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Piéu khién du bao phi tip trung hé phi tuyén sir dung mé hinh
tuyen tinh xap xi tirng doan
Decentralized Model Predictive Control of Nonlinear System Using Piesewise LTI Model
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Tom tat

Bai bao dé xuét thuat toan diéu khién dw béo phi tap trung (DMPC) cho hé phi tuyén gém nhiéu cac qua
trinh con c6 tuong tac véi nhau. M6i hé con duoc diéu khién béi moét bé diéu khién dw béo, bé diéu khién
nay st dung mé hinh tuyen tinh dieng (LTI) xép xi ttrng doan va théng tin dw bao tor cac bo didu khién du
béo khéc dé dw béo nhiéu va tinh toan tin hiéu diéu khién téi wu béng cach xem céc twong tac t6i hé théng
cuc bé nhw 13 nhiéu. Bén canh dé, tinh én dinh ISS cta céc hé con va toan hé théng duoc dam bdo dua
trén mét sé gia thiét. Két qua mé phdng trén hé néi hoi — tuabin cho thdy khé néng thuc thi cta thuét toan.

T khéa: Hé ndi hoi - tuabin, didu khién dw bao phi tap trung, dn dinh vao trang thai (ISS)
Abstract

This paper proposes a Decentralized Model Predictive Control (DMPC) schema for nonlinear systems
consisting of a number of interconnected nonlinear subsystems. Each subsystem is controlled by a model
predictive controller using piecewise Linear Time Invariant (LTI) predictive model and the predictive
information from other model predictive controllers to predict disturbance and to calculate the optimal control
signals with considering the effect of interconnections as perturbation term. Besides, the input-to-state
stability (ISS) property of the local subsystems and the global system is guaranteed by some predetermined
assumptions. The simulation results on the boiler-turbine system have demonstrated the performance of the

proposed approach.
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1. Mé dau

Diéu khién du bao véi cdu trac diéu khién tap
trung, v6i kha ndng giai quyét céc bai toan nhidu vao/
nhiéu ra c6 rang budc va c6 dong hoc phuc tap, cho
dén nay da c6 rat nhiéu cong trinh dugc cong bd va
dugc ung dung thanh cong vao nhiéu linh vyc trong
cong nghiép [1-3]. Tuy nhién, khi s lugng cac bién
vao/ra tang 1én, kéo theo nhling kho khan trong giai
bai toan t6i wru va anh hudng t6i tinh ning thoi gian
thyc ciia hé théng. Hon nita cac hé théng 16n thudng
gdm nhiéu qua trinh con tuwong tic v&i nhau (cic qua
trinh héa hoc, hé théng phéan phéi dién nang, h¢ thong
giao thong da phuong tién) nén kho diéu khién bang
cau trac diéu khién tép trung boi khdi lugng tinh toan
16n, van de dleu khién tin cdy va bén ving, ciing nhu
gi6i han vé truyén thong [4-7] .

Mot hudng giai phap dwoc st dung 1a diéu khién
hé théng nay boi bo diéu khién du bao phi tap trung,
trong do mdi qué trinh con dugc diéu khién béi mot
b diéu khién dy bao va céc bo diéu khién du bao cuc
bd nay c6 thé diéu khién doc lap hodc co su trao ddi
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thong tin voi nhau. Didu khién du bdo phi tp trung
dya trén mo hinh tuyén tinh dugc dé cép trong [6, 8,
9]. Richard and How [6] da thiét k&6 DMPC cho hé
g6m nhiéu hé con ¢ cic dau ra twong tac v6i nhau
duéi dang rang budc chung cua hé. Trong mdi chu ky
trich mau, cac bo diéu khién MPC cuc bd lan luot
nhan gia tri du bao ddu ra tir cac bo didu khién khac
@& fim tin hiéu diéu khién t6i wu. Thuat tosn DMPC
cho hé gdm nhiéu hé con tuong téc v6i nhau qua bién
trang thai va c6 anh huéng béi nhiéu ngau nhién duoc
nghién cutru trong tai liéu [8]. Ciling trong tai liéu nay
chc diéu kién v& ma tran trong s ciia ham phat trang
thai cudi, rang budc trang thai cudi va diéu kién dau
cho viéc giai bai toan t8i wu duoc dua ra dé dam bao
tinh héi tu cua thudt toan. Tuy nhién tai li€u nay chua
dé cap tdi tinh on dinh cua cac hé con cling nhu toan
hé. Hé gdm cac hé con tuong tac vao/ra, trong d6 gia
str dAu ra ctia h¢ nay 1a dau vao clia hé kia nhu trong
céc hé ndi tiép va hoi tiép dugc nghién ciru trong tai
ligu [9]. Céc tac gia coi cac tuong tac vao/ra tdi tir cac
hé con khac 12 nhidu cua hé con hién tai, tinh 6n dinh
ISS cua cac hé kin cuc bo va toan hé kin dugc dam
bao nhd gia thiét cac hé ho cuc bo 14 6n dinh.

