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Tém tit

Trong thdp ky qua, sw phdt trién manh mé ciia cdc
phirong phdp tri tué nhan tao da thiic ddy mét xu
hiedng méi trong linh v diéu khién. Xu hidng
nay thé hién qua sw chuyén doi tir cic phuwong
phdp diéu khién dwa trén mé hinh truyén thong
sang cdc phwong phdp diéu khién dwa trén dir
liéu. Thach thirc [om nhdt déi véi cdc phirong phdp
diéu khién dya trén di liéu la lam thé ndo dé
chitng minh tinh an toan cia hé thong, dam bado
tinh 6n dinh va dap vmg ddy di cdc rang bugc lién
quan dén trang thai ciing nhw tin hiéu diéu khién.
Bai bdo nay dé xudt mét phwong phdp thiét ké bé
diéu khién dam bdo tinh an toan cho hé thong
bang cdch két hop giita phwong phdp nhén dang
mé hinh dwa trén dir lieu SINDy (Sparse
Identification of Nonlinear Dynamics) va phuong
phdp diéu khién dwa trén ham chan diéu khién
theo ham mii (Exponential Control Barrier
Functions - ECBF). Théng qua dit liéu vé tin
hiéu déau vao - trang thai, mo hinh hé théng dva
trén dir liéu dwroc xdy dung va sir dung dé thiét ké
bé diéu khién an toan bang ham chan. Phuwong
phap thiét ké b diéu khién dwoc minh hoa théng
qua mé phéng véi hé thong tay mdy robot.

Tw kh()a:‘ Dié‘uo khién thong qua ham ‘)chdn,
SINDy, diéu khién co rang budc, diéu khién dya
trén dir liéu.

Abstract

In the past decade, the rapid development of
artificial intelligence methods has driven a new
trend in the field of control. This trend is
characterized by a shift from traditional model-
based control methods to data-driven control
approaches. The greatest challenge for data-
driven control methods lies in proving system

safety, ensuring stability, and fully satisfying
constraints related to system states and control
signals. This paper proposes a controller design
method that ensures system safety by combining
the data-driven system identification approach,
Sparse Identification of Nonlinear Dynamics
(SINDy), with the safety-guaranteeing control
method based on Exponential Control Barrier
Functions (ECBF). Using input-states measures,
a data-driven system model is constructed and
employed to design a safety controller based on
barrier functions. The proposed controller design
method is illustrated through simulations on a
robotic arm system.

Keywords: Exponential control barrier functions,
SINDy, constrained systems, data-driven Control.

1. Mé dau

Su bung nd cua tri tué nhan tao trong thap ky qua
da mé ra nhiing hudng nghién ctru méi trong linh vuc
diéu khién, v6i xu hudng chuyén dich tir cac phuong
phap diéu khién duya trén mé hinh (model-based) sang
cac phuong phap dya trén dir liéu (data-driven, vi du
xem [1], [2], [3]). Trudc day, cac phuong phap diéu
khién dwa trén mo hinh 1 nén tang chu yéu trong
nganh diéu khién ty dong, noi ma hau hét cac quy luat
diéu khién déu dwoc phat trién dua vao cac mo hinh
toan hoc dugc xay dyng tir cac dinh luat vat ly co ban.
Qua trinh nay doi hoi ngudi thiét ké phai c6 kién thirc
chuyén sau vé dic tinh cua hé théng diéu khién va
thuong can dén sy hd trg ciia cac chuyén gia trong linh
vuc lién quan. Tuy nhién, trong thuc té, viéc xay dung
mo hinh chinh xac khong phai lic nao cling dé dang,
dic biét 1a ddi véi nhitng hé thdng c¢6 cu tric phirc
tap hodc chira cac yéu td khong xac dinh rd rang.
Trong nhitng truong hop nay, viéc ap dung cac mo
hinh dya trén 1y thuyét vét Iy c6 thé gip nhiéu han ché,
tham chi khong kha thi. Nguoc lai, cac phuong phap
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didu khién dya trén dir liéu khong yéu cau hiéu biét
sau vé co ché bén trong ciia hé thong. Thay vao do,
nguoi thiét ké chi can thu thap va phan tich dir lidu
dau vao va dau ra cua hé thong dé xay dung cac mo
hinh va thiét ké b diéu khién hiéu qua. Cach tiép can
nay mo ra nhiéu tiém ning méi trong viéc phat trién
cac h¢ thong diéu khién hién dai, dic biét la trong
nhitng mdi truong phire tap va khdé mo hinh hoéa chinh
xac. Ngoai ra, cac nghién ctru gan ddy chi ra rang,
trong linh vuc diéu khién cong nghiép, viéc xay dung
md hinh ddi tugng diéu khién co thé chiém t6i 80%
tong thoi gian va cong sirc phat trién hé thong ([4]).
Diéu nay cho thiy chi phi va d¢ phirc tap lién quan
dén cac phuong phéap dua trén mé hinh truyén thong
1a rat 16n. Do d6, sy phat trién va ng dung cia cac
phuong phap diéu khién dya trén dir liéu khong chi 1a
xu huéng tit yéu ma con hira hen mang lai nhiing giai
phap hiéu qua, gitp tdi uu héa quy trinh thiét ké hé
théng diéu khién va giai quyét cdc thach thire thuc tién
mdt cach nhanh chong va linh hoat hon.

