6 thé théy
rang hai thuat toan déu cung cép tin hiéu diéu khién
t6i wu H,, bi rang budc bdo hoa khi dat dén gidi han
16n nhat va nho nhat. Mat du tin hiéu didu khién phat
sinh boi by didu khién kich hoat sy kién khong tron
nhu tin hiéu diéu khién phat sinh theo chu ky lay mau
c¢b dinh nhung hiéu qua tinh toan rat dang quan tam,
d6 1a bo diéu khién chi cap nhat c6 27 lan (H. 15) so
v6i 200 1an (chu ky 1dy mau c6 dinh 0.1s). Diéu nay
s€ dac biét c6 y nghia hon nira khi ap dung cho céac
tmg dung véi bang thong bi gidi han va ngudn tai lidu
chia sé.
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Tiép theo dé danh gi4 sy anh huéng cua hé sé 7
dén chét luong kich hoat su kién, ta thay doi n=1.
Quan sat didu kién (53) ta thidy khiz=1bién do
ngudng ||eT|| nho hon va thoi gian giita hai 1an cép
nhat tha}m sb pé diéu khién s& tang 1én. That vay, tin
hiéu diéu lghién lfich hoat su kiér} trén H. 17 gan voi
tin hiéu di€u khién theo chu ky ldy mau c6 dinh. Tuy
nhién’ theo H. 18 di€u bat lgi 1a so 1an kich hoat tang
1én dén 181 so voi 27 khirg =0.25 (xem H. 15). Diéu
nay s& 1am tang chi phi tinh toan va truyén thong.

5. Kétluan
Bai bdo cung cép thuat toan diéu khién t6i wu bén
ving kich hoat sy kién cho hé phi tuyén truyén nguoc
nghiém ngit v6i sy hién dién ving chét ngd vao va
nhiéu ngoai. Luét didu khién truyén thing kich hoat
su kién duoc thiét ké dé chuyén hé phi tuyén phan hoi
nghiém ngat sang hé phi tuyén affine. Sau do, lut
diéu khién hoi tiép t6i wu bén vitng kich hoat su kién
dugc dé xuat dé loai bo anh hudng ving chét va nhidu
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ngoai trong khi tbi thiéu ham chi tiéu chat lwong bam
H

Mac du thuat todn dga vao ky thuat qui hoach
d6ng thich nghi nhung khong sir dung diéu kién kich
thich va thi tuc nhan dang hé théng. Cac vi du vé diéu
khién kich hoat hé tuyén tinh, hé théng Euler-
Lagrange trong khong gian bién khop, hé phi tuyén
dao dong Van der Pol véi rang budc bao hoa ngd vao
cho thay hi¢u qua cta thuét toan dé xuat. Thiét ké bo
diéu khién t6i wu kich hoat su kién phan tan s& la
huéng uu tién tiép theo.
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