Song song v&i cac cong trinh nghién ciru vé cau
tric va giai thudt diéu khién dy béo phi tép trung dua
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trén md hinh tuyén tinh, ciing c6 nhidu cong trinh
nghién ctru cho hé phi tuyén khong lién tuc va tinh 6n
dinh cua hé [7, 10, 11]. Trong [7], cac tac gia tién
hanh so sanh céc thuét toan didu khién du béo tap
trung, diéu khién du bao phi tip trung véi cac bd didu
khién cuc bd c6 va khong ¢6 trao dbi thong tin véi
nhau cho hé théng xe kéo. Két qua méd phong cho
thdy thuat toan diéu khién tap trung cho chit lugng
diéu khién véi sai 1éch nho nhat, trong khi thut toan
diéu khién phi tap trung c6 thoi gian tinh toan nhanh
nhit. Tinh 6n dinh ISS cho h¢ DMPC dugc dam bao
khi cdc b diéu khién MPC cuc bd lam 6n dinh ISS
céc hé con dugc dé cap o tai liéu [10], trong d6 twong
tac trang thai gitra cac hé con déng vai trd 1a nhiéu.
Ciing str dung ham ISS-Lyapunov dé dam bao tinh 6n
dinh ctua hé phi tuyén khong lién tuc, tai liéu [11] dé
cap dén thiét k& bd DMPC cho hé gdm nhicu hé con
tuong tac trang thai va xét dén trudng hop dong hoc
hé thong bi thay ddi boi cac 18i xay ra & cac thoi diém
khong biét trude. Tuy nhién, cic tai liéu nay chwa dé
cap t6i viée trao doi thong tin giita cac b diéu khién
cuc bo dé didu khién. Ciing nhu viéc cai dat thuat
todn va giai bai todn tdi wu phi tuyén online, vdi cac
rang budc cia hé va cac rang budc dugc dua thém
vao nham dam bao tinh én dinh cta hé, 1a khé khin
boi cong thirc du bao du ra c6 dang ham hop cua
nhiéu ham phi tuyén 1dng vao nhau. Pdng thoi, didu
ndy c6 thé anh huong dén tinh ning thoi gian thuc
ctia hé thong.

Bai bdo dé xuat sir dung phuong phap DMPC
cho hé phi tuyén gdm nhiéu qua trinh con tuong tac,
trong d6 cic tuong tac vé bién trang thai hay twong
tac vao/ra dwoc xem nhu 1a thanh phan nhidu do
duoc, dong thoi xét ca anh huong cta thanh phin
nhiéu nay dén dau ra cua cdc hé con. M6 hinh phi
tuyén ban dau duoc xdp xi timg doan thinh mé hinh
tinh LTI va cac bo diéu khién cuc bo sir dung thong
tin can thiét tir cac bd didu khién cuc b khac dé du
bdo nhidu. Bai bdo ciing dua ra chimg minh tinh 6n
dinh ISS ciia cic hé con va toan h¢ ban dau va ap
dung thuét toan diéu khién hé ndi hoi — tuabin.