Trong linh vuc diéu khién, c6 nhimg cach tiép can
khéc nhau dé tich hop dir liéu vao bai toan thiét ké bo
diéu khién. Mot cach tiép can duge nhiéu sy quan tam la
str dung cc cong cu Al/learning phd bién hién thoi nhu
mang hoc sau (deep neural network (DNN), vi du [5]),
hoc ting cuong (reinforcement learning (RL), [6]) va
Gaussian Process (GP, [7]). Mic du cac phuong phap
didu khién dua trén Al mang lai nhiéu wu diém vé tinh
linh hoat va kha ning thich img, nhung chung ciing dan
dén nhimg van d& méi cho hé thong diéu khién trong
thyc té. Thir nhat, d6 13 cac phuong phap nhu DNN va
RL thuong can mot lwong dir liéu rit 1on dé training.
Diéu nay c¢6 thé khong phai 1a van dé khi day may tinh
choi game vi chiing c6 thé chay lién tuc 24/24 va tu sinh
ra dit liéu, nhung v6i mot hé thdng diéu khién qua trinh
16n va c6 dap tmg cham, c6 thé can rat nhiéu thoi gian va
cong strc dé thu thap duoc luong data di 16m. Thir hai,
han ché 16n nhit ctia nhimg phuong phéap sir dung Al 1a
khé khan trong viéc ddm bdo tinh an toan (safety
guarantees) va chirmg minh tinh an toan (provable safety)
ctia hé théng diéu khién. D4y chinh 13 loi thé ndi bat cua
céc phuong phép didu khién dira trén mo hinh so véi cc
phuong phép dua trén dit liéu. Khi hé théng diéu khién
dugc mo ta béng mot mo hinh toan hoc rd rang, vé mat
1 thuyét, nguoi ta c6 thé phén tich va chimg minh dugc
céac dic tinh quan trong nhur tinh 6n dinh ctia hé kin dudi
mot quy ludt diéu khién cu thé. Thir ba, d6 1 tinh giai
thich dugc (interpretable) ctia cac phuong phéap Al hién
tai 1a gdn nhu khong ¢, khién cho viéc hiéu duoc ban
chét ciia hé thong diéu khién ciia ngudi ky su so véi cac
phuong phap truyén thong bi han ché hon rit nhiéu.
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Dé khic phuc nhugc diém nay, mot hudng nghién
ctru khéc 1a xay dung cac phuong phap diéu khién tir
dit liéu dua trén 1y thuyét toan didu khién, qua d6 c6 thé
dam bao tinh chimg minh dugc, dong thoi hira hen tinh
hiéu qua hon v& mat sir dung dir liéu, vi du nhu phuong
phdp dua vao Nguyén ly co ban cia Willems
(Willems* Fundamental Lemma - [8] va céc tai liu
tham khao liét ké trong d6). Phuong phép nay co thé
ching minh dugc tinh 6n dinh va tinh an toan, nhung
bi han ché boi nguyén 1y Willems chi phat biéu cho hé
tuyén tinh. Dé mé rong cho hé phi tuyén, cac phuong
phap hira hen & thoi diém hién tai c6 thé ké dén nhu
DMD m¢ rong (Extended DMD), toan tir Koopman
(Koopman operator) va SINDy (déu dugc trinh bay
trong tai li€u [1]), trong d6 phuong phap SINDy ([1],
[9]) cho thdy kha ning két hop véi cac phuong phép
diéu khién mé hinh, vi du diéu khién du bao (Model
Predictive Control - MPC) va cho ra cac két qua hira
hen cho cac hé diéu khién trong thyc té (xem [10], [11]).

