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Tém tit

Chiing t6i xdy dwng mot hé thong diéu khién thich
nghi cho cdc hé dong hee phi tuyén chira cdc yéu
16 bdt dinh trong truong hop tong quat. Ky thudt
cuon chiéu back-stepping ding dé thiét ké cdu
triie ciia bé diéu khién trong khi mang no ron RBF
diing dé tong hop co cdu thich nghi. Bang cdch
nay, hé thé'ng diéu khién dén dong 16t hé dong luc
ma khéng can nhiéu thong tin mé hinh hé dong
lwe. Vi du dp dung cho con ldc ngwoc bang mé
phong s6 cho thay hiéu qua ciia hirdng diéu khién
dé xudt.

Tir khoa: Piéu khién cuon chiéu, diéu khién thiqh
nghi, mang no ron RBF, hé dong luc, con lac
nguoc.

Abstract

We propose an adaptive control system for a class
of dynamic nonlinear system in the face of
uncertainties. The back-stepping technique is
used for building the control core while the
adaptive behavior of the system comes from an
adaptation mechanism. On the basis of RBF
neural network approach, such mechanism
approximates the complex unknowns of the system
dynamics then provides to the controller to track
the system outputs. As a result, the controller
works well even lack of much knowledge of
dynamic plants. The effectiveness of proposed
control system is validated by numerical
simulation on a platform of an inverted pendulum.
Keywords: Back-stepping control,
system, radial basis function (RBF),
networks.
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1. Pit van dé

Céac may moc va thiét bi ké ca dan dung 1dn cong
nghiép nhin chung déu 1a nhimg hé co hoc
(Mechannial systems) [1], dwoc cung cdp ning lugng

ban dau dé hoat dong. Khau dau tién cia mot hé dong
luc (dynamical sytems) [2] 1a dong co bién ngudn
nang lugng ngoai nhu dién nang (dong co dién), hoa
ning (d6ng co ddt trong) thanh co nang, truyén dén co
céu chap hanh dé sinh cong c6 ich. Tinh chét va trang
thai hoat dong cia mot hé dong luc dugc biéu dién
dudi dang (hé) phwong trinh vi phan (PTVP) phi tuyén
cép hai cua cac toa do suy rong (hay tin hiéu ra). Ly
do dan dén mé hinh toan nhu vay la do cac PTVP cép
hai co yéu tb gia tdc thiét 1ap dya trén dinh luat Neuton,
cac phuong trinh cta cua Euler va Lagrange. Nhu s€
théy trong muc 2, h¢ PTVP cép hai ¢6 thé chuyén
thanh gép d6i s6 PTVP cap mot. Piéu nay thuén tién
cho viéc thiét ké cac thuat toan diéu khién.

Nhin chung, hiéu r5 mé hinh toan cta ddi twong
diéu khién, cung cip cang nhiéu thong tin vé ddi
tuong diéu khién cho hé thdng diéu khién thi n6 lam
viéc cang chinh xéac. Cac k¥ thuat diéu khién nhu thé
dugc goi 1a diéu khién hudéng mod hinh (model-
oriented control) [3]. Nhu vay, nguyén tic hdi tiép 1a
nguyén téc co ban, cdt 15i ctia mot hé théng diéu khién.
Thong tin phan hdi (feedback signals) cang ddy du, hé
thdng diéu khién 1am viéc cang hiéu qua.