2. By diéu khién duy bao phi tip trung

Xét hé théng phi tuyén khong lién tyc gbm M
qua trinh con c6 tuong tac trang thai hodc tuong tac
vao/ra voi nhau déng vai trd 12 thanh phan nhidu do
duoc nhu sau:

{Xl";' =P dd o m 1)

Yi =8 (X,u;.dy)

voi X =(x{ [£].....x, [k])T la vector cic bién trang
. . . T 7 2

thi, u} = (u[k],....u, [k]) 1a vector cdc bién dau

vio, y = (y[ [k ¥ [k])r 1a vector céc bién dau ra,

i i i T 4 <A X 2
d, = (dl [k]...nd, [k]) 1a vector cdc bién nhiéu théa
man cac diéu kién rang budc

x, e X' cR"u, eU cR",d, eW' cR”
Va f',g 1a céc vector ham phi tuyén tron theo

(x;,u},d}) . Néu dinh nghia

N Y A 1 ,
X, =((Xk) (xk ) ) =col(xk,...,xk )
u, 2 col(u;,...,uf),d,{ = col(di,...,dﬁ{”)

f écol(fl,...,fM),g £ col(gl,...,gM)

thi hé théng tong thé co thé duoc biéu dién dudi dang

{Xku =f(x;,u,.d;)

2)
Y, =gx,,u,.d)

Bai to4n dit ra 12 thiét k& bo diéu khién phi tap
trung gom M bo diéu khién du bao MPC', trong do
mbi MPC' ¢6 nhiém vu diéu khién du ra y! cia hé
thtr i bam theo gia tri dat r'tuwong tmg, dong thoi
dém béo tinh én dinh cho tung hé con va toan hé
thong.

2.1 M6 hinh trang thai tuyén tinh xp xi tirng
doan

V6i gia thiét f',g tron ta c6 thé xép xi tuyén
tinh chiing trén co s& phan tich chudi Taylor nhu sau:

£ (x,,u;,d,) ~ A\x, +Biu, +E|d, +v,

g'(x,,u,,d,) ~ C;x, + Diu; +Fid, +1;

Pl Al i i
v, =x, —Aix, , —Biu  -Ed;

Vi o o o o
T 1 13 13 _ 1 1 _ 1 1
N =Y +Cx ., Dy —Fdy
o of ) of'
Al =— B, =—
o * '
X dy Xy dy
) a i ) a i
c =% D, =% 3)
oo Loou
X dy X dy
. off . og'
KT E =
XU ~dik71 X ud g

Do d6 cac hé con phi tuyén ban dau (1) c6 thé xép xi
trong kT <t< (k+1)T baoi

“

i

{igﬂ =AX. +Blu, +E/d, + V'
i _ igi i i igi
Yy, =Cx, +Du, +Fd, +4,
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Sai lgch gitta md hinh phi tuyén ban dau (1) va
mo hinh tuyén tinh xap xi trng doan (4) voi cling gia
tri ban dau (x’,'(,u’,'{,d’;,) 1a

€ =X ~ X 5)
trong d6 e} phu thudc vao v| va ham f'cua (1) .
Khi d6 mé hinh (1) c6 thé dugc viét lai nhu sau:
{xjm =A'x, +Blu, +E/d} +e, ©
y, =C;x, +Dju, +F/d,

2.2 Thiét ké bd diéu khién
Qé tang kha ndng bam gia tri dat cua h¢ ta thyc
hién bo sung thanh phan tich phan vao hé thong nho
phép doi bién sau:
AX; =X, ~ X, Auy =, —u)

o (7
Ad. =d

—di,_l,zj( = col(Aii,yi_l)

Gia thiét A,B;,C.,D;,F/,vi,n, khong thay
ddi trong sudt cra s6 du bao hién tai, khi d6 mo hinh
du bao (4) tré thanh

{z}'m = Az, +BiAu) + E,Ad} ®)

y, = Ciz, +D\Au, + FAd,

. (AL 0 _ (B') -. (E
0%
C, Iqxq D, F, )