Trong bai béo nay, ching t6i dé xuat sir dung
phuong phap nhén dang moé hinh dya trén dir li€u
SINDy ([1], [9]) két hop véi phuong phép diéu khién
dya vao ham chin didu khién theo him mi
(Exponetial Control Barrier Function - ECBF [12]) dé
dam bao hé 6n dinh ddng thoi thoa man cac didu kién
rang budc an toan cua bién trang thai va tin hiéu diéu
khién. SINDy (va SINDyC) la phwong phép nhan
dang hé théng danh cho hé phi tuyén, trong d6 bang
cach chon mét bo cac ham co sé (dictionaries of basis
functions) dua trén hiéu biét vé dong hoc ctia hé thng
13 ham s phi tuyén, bai toan tim tham s cho hé théng
tré thanh bai toan hdi quy thua (sparse regresssion).
Két qua thu dugc 1a mdt ma tran thua, trong do da )
céc tham s6 tng voi cac ham phi tuyén khong ton tai
trong dong hoc cua hé s& bang 0, chi giir lai cac ham
s6 xuét hién trong dong hoc ctia hé. So sanh voi viée
két hop SINDy va MPC, van dé cia bo diéu khién
MPC cho hé phi tuyén 14 trong mdi budc tinh b diéu
khién MPC phai giai mot bai toan t6i wu phi tuyén
(Nonlinear Programming), va bai toan t6i wu dé
thuong khong phai bai toan tdi wu 16i (non-convex
optimization). Piéu d6 khién cho thoi gian quéa do cua
b6 diéu khién c6 dap tmg cham.

Ngugc lai, véi phuong phap ham chan [13] (ECBF),
& mdi budc tinh ching ta van phai giai mot bai toan i
wu, tuy nhién bai toan ti uu nay, ngay ca khi dbi trong
diéu khién 1a phi tuyén, van Ia bai toan 15i (convex
optimization problem), nén néu bai toan co nghiém
(feasible), phuong phap s6 s& hoi ty vé nghiém do6.
Pong gbp chinh cua bai bao 1a d& xuit viéc két hop hai
phuong phép SINDyC va ECBF nhu mdt phuong phap
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didu khién dya-trén-dir-lidu mot cach hoan chinh dé
dam bao tinh an toan cho hé thong diéu khién. Tinh hiéu
qua cua phuong phap nay dugc minh hoa thong qua vi
du vé diéu khién mo hinh tay may. Vi sy hiéu biét ciia
chung t6i, tinh dén thoi diém hién tai chi c6 cong trinh

[13] ciing dang nghién ctru két hop SINDy va ham chan.

Diém khac biét 1a chiing t6i sir dung ham ECBF dé mé
rong cho hé co bac tuong dbi 16m hon 1, va bai toan
chung t6i nghién ciru 1a didu khién 6n dinh, khac véi
bai toan diéu khién bam trong [13].