Diéu khién cudn chiéu (back-stepping control)
dung cho cac hé phi tuyén dua trén su hoi tu cac ham
Lyapunov xép chong [4]. Phuong phédp nay ding
rong rai trong cac hé k¥ thuat, tr hé dién thuan tay [5],
dén cac hé co dién phuc tap nhu UAV [6]. “Back-
stepping” ¢ cac uu diém: (1) Bén ving, kha ning
chéng lai nhidu ngoai va bién ddi tham sb cua hé; (2)
bép tng nhanh va chinh xéc; (3) Phu hop véi cac hé¢
phi tuyén manh. Tuy nhién, van ton tai mot sb thach
thirc: (1) Thiét ké phirc tap, cdu trac luat didu khién
cdng kénh; (2) Yéu cau hé hoi tiép toan phan (full
states feedback). Y twdng co ban cua didu khién cudn
chiéu 14 tach hé phi tuyén thanh chudi cac hé con. Sau
do, thiét ké bo diéu khién 6n dinh ting dan tir hé con
cudi cung ngugc trd lai hé ban déau. Cac cong cu chinh
ctia k¥ thuat nay gom hoi tu Lyapunov, luat diéu khién
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40, va 6n dinh dé quy. Thiét ké nhu vay c6 tinh hé
thong, chia hé phirc tap thanh cac hé con, d& kiém soét
hon, va sir dung ham Lyapunov dé dam bao tinh 6n
dinh & mdi bude. Gidng nhu cac k¥ thuat didu khién
phi tuyén khac, n6 doi hoi tinh chinh xac ciing nhu
nhiéu thong tin mo hinh toan hé dong luc. Tich hop
cac k¥ thuat thich nghi, nhu uéc lugng mang no ron,
c6 thé giai quyét dugc van dé thiéu thong tin hé dong
luc nhung van dam bao yéu cau vé hé thong dicu
khién [7].

Udc lugng va bu thong tin mé hinh toén bang ky
thuat mang no ron khong phai la méi. Tuy nhién, hi¢u
qua cta nd véi cac hé thiéu thong tin va hudéng dén
tinh thong minh 13 thuc sy 4n tuong. Trong nghién ctru
nay, chiing t6i tan dung wu diém cua cac k¥ thuat diéu
khién khéac nhau bang cach phdi hop chiing trong thiét
ké cac thanh phan cta hé théng diéu khién. Lai ciia bd
diéu khién dya trén k¥ thuat back-stepping giai quyét
t6t van dé¢ khir phi tuyén manh cta ddi twong diéu
khién. Su két hop cia wéc lugng mang no ron RBF
lam tang tinh thich nghi ctia hé thong diéu khién, nd
b hau hét cac phan phi tuyén, phan bat 6n bén trong
ddi tuong diéu diéu khién. Su m& rong nay tao ra mot
hé théng diéu khién vira giai quyét tt vin dé phi tuyén
vira ting tinh thich tmg ctia hé. Ching ta s& thiy o
hon wu diém nay qua phén tich & muc 3.

Bai béo dugc cu trac thanh sau phan. Sau muc 1
phan tich tdng quan va dé xuét y tuéng nghién ctru,
muc 2 md ta md hinh toan hé dong luc dang tong quat
ciahé PTVP cép 1 hoac cép 2, thudc tinh tin hiéu diéu
khién va cac dap ung dau ra. Muc 3 mé ta dic diém
ctia hé thdng diéu khién thich nghi cubn chiéu duéi
dang so d6 khéi. Piac diém cua cac thanh phan chinh
gd6m bo diéu khién back-stepping, bo udc lwong thich
nghi ding mang no ron RBF, cac luu ¥ khi thiét ké.
Muc 4 xay dung luat diéu khién back-stepping dé dan
dong cac tin hi¢u ra cta hé dong luc dén cac quy dao
tham chiéu, phén tich hoi tu cua dap ing. Muc 5 thiét
ké b wéc lugng thich nghi, thuat toan xap xi dung k§
thuat mang no ron RBNN dé bu phan thong tin thiéu
ctia md hinh hé dong luc. Phan tich én dinh cua dép
ung va hoi tu cla sai s6 woc lugng dua trén ky thuét
Lyapunov ciing dugc thao luan chi tiét. Myc 5 thir
nghiém hé thong diéu khién cho mot ddi tugng cu thé
bang mo phong s6. Sau cling, muc 6 thao luan cac két
qua dat duoc, khuyén nghi, va cac hudng nghién ciu
tiép theo.

