JMST

TAP CHi KHOA HQC CONG NGHE HANG HAI S6 - 62 (04/2020)
JOURNAL OF MARINE SCIENCE AND TECHNOLOGY (ISSN: 1859-316X)

PIEU KHIEN DU BAO BEN VUNG CHO HE PHI TUYEN LURE
THAM SO KHONG CHAC CHAN
ROBUST MODEL PREDICTIVE CONTROL FOR UNCERTAIN LURE
SYSTEMS

NGUYEN TIEN BAN
Khoa Pién co, Truong Pai hoc Hai Phong
Email lién h¢: bannguyentien@gmail.com

Tom tit

Bai bao trinh bay mét phuwrong phdp diéu khién du
béo bén viing cho hé phi tuyén Lur e, mét md hinh
hé phi tuyén phé bién trong thyc té, véi cac tham
s6 khéng duwoc xde dinh chdc chan. Céc tham sé
duoc gia thiét thugc mét tap 16i da biét. Bai toan
duwge dwa vé dudi dang bar dang thic ma trgn
tuyén tinh c6 thé gidi duwoc bang céc cong cu tinh
toan hién hanh. Tin higu diéu khién tim dwoc dudi
dang tin hiéu phan hoi tuyén tinh va dwoc chimg
minh la dam bao hé sé on dinh tiém cdn tai goc
toa dg. Phirong phdp dwoc minh hea bang vi du
kém két qua md phong.

Tir khoa: MPC-Piéu khién du bdo, diéu khién phi
tuyén, LMI, diéu khién téi wu, dieu khién bén
virng, hé Lure.

Abstract

This paper proposes a method to design a robust
model predictive controller for an Lur’e system
with uncertain parameters, which is popular in
practice. The uncertain parameters are assumed
to belong to convex sets. The problem is
formulated as a Linear Matrix Inequalities, which
can be solved by available solvers. The result is a
linear feedback control signal that can be proved
to asymptotically stabilize the closed loop system.
The method is illustrated with an example with
simulation results.

Keywords: MPC, nonlinear Control, LMI,
optimal control, robust control, lure systems.

MPC  Model Predictive Control - Bo diéu khién du bao;
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Nonlinear Model Predictive Control - Bo diéu

NMPC " , . .
khién du bao phi tuyen.

1. Phan mé dau

Diéu khién du bao MPC da dwoc nghién ciru trong
mot thoi gian dai [1], [3], [4], [5], va trong linh vuc
diéu khién tuyén tinh, MPC di t6 rd su ndi troi trong
ca ly thuyét va thyc té. Trong diéu khién du bao MPC,
& mdi budc tinh, b didu khién giai mot bai toan toi
uu cho 16i giai (u(0), u(1), ... u(h)) va dua tin hiéu u(0)
dén d6i twong. Sau dé, trang thai x(k) cua hé duoc cap
nhat va qua trinh nay duoc lap lai. Biéu khién du béo
MPC cho hé phi tuyén tir lau da thu hat sy quan tam
trong linh vuc Iy thyét diéu khién [1]. Uu diém cua
MPC so Véi cac phuong phap didu khién phi tuyén
khéc I tich hop duogc cac diéu kién rang bugc cua bai
toan (vi du giGi han vé tin hiéu diéu khién va trang
thai) truc tiép vao bai toan diéu khién, trong khi 10i
giai truc tiép tir cac phuong phap diéu khién phi tuyén
khac can phai kiém tra diéu kién rang bugc mot cach
gian tiép. Didu d6 khién cho viéc thiét ké bo diéu
khién thuan lgi hon. Tuy nhién, nhuge diém cua diéu
khién dy bao phi tuyén la trong méi buéc thoi gian k,
bo diéu khién can giai mot bai toan toi wu phi tuyén,
mot viéc yéu cau phai tinh toéan rat 16n. Bén canh do,
bai toan ti wu phi tuyén nodi chung thuong kho dé tim
duoc 101 giai tdi vu toan cuc. Vi vay, néu c6 dua bai
toan ti wu vé mot dang cé 10i giai toan cuc trong thoi
gian tinh toan ngén hon 1a mot huéng nghién ciu.