Céu trac bai bao gdm cac phan: Muyc 2 trinh bay cac
két qua nghién ctru hién c6 vé SINDy va ECBF. Muc 3
néu ra van d& can giai quyét va cac gia thiét lién quan.
Muc 4 trinh bay viéc ap dung SINDy dé nhan dang hé
thong tir dit liéu, va md hinh nay dugc dung dé thiét ké
bd didu khién an toan trong muc 5. Muc 6 trinh bay Kkét
qua mo6 phong trén Matlab kém theo phan tich danh gia.
Cudbi cung, két luan va cac huéng nghién ctru tiép theo
dugc trinh bay trong muc 7.
2. Cac két qua nghién ciru hién cé

Trong muc nay, ching t6i trinh bay ngan gon noi
dung phuong phap SINDy va phwong phap diéu khién
str dung ham chan.

2.1. Phwong phap SINDyC

Phwong phéap SINDyC duoc trinh bay chi tiét
trong tai liéu [9], muc 3. Y tudng cua phwong phap
nay dya trén quan sat 1a cac phuong trinh vi phan mé
ta dong hoc cua hé phi tuyén trong thyc té thuong co
it sb hang & bén vé phai. Néu ta chon mot b ham co
s& di 16n, bao gom tat ca cac ham s c6 thé xuét hién
lam sb hang & bén vé phai, thi viéc tim cac hé $6 tuong
g cua cac sb hang nay tré thanh bai toan hdi quy
thua. Nhirng ham s6 nao khong xuat hién ¢ vé phai,
két qua tra vé hé sb bang 0, nhimg ham sé nao xuat
hién & vé phai s€ tra vé hé sb can tim. Chi tiét cac bude
thuc hién s€ dugc trinh bay cu thé trong phﬁn 4 cua
bai bao nay.

2.2. Phuwong phdp diéu khién siv dung ham
chdn

Xét hé affine c6 mo hinh:

%= £ + g, (M

Trong d6 ham sd f,g lién tuc Lipschitz, x €
X cR™ va u€U c R™ lacacnghiém hop 1&. Y
tudng cia ham chan diéu khién CBF dugc dua trén y
twong cua ham diéu khién Lyapunov (Control
Lyapunov Function - CLF). Cu thé, ham V(x) 13 ham
CLF néu n6 xac dinh duong va thoa man:

infueu[LiVE) + LVu] < —y(VX), (2)

Trong d6 y(-) 1a ham sé thudc 16p K (duoc
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dinh nghia 13 tip hop cdc ham tang, y(0) = 0, va
y(x) > 0 v&i moi r > 0). Him CLF trong (x) c6 thé
st dyng lam ham chian dam bao an toan vi tin hiéu
diéu khién thoa man (2) s& tao ra mot tap bat bién dicu
khién (control invarient set) va giir trang thai ctia hé
ludn trong tap d6. Tuy nhién, diéu kién nay qué chat
vi né yéu cau rang moi tdp dudi mirc (sublevel set)
déu phai 13 tap bt bién diéu khién.

Thay vao do, néu chiing ta dinh nghia mién an toan
C={x €R™h(x) = 0},vaham h(x) khavilién tyc
dénbacr, thi ham h(x) s&1a ham diéu khién chan ham
mil (exponential control barrier function - ECBF - dinh
nghia 7 trong [2]) néu ton tai vector K € R™ sao cho:

suPuey[Lih () + LgLi ' h(u] = —Kn(x), (3)
v6imoi x ndm trong C, trong d6

@) = [h@); Leh(); s LR, (4)
va dan dén h(x(t)) =0 véi moi diéu kién dau
h(x(0)) = 0.