2. M6 hinh toan hé dong luc
Céc co hé chuyén dong thuong duge md ta bang
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hé phuong trinh vi phan cép hai:

a(a)g+b(a,6)q+c(a) =u (M

voi q(t) e R" 14 n toa d6 suy rong ciing la » tin hi¢u
ra hay dap ung cia hé dudi tic dong cliia m<n tin hi¢u
vao u=[w O(n_mm]T eR" trong d weR™ hay
tin hiéu diéu khién tac dong Ién h¢, a=a' e R™"Ia
ma tran khdi luong d6i xtmg, xac dinh duong,
b(g,q) € R™" la ma trdn can, va c(q) e R" 1a véc
to trong truong.

Chung ta c6 thé chuyén mé hinh dong luc cép hai
) vé dang h¢ dong luc ca?ip mot nhu sau:

X, =X,

%, = () + () @

bang cich dit cic bién trang thai x, =q(t) va

X, =q(t). O day, x=[x, %] =[q ¢ eR*" 1a

tap cac bién trang thai,

f(x) =—a(x,)[b(X,, X,)X, +¢c(x,)] € R" va

g(x) =a*(x,) € R" la cac ham phi tuyén phitc hop.

3. H¢ thong diéu khién thich nghi cuén chiéu
back-steping tich hogp mang no ron

So d6 khdi hé théng diéu khién thich nghi back-
stepping v6i mang no ron dugc thé hién trén hinh 1.

Tin higu diéu khién u(qg,q,t) dugc thiét ké dé dan
trang thai (q,q) = (X,,X,) cla hé dong luc dén dich

(9q4.94) = (X, X,y ) . Hé dong luc 1am viéc trong moi

truong bét dinh va ban than hé ciing chtra nhidu yéu
t6 bat dinh (uncertainties). Hé théng diéu khién lam
viéc tot trong diéu kién nhu vay dam bao tinh thich
nghi. B6 didu khién khong can biét qua nhiéu thong
tin vé& hé dong luc (2) nhung van dam bao sy dan dong
t6t cac dap g y=q ctia hé.

H¢ dong luc (2) chira cac yéu t bat dinh trong hai

thanh phan phuc tapnhatla f(x) =f(q,g) va g9(q).

Céc yéu td phi tuyén, cac thanh phan hoi tiép, cac yéu
t6 bat dinh déu quy tu trong hai thanh phan nay. Bo
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€ q - (:fl(f
e=q-q, Co chu P
thich nghi
Mangnoron |
A A RBF
(f.g)|
qq TS SRS u y=q
—p-@@_» y Bq’dleu khién . >| He déng luc -
- cuén chiéu (Back-stepping)

(0.0 q

dq

dr q

Hinh 1. So dé khoi hé théng diéu khién

diéu khién cudn chiéu khong can théng tin f(x) va

g(q) cua hé dong luc (1) hodc (2), cac thanh phan

nay duoc ndi suy tir tin hiéu ra q bang co céu thich
nghi str dung k¥ thuat mang no ron RBF. Céc xap xi

f va § lan luot cia f(x) va g(q) duoc cung
cép cho bo diéu khién back-stepping dé dua ra quyét
dinh diéu khién u(q,q,t) hop ly. Ching ta thiét ké
va phan tich hai thanh phan chinh cta hé théng diéu
khién néi trén gom bo diéu khién cudn chiéu va co céu
thich nghi RBF qua cic muc 4 va 5 tiép sau day.
4. B diéu khién cudn chiéu back-stepping

Ta thiét ké lut didu khién cudn chiéu dé tin hiéu
ra q(7) bam quy dao qu(7). N6i cach khac, xuat phat tir
muc tiéu diéu khién trang thai x; d&én x4 tmg véi sai

lech bam dimg e, (t) =X, (t) — X, (t) =q(t) —q, (t)

tién dén khong, chung ta bit dau budc mot cua ky
thuat cudn chiéu back-stepping v6i ham Lyapunov:

V, =0.5¢]e, >0 3)
c6 dao ham theo thoi gian:

V(1) =e]é, =e] (X, —Xy) =€] (X, —Xyq) - (4)
Chon thanh phan quy ddi X, —X, =—Kg, véi

ma tran tham s6 K, = diag(k,,,K,...,k, ) € R™" 1a ma

tran duong chéo chira cac hé sé duong k;,>0. Diéu nay
dan dao ham Lyapunov (4) t4i:

V,(t) =€ Ke, <0. )

O budc hai, xuat phat tr X, —X,, =—K,e, hay
X, =X, —K,e, , ta chon luat diéu khién trung gian:
Xpg =Xig —Ki&y (6)

dé din dong x> dén x2q (hay ¢ dén @), tmg véi sai
l1éch bam dung:
&, (t) =%, (1) —X,q (1) = 4(t) -G, (t) (7

hoi tu dén khong, ta chon ham Lyapunov thir hai c6
dang:

V, =V, +0.5e}e, = 0.5(efe, +e5e,) (8)
c6 dao ham theo thoi gian:

V, =e/é, +ere, 9)
ma dan dén:

vz = eIez _eI K& (10)

+el[f +gu+(g—-0G)u—x,,]
Vi @ =X =X, =X, =X, =6, + X,y — Xy  (Xem
biéu thic 7) va &, =X, —X,, =F(X)+g(X)u—X,,
(Xem biéu thic 2). O ddy, § 1a udc lugng cia g. Dé
dam bao V, <0, luat diéu khién cudn chiéu dugc dé
xuét nhu sau:

u=(%,, -K,e,—f—e,)2§ (11)

voi f 1a xép xi cua f, @ thé hién phép chia
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Hadamard cua hai véc to [8].

K, =diag(K,;,K,,-+,K,,) € R™" 1a ma tran duong

chéo cac tham sb duong K, >0.

Tuong tng véi luat diéu khién back-stepping (11),
dao ham Lyapunov (10) bién d6i thanh:

V, =€ K, —e,K.e, +(e,®0) u+ef  (12)

A

véi §=g—@ va f=Ff—f lacéc sai sO udc luong

ctia cdc ham fva g, ® Iatich Hadamard cua hai véc
to cung kich thudce [6].
Truong hgp 16 mo hinh toan, nghia 1a f va g duoc

cung cip ddy du, hay f va § tién dén khong, thi
dan t6i dao ham Lyapunov (12) am:

V, =—e/Ke, —e;K,e, <0 (13)
Diéu nay dong nghia voi e, >0 va ¢ —0.
Nhu thé, cac dap tng ddurahay qva ¢ cia hé dong

lyc hoi tu dén dich q,va q,.

5. Co ciu thich nghi

Truong hop 1y tuong 14 truong hop hé thong didu
khién nim 13 ban chét cta hé dong lyc. No6i cach khac,
bo diéu khién cudn chiéu (11) duoc cung cap day du
thong tin cua ddi twong diéu khién, nghia 1a da rd f va
g. Yéu t6 thich nghi ¢ day dugc xac dinh 1a bo diéu
khién van lam viéc tt bat chap né khong nam duoc
nhiéu thong tin cua dbi twong diéu khién, né xap xi,
wdc lugng mo hinh toan ciia dbi tugng diéu khién, ma

cu thé & day 1a hai thanh phén phirc hop f va §

dya vao quan sat thu thap cac phan tmg dau ra y=q
cua d6i twong diéu khién (Xem so d6 khéi trén hinh
1). Bé’mg ky thuat mang no ron co ban huéng kinh
RBNN (radial basis neural network), chung t6i dung
hai kiéu ham kich hoat dé xap xi f va g c6 dang:

f=Wh,+5,(2) (14)
va
§=W,h, +¢,(2) (15)

ISERY) nxm oy A nxm o g. g A
voi W, eR™ va W, e R™ 1a cdc ma tran trong

s0 dugc wac luwong bdi mang no ron, & va & la cac sai

Coéng nghé sb, tw dong héa va trng dung hang hai

s0 xap xi, h, e R™ va h, eR™ la cac ham kich

hoat (activation functions) ¢ thé co cac dang khac
nhau ham hyperbol, sigmoid, hodc ham RBF. Trong
cong bd nay, ching t6i sir dung ham RBF kiéu Gauss