mg

Hinh 1. M6 hinh tay robot

Mt khac, trong thuc té, cac tham sb trong ddi
tuong diéu khién thuong khong biét chic chin. Ching
ta chi uéc luong dwoc gia tri nam trong mot khoang
nao d6 chtr khong nam duoc gia tri chinh xac. Viéc
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khong chic chin nay ciing lam tang thém do khé cho
bai toan diéu khién phi tuyén néi chung. Mot cach tiép
can véi hé phi tuyén c6 tham s khong chac chan 1a s
dung phuong phap diéu khién bén viing [1], [2].

2. VAn dé can giai quyét

He phi tuyén Lure phd bién trong cac hé thong diéu
khién, vi du nhu hé théng tay may robot linh hoat [2],
[6] va Hinh 1, dugc mo ta bdi phuong trinh:

x(D)=Ax(t)+Bu(t)+Gg(z(1)), z(O)=Hx(t) (1)

Trong do:

X, U 1an lugt 14 vector bién trang thai va tin hi¢u
diéu khién;

A, B 1a ma trdn trang thai va ma tran tin hi¢u vao,
cbchidunxnvanxm. A, B cé thé khong biét 3 gia
trj chéc chén, chi biét ring gia tri ciia hai ma tran A, B
thuéc mot tap 16i co cac dinh 1a:

(A.B)=conv ((A1.B,), (42.B,),.... (49.B,)) (12)

G va H 1a ma trdn hing di biét va g(z) 1a khau phi
tuyén bi gi6i han trong mién cho trudc (sector-
bounded, xem Hinh 2), cu thé, ham s6 nay théa man
diéu kién:

(wz—9() g() =0, )

Trong do6 VFdiag(Wl W, _",Wp) 1a ma tran hang sd.

Bai toan dit ra la tim tin higu diéu khién u dé t5i
uwu nang lugng ti€u thy cta hé, hay noi cach khac 1a
phiém ham muc tiéu J dai dién cho nang lugng cua hé
dat gia tri nho nhét, véi:

1= [7(x(®TQx(D)+u() Ru(t)) dt,  (3)

Trong d6 ma trdn Q va R 14 ma tran trong sb ddi
xung xac dinh duong, dugc chon trudec.
Tin hiéu diéu khién va trang thai cta h¢ phai nam
gi6i han k¥ thuat cho phép:
<U<uy,,. Cac giéi han nay co thé

trong céc
Xmin <X<Xmax ’umin
viet dudi dang toan hoc nhu sau (xem, Vi dy, [6]): (x,u)
nam trong da dién:

C={[x™u"]" € R™™: cIx+dju < 1,i=1,2,..1}  (4)

3. Két qua chinh va chitng minh

Muc nay s€ trinh bay cach xay dung phuong phéap
diéu khién bén viing cho hé Lur’e khong tham s6 chéc
chén, ching minh tinh 6n dinh ciia phwong phéap va
tinh kha thi ctia viéc giai bai toan t6i uu cho mdi bude
thoi gian.
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Trude hét, can nhic lai mot bd dé da duge chung
minh trong [2] ma s& dugc sir dung trong phan sau.

Chu ¥ rang trong phan nay, chiing ta can tim tin
hiéu diéu khién tuyén tinh c6 dang u = Kx, vi vay gidi
han dugc viét dudi dang nhu sau:

C={[x™u"]" € R™™: (I +d{ K)x < 1,i=1,2,.., 1} (5)

glz)

Hinh 2. Khau phi tuyén sector bound trong hg Lur’e
Bo dé 1 ([2)):
Ellipsoid E={x € R™:x"Px < a} nam trong da
dién:

C={x"uTJ' € R™™: (cT+d{ K x < 1,i=1,2,...,1}
khi va chi khi:
(cT+dTK) (@P™) (T +dTK)" < 15i=1.2,..,1 (6)

Chiing minh: Xem trong tai li¢u [2].