¢, =(c,.1,,).D, =D ,F, =F,
Tuong tu [12], st dung md hinh (8) dé tinh toan
céc gié tri trang thai twong lai z}, ;va dau ra du bao
Y, v6i tim dy béo N, sau d6 bidu dién cac gid tri du

bao dau ra dudi dang ma trén ta co

y =Gz, + H, AU + K, Ad’ (10
Véi
Vi Au, Ad,
: i Au, .| Ad,
yl yl\;-v»l ’Auz u.k+l ,Adl — :k+1 (1 1)
y;(‘FN Au;chN Ad;chN
C,
| CAL
G, =
~.\N
C,(A})
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D! 0 0

‘ C:B! D, 0
H, = : :

C.(A) B, C(A) B, - D

F; 0 0

_ 6;173; 17‘,;' 0

c.(A)'E, C(A) E - F

Ad' 13 vector nhiéu du bao c6 duge nho céc thong tin
du bdo trang thai, dy bao d4u ra hoac quy dao tin hi¢u
diéu khién t6i wu cia cac hé con j#i c6 twong tic
v6éi hé i gui toi. Con trong truong hgp khong s
dung thong tin dy bao tir cac h¢ con khac dé du béao

nhiéu thi c6 thé gia sa Ad.,, =Ad,,, , =...= Ad,

Dé dam bao cac gia tri dau ra cua cac hé thong
con y, bam theo gid tri dit r'tvong ng ta st dung
ham muc ti€u dang sau:

N T

J(Aau)=>(r'-yi.,) Qi (r'-vi., )+

Jj=0

i Y i A
+ (Aukﬂ. ) R} Au;
voi QL. R} la cic ma tran dbi xtng, xac dinh duong
tiy y, duoc chon tiy theo diéu kién rang budc cia
Auj, . T nghiém i wu Au” thu duoc tir viée giai
t6i wu ham muc tiéu trén ta c6 thé tinh gid tri didu
khién t0i vu cua hé ban dau

u, =u,_ +Au’ =u,_ +(7,,.0

mxm? 220

0)Au” (13)
Tin hiéu diéu khién nay s€ dugc st dung dé didu
khién hé con thir i cta hé.
2.3. Thuit toan diéu khién
Tir qué trinh tim tin hiéu diéu khién t6i wu trén,
thuét toan diéu khién dy bdo phi tap trung cho mod
hinh phi tuyén khong lién tuc dugc xay dung nhu sau:

1. Tai k=0, chonu',x',,Nva cic ma tran dbi
xung xéc dinh duong Q;,R; .

2. Céc by didu khién MPC'  tinh
Al B!,C.,D.,E,,F'theo (9) va (3). Tinh
G ,H! K! theo (12).

3. MPC' nhan gia tri phan hoi trang thai x| , phan

hoi dau ra y! | dé tinh z; theo (7). Nhan cac gia
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tri dy bao ttr cac MPC’ khac (j#i) c6 tuong
tdc t6i h¢ i dé xac dinh Ad; theo (11).

4. MPC' xac dinh tin hi¢u diéu khiénu/, theo (13).
St dungu, dé diéu khién hé (1), dong thoi gui
céc gia tri dy béo can thiét, thu dugc qua qua
trinh gidi bai todn t61 wu, cho cic bd
MPC’ (j # i) ma hé tuong téc.

5. Gén k:=k+1 vaquay lai budc 2.

2.4. Tinh 6n dinh ciia h¢ DMPC
Nhu da trinh bay ¢ trén, thuat tgén dé xuét thuc

hién xap xi lién tuc mo hinh phi tuyeén (1) thanh day

cdc mo hinh tuyén tinh LTI (4) voi sai léch e (5).

Tai chu ky trich mau thit &, tmg v6i mdi m hinh xap

xi (4) ta c6 mdt bd ddiéu khién dy bao

MPC} :=uj (X} ). Gia sir bd diéu khién nay 1am én

dinh hé (4) theo nghia on diph ISS [3], thi céu hoi dat

ra ¢ day 1a cac bg diéu khién nay c6 lam on dinh hé

(6) hay khong. Gia sir bo diéu khién MPC; = u} (X} )

1am 6n dinh ISS hé (4) theo nghia ton tai ham ISS—

Lyapunov ¥V} va ham ¢ "€k, a|,a},a}) ek thoa

man dicu kién sau VX € X'

iR =r(®)zes(x]) a9
ACHRACIE (e

Xét ham
Vi(xi )=V (x;) véi kT <t <(k+1)T  (16)