Y nghia ciia dinh nghia nay 1a mdi khi trang thai
cia hé cham dén bién gidi cuia mién an toan
h(x(t)) > 0, ludn c6 tin hidu diéu khién hop 1¢ kéo
trang thai cia h¢ trd lai vao bén trong mién d6. Nho
vay C tro thanh tap bat bién. ECBF 1a mé rong cua
Control Barrier Function (CBF) dé ap dung cho céc
hé c6 bac twong ddi cao hon 1. Thay vi ding diéu kién
tuyén tinh don gian nhu trong CBF bac mot, ECBF sir
dung mét diéu kién 6n dinh ¢ dang ham mii, dam bao
réng ham chin h(x) tiém cén vé vung an toan mot cach
theo cap s6 mil. Chi tiét duoc thao luan trong [1], [9].

3. M6 hinh d6i twong va bai toan cin giai
Xét hé tay may robot (xem, vi dy, [14]) dugc mo
ta boi phuong trinh:

Xy = X, (5a)
X, = —48,6x; — 1,25x, + 48,6x3 + 21,6 u, (5b)
X3 = Xy, (5¢)

X, = 19,5x; —19,03x5 — 2,33 sin(x3). (5d)
Tuy nhién, cac hé s6 va dang ham s6 mo ta dong
hoc (tc 14 ham sb bén vé phai trong mé hinh (5))
khong dugc cho biét trude. K§ su chi duge tiép can
v6i tin higu vao va dap g ra twong ting ctia hé thong,
tie 1a hé théng ¢ dudi dang hop den (black-box). Bai
toan diéu khién dit ra 1a diéu khién 6n dinh hé sao cho
tin hiéu diéu khién u va cac bién trang thai cua hé thoa
man diéu kién nhu sau
x| <1/2 , |x3| <m/2, |u| <10. (6)
Chu ¥ rang, phuong phap nay hoan toan 4p dung
dugc cho hé affine ¢ truong hop tong quat hon nhu
(1) trong d6, bién trang thai va tin hiéu diéu khién thoa
min diéu kién x € X,u €U v6i X, U la cac da
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dién 16i (polytope). Nhung vi gidi han sb trang ciia bai
bao, chung t6i tap trung vao mdt vi du cy thé dé co thé
mo ta chi tiét cac bude thyc hién.

4. Sir dung SINDyc dé xdy dung mé hinh h¢
thong tir dir li¢u vao ra

Trudc hét, ching ta can xdy dung mo hinh hé
thong qua dir liéu dau vao-trang thai. Ching ta sir
dung tin hi¢u thtr trong thoi gian 2 gidy véi thoi gian
trich mau (sampling time) 0,01 gidy dé thu duoc ma
tran dir lieu X € R200%% va X € R290%% cpa bién
trang thai va dao ham cua ching, cung véi dit li¢u cta
tin hiéu vao tuong tmg U € R?00%1,

Tiép theo, chung ta can chon bd ham sb co so. Dé
so sanh, chung ta chon hai bd ham s6 co so khac nhau.
B6 co s6 thir nhat bao gdm cac ham da thire dén bac
hai, ky hiéu bang:

elx,u)=[1 x X% U] (7a)
Cu thé, cac ham sd co s¢ duge chon bao gém:
1,1, X5, X3, Xg, X2, X1 X5, X1 X3, X1 Xy,
X3, X3X3, X4, X5, X3X4, X} (7b)
va u. B0 co s¢ thir hai dugce chon la:
02X, U)=[1 X X? sin(X) cos(X,) U].(8a)

Cu thé, cac ham co s trong bd thir hai bao gom
cic ham da thirc nhu trong (7b) va bd sung cac ham
luong giac nhu sau:

sin(x,), sin(xy), sin(x3), sin(x,)
cos(x;), cos(xy),cos(x3),cos(x,), (8b)

Vi dit liéu va bd ham co s& nhu vay, ta c6 lién hé
nhu sau:

X =0iX, D!, i=1,2, )

Trong d6 X va ©!(X) da biét va tinh toan duoc
tir dir liéu thu thap duoc. ®! 1a ma tran hé s6 cén tim,
dugc xac dinh bang phuong phéap "Thuat toan hdi quy
thua" (sparse regression algorithm), vi du nhu LASSO
[9]. Cu thé vector cot thir k cia ma tran @, ky hiéu
la Efc duogc xac dinh boi cong thirc:

G = argming ||X, — 0'(X,U) & || + Mlgel, (10)

d6 X, ky hiéu cot thu k cia ma trén dir liéu X, A
1a hé s diéu chinh d6 thua ctia ma tran hé s6, ||.|| ky
hidu chuan (norm) 2 va |.| ky hiéu chuan 1 cta
vector. St dung Matlab véi giai thuat (10), ta thu dugce
két qua trinh bay trong 2 Hinh 1 va 2, twong tmg véi
hé s6 ciia ma tran ®' va ®2. Trong Hinh 1, 16 hang
tuong ung véi cac ham co s theo dung tha tu trong
(7b), va 4 cot tuong ung voi 4 ham tuong ung voi
phuong trinh dong hoc x;, X, X3, X, cia hé (5). Vi
du, nhin vao cdt thu hai cua hinh 1 (twong tng véi
phuong trinh dong hoc cia x,) ta thdy tit ca cac hé

Céng nghé s6, tw dong héa va rng dung hang hai

Bing 1. Két qua tinh todn cho bj co sé' 1

Ham co s¢' X1 X; X3 X4
1 0 0 0 27,7286
X1 0 -48,5999 0 21,8003
Xy 1,0000 -1,2500 0 -20,1183
X3 0 48,5999 0 102,8503
Xy 0 0 1,0000 -54,0618
x? 0 0 0 33,0664
X1Xy 0 0 0 1,3274
X1X3 0 0 0 -75,1668
X1X4 0 0 0 1,1577
x2 0 0 0 1,8672
XpX3 0 0 0 -15,9783
XpXy 0 0 0 7,2544
x2 0 0 0 78,3893
X3X4 0 0 0 -43,6367
x2 0 0 0 12,7036
u 0 21,6000 0 -35,6610

Bing 2. Két qu tinh todn cho bj co sé 2

Ham co s¢' X1 Xy X3 X4

1 0 0 0

-48,5999 0

-1,2500 0 0

48,5999 0 -19,0301
0 1,0000 0

0

0

X1 0 19,5001

Xy 1,0000
X3 0
X4 0

x? 0

X1X; 0

X1X3 0

X1X4 0

x3 0

XpX3 0

XXy 0

x2 0

X3X4 0

x2 0

0

0

0

0

0

0

0

0

0

sin(x;)

S O O O O O O O © o o o

sin(xy)

N
%)
[v8)
(=1
=

sin(xs)
sin(xy)
cos(xy)
cos(x,)

S O O O O O O O O O o o o o o o <o

cos(x3)
0
21,6000

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
cos(xy) 0
0

S O o o o o

u

s6 ctia cac ham co s déu bang 0, ngoai trir hé sb tuong

ung voi voi ham co s¢ ¢ hang tha 2, 3, 4, va 16 tuong

ung véi Xq,Xx,,X%3, va u trong (7b). Vay ta rat ra
phuong trinh mo ta dong hoc la:

X, = —48,5999x, — 1,2500%, + 48,5999x; +

21,600 u, (10)