B6 d& 1 chi ra rang néu diéu khién (6) dugc thoa
mén thi tat ca cac diém thuodc ellipsoid xTPx < asé
ndm tron trong da dién C, tirc 1a cac diém d6 déu thoa
mén vé gidi han diéu khién va trang thai cua hé thong.

Mit khéc, diéu kién vé sector-bound (2) c6 thé
duoc viét dudi dang ma tran nhu sau:

T _ T, T
B Lo 5 Gl=0 @

Tiép theo s& trinh bay dinh Iy nhim dam bao tinh
6n dinh cta hé thong diéu khién.

Dinh Iy 1:

Xét doi twong diéu khién (1) théa mén cdc diéu
kién (1a) va (2). Néu ton tai ma tran X doi ximg xdic
dinh duwong kich thudc n x n va ma trdn Y kich thuoc
m X n va o dirong sao cho ma trdn
[—ij —XA;" —BY - Y"B[ —Ga—05XH™W"]

—GTa — 0.5XwHX artl
0, véij=1, .0 8a)
1 TX +dTY
> 0véii=1, 2, ..,
[(ciT X +dTY)" X VoLt

(8b)
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thi hé kin tiwong teng véi tin hiéu diéu khién u(t) =
Kx(t) trong dé K = YX sé én dinh tiém cdn va théa
man cdc diéu kién rang bugc (4) cua trgng thai va tin
hiéu diéu khién. Ngoai ra, véi P = aX™t, it nhat
ellipsoid E={x € R™:x"Px < a} la mién hdp dan
ciia hé kin véi diém can bang 0. Néi cach khdc, néu
trang thdi hé xudt phat trong ellipsoid E thi hé sé on
dinh véi diém cdn bang 0.

Chitng minh: Ap dung cong thirc phan bu Shur

[2], (8b) twong duong v&i
1= (X +d"VX U TX+dTV)T >0,i=
1,2,...,1 9)

Sudung K=YX'va P = aX™1, (9) twong duong

voi:
1—(cfX+d'Y)(@P) (X +dlY)T >0,i=
12,...,1 (10)

Ap dung B6 dé 1, ta thdy (10) thoa méan diéu kién
(6), nghia 1a ellipsoid E luén nam trong mién C, tirc 1a
cac diéu kién rang budc vé trang thai va tin hi€u diéu
khién déu thoa man.

Tiép theo ta phai chi ra ellipsoid E Ia tap bat bién
(invariant set), qua dé khéng dinh hé én dinh tiém can
vai tin hiéu diéu khién u(t) = Kx(t). That vay, xét ham
Lyapunov c6 dang V(x) = xTPx. Hé kin tuong tmg
v6i d6i twong (1) s& 6n dinh néu:

V =x"(A]P + PA; + K"B[P + PB;K)x +

g'GTPx + x"PGg <0 voéij=1,..,.0 (12)
Viét (11) du6i dang ma trén, ta co:
[x]T [A]-TP +PA; + K"B[ P + PBK PG] [x] <0
9 GTP ollY
voi j=1, ....0 (12)
Ap dung k¥ thuat bién d6i S-procedure (xem
trong [2]), (12) s& thoa man khi ton tai 7 > 0 sao
cho diéu kién sau day duoc thda man:
AjP +PA; + K'BfP + PBiK PG +T2H"w] _
GTP + 12wH —1]
0 voij=1, ... (13)
Tiép tuc bién d6i (13) bang cach nhan vé trai voi
ma tran duong chéo diag(P~%,I) (vi ma tran
diag(P~%, 1) xéac dinh duong nén diu cia (13) khong
ddi). Sau d6 thé P~1, K bang X, Y va a, ta d& dang
thu duoc cong thirc (8a). Pay ciing 1a didu can chimg
minh.
Duya trén két qua Dinh 1y 1, dinh 1y sau day 1a két
quéa chinh cua bai bao, trong d6 tin hiéu diéu khién
dam bao giit hé 6n dinh va cyc tiéu hoa ham muyc tiéu