Tai kT <t<(k+1)Tthi X, =x, 1a gid tri trang thai
ctia h¢ thong nén tir (16) va (14) ta ciing ¢6

o (%) =7 (%) <5 (|xi) (17)
Hon nita tir (16) va (5) ta c6
)y )= (R ) )
=V (% el )=V (%0 )+ 77 (K1) -7 (%))
Gia thiét ¥/ :R" - R la ham Lipschitz thi ton tai
L, >0sao cho

Vi (X el )=V (%)

i '*1 ifgi
S|V Xk+l+ek) Vk(xk+l)

19)

<L |ej'(|

Thay (15) va (19) vao (18) taco

24

V(%) -V (%)<= (|x;|)+a i (|d2,|)+Ll |e;| (20)

Do L,>0 nén L,le}| ciing la mot ham thude 16p
X, va e, dong vai trd nhu 1a thanh phan nhiéu cua
hé (6) nén véi gia thiét nhidu e, bi chan, thi tir (17)
va (20) ta c6 V' (ch ) chinh 1a ham ISS-Lyapunov cta

hé (6) hay tinh 6n dinh ISS cta cac hé con duoc bao
dam.

Dé xét tinh 6n dinh ISS ctia hé tdng thé (2) ta xét ham
M

x)=> V" (x}) (1)
i=1

Tu (17) va do téng cac ham thugc 16p K cling 1a mot
ham thudc 16p K nén

M . . M i A
DYHMEPH(AESN(A)
i=1 i=

Xetal—mm{ Lal,.. IM}eK,téntaic>0dé

Serel)= £
ZI . k)

do vay tontagiham ¢ |, , e X dé

“1(|Xk|)S V(x,)<a 2(|Xk|)

Tu (20) va (21) ta co

4

(i) (<)

o (fif )+ " (aif) o 2 (k)
23)

Tir (22) va (23) ta c6 hé tong thé (2) 6n dinh ISS
véi ham ISS-Lyapunov (21).

M
>

i=1
=
=a  \|X

(22)

=

V(x)-V(x,)=

i

<

M= Iy

i=

3. Diéu khién dyw bao phi tip trung hé ndi hoi —
tuabin

Nbi hoi-tuabin 12 mét khau rat quan trong trong
cic nha may nhiét dién, gdbm ndi hoi dé tao hoi qua
nhiét va tuabin dé phat dién theo yéu ciu cua ludi
dién. Mot md hinh hé ndi hoi-tuabin phi tuyén bac 3
don gian duoc miéu ta & tai liéu [13] voi cac bién qua
trinh nhu ¢ Hinh 1.
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Hinh 1. Céc bién qua trinh ciia md hinh ndi hoi-
tuabin [14]
3.1 Mo hinh ndi hoi vi mé hinh tuahin

C6 thé thiy, md hinh ndi hoi  tuabin 1a mot hé
da bién gébm 2 qua trinh con ¢6 tuong tac véi nhau 1a
ndi hoi va tuabin. Bién diu vio wu, cua tuabin dong
vai trd 12 nhidu tuong tac cta ndi hoi va bién dau ra
(cling 13 bién trang thai) cva ndi hoi y, doéng vai tro
13 nhiéu twong tic ciia tuabin . Dua trén phuong trinh
vii thong 6 cua ndi hoi — tuabin [13] ta c6 thé viét lai
mé hinh ndi hai nhu sau:

% =f" (xl,ul,dl
y =g (x],u'.d‘) S
Voi
~0.0018d" (x!)"" +0.1u! ~0.015u}
1411, - (1.1d" - 0.19) x,
85

xl
1 1
& 0.05(0.13073x} +100a,, +¢, /9 —67.975)}

X! =(XIJ’u1 2[”1}),1 =(Y1j’d1 —u,
X3 Uy V3

Dé thu dugc mé hinh ndi hoi phi tuyén khong
lién tuc ta tien hanh roi rac hoa (24) véi chi ky trich
mau 7T :