Trung v6i mo hinh dong hoc cua h¢ trong (5) (sai

s0 nho hon 0.01%). Tuy nhién, & c6t thi tu, tuong tng

V6i x4, vector khong thua vi tit ca cac hang déu khac
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0. Hién tuong nay cho thdy, bd co s& chon khong phu
hop, nghia 1a trong mo hinh thyc té ¢6 nhitng ham s6
ma b co s¢ khong thé biéu dién chinh xac hoic khong
¢6. Didu nay pht hop vé6i nhimg gi dién ra vi bo co so
1 chi bao gom ham da thirc dén béc hai, trong khi mo
hinh thyc té cta hé c6 chira ham luong giac sin(xs).
Khi quan sat két qua thu dugc trong Hinh 2, ching ta
th?iy matran ®? thu dugc la mot ma tran thua. Cac hé
sé tuong Ung Vi xq,x,,X3,%x, (hang 2 dén 5) va
sin(x;) (hang 18), vau (hang 24) c6 gia tri nhu gia tri
that ciia hé v6i sai s rat nho. Cac ham co sd khong xuét
hién trong dong hoc cua hé déu co gia tri bﬁng 0. Nhu
vay, bd co sd dugc chon dd phan anh phu hop voi
nhitng ham xuét hién trong hé. Qua d6, phuong phép
SINDyc da nhan dang dugc hé dong hoc can tim. Trong
phan tiép theo, ta s& dung mé hinh nhan dang dugc dé
diéu khién 6n dinh hé thoa man cac diéu kién an toan.
5. Piéu khién an toan dwa vao ham chin
Vi rang budc (6), ching ta dinh nghia hai ham
chan nhu sau:
hi(x) = —xf + (n/2)?, (11a)
hy(x) = —x2 + (m/2)2. (11b)
Twr dong hoc thu duoc cua hé o phﬁn 4, ta théy ham
h,(x) c6 bac twong dbi 1a 2 va ham h,(x) c6 bac
tuwong dbi1a 4. Qua do, chung ta thu dugc cac dao ham
Lie nhu sau:
Lehy(x) = =2x;, Lzhy (x) = 97,2x7 + 2,5%, %, —
97,2x,x3 — 2x3, (12a)
LgLehi(x) = —43,2xq, Lehy(x) =
—2x3%y, L7y (x) = —39x, X3 + 38,06x5 +
4,66x; sin(x3) — 2xZ, (12b)
L}hy(x) = —39x,x3 — 117x1x, + 15,24x3%, +
13,98x4x5 + 4,66x3x,c05(x3), (12¢)
Lth,(x) = —156x,x, + 7090,59x; x5 +
48,75x,x3 — 4792,5275x3 + 154,24x% +
18,64x2% cos(x3) (12d)
—4,66x5x7 sin(x;) — 2281,5x}
+ 545,22x, sin(x3)
— 620,7586x5 sin(x3)
— 32,5734 sin?(x3)
+90,87x, x5 cos(x3) — 88,6798x2 cos(x3)
—10,8578x5 sin(x3) cos(x3),
LgLJ,%h2 (x) = —842,4x;.
(12e)
Ham Lyapunov dugc chon cé dang:

V(x) = x% +x2 +x2 + x2, (13)

va cac dao ham Lie tuong tng duoc tinh todn nhu
sau:
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LiV(x) = —95,2x1x; + 39x,x, — 2,5x5

+97,2x,x3 — 36,06x3x, — 4, 66x, sin(x3),
(14a)

(14b)

Dua véo (3,4), ta xdy dung hai ham s6 7,,7, nhusau:

m =[x + (n/2)? = 2x;%,], (15)

Ny = [—x2 + (/2)% =2x3%4; Lhy (x); LR, ()]
Vector K dugc chon dé dn dinh hé:

K, =[100  200]",

K, =[3000 300 300

LyV(x) = 43, 2x,.

(16a)
(16b)
O mdi budc tinh, bo diéu khién do trang thai hién
tai cia hé théng va bai toan ti uu sau duoc giai dé
tim tin hiéu diéu khién u phu hop
u(x) = argmin, 5(1/2u? + p8%) (17)
st LV () + LV u+y(V(x) < 8 (17a)
LEhy(x) + LyLehy (u = =Ky, (x)  (17b)
Lthy(x) + LgLhy (X)u = —K,n,(x)  (17¢)
lul < 10. (174d)
Trong d6, (17a) la diéu kién 6n dinh Lyapunov
CLF trong (2) dé gitip hé on dinh v6i & 1a bién du
(slack variable) nham giam tinh than trong
(conservatism) trong bai toan tdi wu, diéu kién (17b,c)
1a ciia ham diéu khién chin dé giup hé théa mén diéu
kién rang budc cua bién trang thai théng qua ECBF &
(3). biéu kién (17d) dé théa man diéu kién rang budc
cho tin hiéu diéu khién. D& thiy rang, trong truong
hop tong quat, ddy 1a bai toan téi wu 16i nén néu bai
toan c6 nghiém, chiing ta s€ tim dugc nghiém do.