@3).
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Dinh ly 2:

Xét doi twong diéu khién (1) théa man cdc diéu
kién (1a) va (2). B diéu khién d béo sé gidi bai todn
161 wu sau ddy trong moi bude tinh todn t,

minimizeq, x, v, % (14)
sao cho:
1 xT(t
[ ( k)] >0, (14a)
x(tx) X
1 cI' X, +adl'y, >0
(! Xp +di V)" Xy ’
voii=1, 2, ...l (14b)
—AXy — XA = BY, —V,TBT  —Gay, — 05X, H™W’ X, Q%5 ¥R
—GTay, — 0.5WHX), Tl 0 0 S0
Q5 X, 0 al 0
RO'SYk 0 0 C[;(I
voi j=1, ...,0 (14c)

sau khi do dac x(ty),

sau do tinh P, = aXi', K, = VXt

Theo do:

(i) Bai toan toi weu (14) la t6i wu 161 khi c6 dinh >
0. Khi bai toan giai duoc ¢ t = 0 thi sé giai duoc 7 .
(tinh kha thi ciia bai todn toi uu),

(ii) Gid tri ay, luén la chan trén cia phiém ham
muc tiéu (3) tai méi thoi diém t.

(iii) Néu badi todn téi wu la kha thi khi t = 0, tin
hiéu dieu khién u(t) = K,x(t),t € [ty, tys1] s€ diam
bdo hé én dinh tiém cdn.

Chirng minh:

(i) Str dung didu kién (14c) va cac ky thuat bién
d6i twong ty nhu phan chimg minh cho DPinh 1y 1, ta
thdy diéu kién (14c) théa mén khi:

x"(ATP + PA;K"B/P + PBiK + Q +
KTRK)x + g"G"Px + x"PGg <0 v¢ij=1,....0
(15)
Xét ham Lyapunov c6 dang V,(x) = xTP.x .
Pao ham béc nhit ciia ham nay c6 dang
V =x"(A]P + PA;K"B] P + PB;K)x + g"G"Px +

xTPGg voéij=1,..,0 (16)
Do ma tran Q va R 1a ma tran xac dinh duong nén
khi diéu kién (15) thoéa méan thi V luén xac dinh 4m
khi t >ti. (15) va (16) ciing dam bao réng:
X (tres )" Pex(tesr) < x(t)" P (ty) (17)
Két hop v6i diéu kién (14a), (17) chi ra rang:
X (tr1) T Pex(trr) < x(t)"Pex(ty) < @ (18)
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(18) cho thiy nghiém cua bai toan giai tai t; ciing
s& 1a nghiém cua bai toan giai tai ty,,, tic 1a néu bai
toan giai duoc tai t; thi cling s& ton tai 10i giai tai t.
Véi k bit dau tir 0, ta co két luan (i).

(i) (15) co thé duogc viét dudi dang:

T T
x"(Q + K"RK)x < —xT (AP + PA;K"B[P +

PBK)x — g"G"Px — x"PGg véij=1, ....0 (19)

Chi y rang u(t) = Kyx(t) va vé phai cua (19) la

V , do d6 (19) chinh la:
xTQx + uTRu < -V (20)

Tich phan hai vé cua (20) tir t, dén oo, ta co
J(t) < x(t)T Prx(ty), so sanh voi (18) s& co:

J(t) < a (21)

Nhu vay, ham muc tiéu ludn bi chan bdi gia tri a;
tai mdi t,. Y nghia ciia két luan nay 1a khi giai bai
toan (14) dé cuc tiéu hoa gia tri cia ay,, ching ta ciing
cuc tiéu hoa phiém ham muc tiéu.