1 '1 1 1 1) 4 gl 1 1 1
X,,, =X, +1T (xk,uk,dk)—f (xk,uk,dk)

. (25)
vi=g'(xu,d) 2 (x,u},d})
Tuwong tuy md hinh tuabin c6 dang
.2 — 2 2’ 2,d2
X =f"(x"ut,dY) 26)

v =g (")

voi 2 ut,d*) = (073u% ~0.016)(d?) " ~0.15°

g ) =x*
¥ =x,u’ =u,,y = y,,d" =x,
M6 hinh tuabin sau khi gian doan héa
a0 (s )& S ()
vi=g"2g (x.u]) o7
3.2 Két qua mé phéng

Ap dung thujt toan dé xuat vao diéu khién phi
tdp trung h¢ noi hoi (25) va tuabin (27) vd6i tham so
gidng tai liéu [12] : N =20,T =1[s],

QI_] 0 Q2_1R1_2 0 R2_80
L O T 1 1 o ) T o

v cac diéu kién rang budc cho cac bién diéu khién:
(0,0)" <ul <(1,1)",0<u? <1,-2 < Au? <0.02
(~0.007,-0.005)" < Au} <(~0.007,-0.005)"

va gid tri dat r' =(97.2,-0.32)" ,r? =50.52

Drum Pressure

10
k ———DMPC
100 =T - - -DMPCd
—-—--MPC
= 1]
a0
70" . -
0 50 100 150 200 250 300
Level Deviation
-0.2 T T -
04 e
-0.6 o
-08 |
a | I
0 50 100 150 200 250 300

Time(s)
Hinh 2. DBép tng dau ra cia ndi hoi

Power Dutput

L y p——

40

A+

247

20

[ Ll 100 156 205 2:0 A
1IPTe:s;

Hinh 3. Dap tmg dau ra clia tuabin
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Hinh 4. Tin hi¢u diéu khién hé¢ ndi hoi va tuabin
(DMPC: duong nét lien, DMPCd: dudng gach dut,
MPC: duong cham gach)

trong trudng hop ¢ dy bao nhidu (DMPCd) va khong
du bao nhidu (DMPC), ddng thoi so sanh véi trudong
hop 4ap dung thuat toan diéu khién dy bao tap trung
(MPC) [12] ta thu duoc cac két qua trinh bay trén cic
Hinh 2 dén Hinh 4. Két qua cho thdy khéng c6 su
khéc biét 1on vé chét lugng diéu khién, mac di vé dap
{mg dAu ra cong sudt ciia turbin thi phuong phap diéu
khién du béo tap trung c6 d6 qua diéu chinh nhé hon
nhung xac 14p chdm hon phuong phap dleu khién dy
béo phi tap trung. Dap g dau ra cong suét ciing cho
thay phuong phép diéu khién dy bao phi tap trung deé
Xudt, co sir dung thong tin tir cac bo diéu khién khac
dé dy bao nhidu (DMPCd), cho dap tmg nhanh hon
va d6 qua diéu chinh nhé hon trudong hop khong du
b4o nhiéu (DMPC).

4. Két luan

Mot thuat toan diéu khién du béo phi tap trung
hé phi tuyén gdm cic qua trinh con, md tuong tac
trang thai va tuong tac vao/ra gilra chiing dugc xem la
nhiéu do dugc, duge d& xuit & bai bao nay. Bo diéu
khién niy gdm nhiéu b diéu khién du bio dugc thiét
ké cho mdi hé con, dong thoi giita cac b didu khién
ny co trao ddi thong tin dy bao véi nhau. Tinh 6n
dinh ISS cua cac hé con va toan hé duge dam bao néu
bo diéu khién dy bao 1am 6n dinh ISS hé tuyén tinh
dimg LTI xdp xi timg doan theo nghia ton tai ham
ISS-Lyapunov théa man tinh Lipschitz. Két qua mo
phong khi 4p dung thudt toan vao didu khién hé ndi
hoi — tuabin, cling nhu khi so sanh véi truong hop s
dung bd diéu khién dy bao phi tip trung khong du
bao nhidu va diéu khién tap trung, cho thiy tinh kha
khi cta thuét toan.
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