10]".

6. Két qua md phong va thao luin

Dé thay rd tac dung dam bao an toan cia ham chin,
chung ta thyc hién mé phong vai hai truong hop: bo
diéu khién 6n dinh c6 su hién dién cua ham chin
ECBF va khong c6 sy hién dién ctia ham chan trén
Matlab. Bai toan tdi wu giai & mdi budc tinh boi
toolbox CVX [15] véi solver MOSEK [16]. Két qua
md phong dugc thé hién trén Hinh 1 tir diéu kién dau
xo = [1;3;0.2; 2]7, trong d6 dudng mau do thé hién
bd diéu khién ECBF-CLF bang cach giai toan bo bai
toan tbi wu (17), dwdng mau xanh 13 bo diéu khién chi
st dung CLF (giai (17) nhung khéng cé rang bude
(17b,c)) dé so sanh. C6 thé thay, ca hai truong hop, hé
diéu khién déu 6n dinh do c6 sy hién dién cua ham
CLF; tuy nhién bo diéu khién ECBF-CLF 6n dinh hé
va dam bao khong vi pham rang budc, trong khi bd
didu khién CLF khién cho trang thai x,,x; vi pham
rang budc (6). Mot két qua gian tiép 1a phuong phap
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diédu khién ECBF-CLF ciing khién trang thai dao dong
nhe hon va hoi tu vé diém can béng nhanh hon, nhung
didu nay 1a két qua di kém, chir khong duge ching

Dap ung dieu khien he tay may

= 0
-2
o 1 2 3 4 5 6
t(s)
sp\ﬁ
o~
= 0
-5
o 1 2 3 4 5 6

t(s)

0 1 2 3 4 5 6
t(s)
5
o ,\/\/‘
5
0 1 2 3 4 5 6

t(s)

Tin hieu dieu khien

t(s)

Hinh 1. Két qui mé phéng ddp iing ciia hé véi bj
diéu khién ECBF-CLF (dwong mau do), so sanh véi
b diéu khién chi cé CLF (dwong mau xanh). Mién

mau dé nhat thé hién trong két qui mé phéng ciia

trang thdi xq,x3 la mién an toan

minh tryc tiép tur ly thuyét.

Viéc giai bai toan t6i uvu & mdi bude tinh khién cho
tin hiéu diéu khién khong phai Ia tron nhu truong hop
tinh toan tin hiéu diéu khién theo mot ham giai tich
twong minh, nhung didu nay 1a binh thuong khi so
sanh voi cac phuong phéap diéu khién khac ciing giai
bai toan t6i wu tai mdi budce tinh (vi du diéu khién du
bao MPC) khi diéu khién hé phi tuyén.

7. Két luan

Bai bao da xay dung mot phuong phap diéu khién
an toan ¢6 rang budc cho hé phi tuyén tinh dimg ma mé
hinh chua biét rd, chi dya trén dit liéu cua hé khi duoc
kich thich du. Thay vi xay dung m6 hinh hé tir phuong
trinh vat 1y, phuong phap ching t6i dé xuét dya trén
viée két hop nhan dang mé hinh str dung dit liéu SINDy
va phuong phap diéu khién dya vao ham chin dé dam
bao an toan. Bai bao 13 budc diu cta cac nghién ctru
mé rong sau nay, dic biét 1a hudéng nghién ctru diéu
khién dua trén dir li€u cho cac hé robot can dam bao

Céng nghé s6, tw dong héa va rng dung hang hai

tinh an toan. Trong nghién ctru nay chung t6i bo qua sai
s6 do nhan dang mang lai. Trong twong lai, chiing t6i s&
dé xuét phuong phép diéu khién bén vimg, trong d6 c6
dam bao tinh dén sai s6 do mo hinh va nhidu ngoai lai.
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