(iii) V61 ham Lyapunov da chon, ching ta da chi
ra rang trong mién (t, ty,,) dao ham ciia nd xéac
dinh am, tic la ham Lyapunov luon gidm. Chung ta
can chi ra rang tai cac diém khong lién tuc nhu t,,
thi ham Lyapunov ciling giam chir khong tang. That
vay, do két luan ctia chimg minh trong (i) nén dan t6i:

X(ts 1) Prear X (tesr) < x(t)"Pex(ty) (22)

Nhu vay, h¢ kin 6n dinh tiém can véi tin higu diéu
khién u= Kk Xk. Dinh 1y 2 di chi ra cach thirc hoat
dong cta bo diéu khién. Tai thoi diém tbo diéu khién
do gia tri trang thai xk, giai bai toan t&i wu (14) dé thu
duogc gia tri ma tran Ky va dua ra tin hiéu diéu khién
U= Kk Xk.. Sau d6 qua trinh nay lai lap lai.

4. Vi du va két qua mo phéng

Trong phan nay mot vi du s& duoc trinh bay dé
minh hoa phuong phap thiét ké bo diéu khién du bao
bén vitng da trinh bay & trén. Xét d6i twong diéu khién
la mot tay may robot (Hinh 1) dugc mo ta bdi phuong
trinh toan nhu sau:

X =X
X, = —(48.6 — §)x; — 1.25x, + 48.6x3 + 21.6u
L (22)
X3 = x4

Trong d6 & 1a tham sé khong chéc chén, c6 thé
thay d6i tir 0,1 dén 3. Ham s6 g(z) 1a ham phi tuyén,
c6 dang:

9(z) = z + sin(2) (23)
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Nhu vdy ham g(x) luén niam giita mién 0 <
g(2) < 2z, théa méan diéu kién (2) voi w=2.
Trang thai ban dau cua hé tai x0=(1.2,0,0,0). Yéu
cau diéu khién vé gdc toa do véi
lul <1, x| <1/2,|x3| <m/2 (24)
Ma tran Q va R dugc chon 1a Q=diag(1,0.1,1,0.1),
R=0,1.

Control inputs
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Hinh 3. Két qua mé phéng tin
hiéu diéu khién va dgi lrong
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Hinh 4. Két qui mé phéng cic trang thdi hé

5. Két luan

Bai bao di trinh bay mot phwong phap diéu khién
du bao bén viing dua trén LMI danh cho hé Lur’e c6
tham s6 khong chic chin dudi cac diéu kién rang budc
vé trang thai va tin hiéu diéu khién. Bing cac chimng
minh toan hoc rd rang va vi dy minh hoa dugc mo
phong, bai bao da cho thiy phuwong phap thiét ké bo
diéu khién giai quyét dugc bai toan dé ra.

Bai béo 1a budc dau ciia cac nghién ctru mo rong
sau nay. Thir nhat, nghién ctru c6 thé dugc mé rong ra
cho bai toan véi hé roi rac. Thir hai, do cac dinh Iy néu
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ra trong bai 1a cac diéu kién du nén 10i giai s& con du
dia dé cai thién. Vi du, c6 thé trong qué trinh diéu
khién, théng tin vé hé¢ duoc cap nhat dé giam tinh
khong chic chin cua tham sb trong hé, qua d6 chét
luong diéu khién s& duoc cai thién. Thir ba, ngoai
phuong phap dua trén LMI véi cira s6 du bao dén vo
cung, c6 thé sir dung phuong phap diéu khién du bao
v6i cira s6 hiru han va so sanh két qua hai phuong phap
diéu khién, danh gia phuong phap nao cho két qua tot
hon vé& mit 1y thuyét.
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