1 1@z-w?
Gmexp{ > 207 j (16)

h(z) =

W, o}

voi p1aky vong va o® 1a phuong sai, z = { 0 W
2

1a ma trén trang thai ciia co cdu thich nghi twong tmg
W, 0

A

0 W,

véi gia tri xap xi 2 :|: } va sai sO xap xi

Z1=2-12.
Céu truc thich nghi duoc d& xuét c6 dang:
2=The" -n|g|rez (17)
Qua trinh wéc luong qua hai bude (17) va (14, 15)

voitinhiéuvaola &=[e, e,]" € R*™™,datdugc cac

xap xi trung gian 2eR*™™ | W, eR"™™ wva

N

W, € R™™ tin hi¢u ra 1 cac u6c lugng f va §.
Céc tham s6 khac cua cu trac thich nghi gdm tham

r, o0

sO thich nghi T' =
0 T,

}e R*™2™ ma tran kich

hoat h=[h, h,]" € R®™?, va n 1a hang duong.

Chung ta phan tich sy hoi tu cta cac gi tri xap xi
cung v&i sy hoi tu cia cac dap ung dya trén ham
Lyapunov:

V =0.5[E"g + trace(z'T'z)] (18)
c6 dao ham:
V =&"E +trace(z' T 'z)

=e e, +e,e, —trace(Z'T'2)

(19)

Luu y biéu thirc (9) va (12) dan dao ham Lyapunov
(19) t6i:
V =V, —trace(Z'T'2)
=-e/Kee, —e,K,e, +(e,®§)"u (20)

+elf, —trace(z'T'z)
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Thay luat thich nghi (17) vao (20) ta dugc:

V=-eKe -eKyze,+(,®F u

- ~ . 21
+e,f, —trace(Z"hg" —n|g| T ®2)
Thay luat diéu khién (11) vao (21) dan t6i:
V =&K& +n|g| trace[z" (z-Z)] (22)

voi K =diag(K,,K,) € R*™*" 1a ma tran duong chéo
chira cac hé sb duong. Mot loat cac bién doi cung véi
ap dung bat dang thiuc Schwarz dan dén két luan
nz?

4K

min

V <0 khi biéu thie [§]> thoa man. O day,

Kimin 12 tri riéng nho nhét ctia ma tran K, con z,, 12 bién
Z, 2 ||2||2 Nhu vay luat diéu khién cudn chiéu (11)
cung vé6i xap xi thich nghi (14, 15) va (17) dam bao

su hoi tu ctia sai s6 quy d6i &, hay [e, e,]” —0,

hay (0,9) —(d,,9,)-

6. Ap dung thuit toan diéu khién cho mé hinh
con lic ngwoc

Chung ta thir nghiém hé théng diéu khién nay vai
co hé don gian mot tin hiéu vao mot tin hiéu ra ké
kiém chimg hiéu qua budc dau cta né.

Xét mé hinh con lc nguoc:

[ 4__m
3 m+m

gsing - coso

m +m

C

cos? 6]@ =
(23)

(mlézsine—u)

v6i u 14 tin hiéu didu khién, Ova @ 1a céc tin hiéu ra.
Bo s6 liéu sau ding dé mo phong sé gom:
H¢ dong lyc: m. = 3kg, m =0,5kg, [=2m.
Lut diéu khién: K, =24, K, = 24.
Luat thich nghi: 77=400, I7=2,n=0,2, o= 15,
x#=0,5[-1-0,500,51;-1-0,500,51;].
Tin hiéu dat: x,(¢)=0,1sin1,5¢ m.

Didu kién dau: €0) = n/60 rad, 6(0) =0 rad/s.

Két qua mo phong véi tin hidu dit hinh sin dugc
thé hién trén cac hinh tir 2 dén 4. Hinh 2 cho thay dap

g gdm goc lic Ova 0 tbc do lac bam tin hiéu tham

chiéu ;va 6, . Néu chon dugc bd tham s6 didu khién
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Hinh 4. Xip xi thich nghi f va § ciia cac ham

phiec hop fva g
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Hinh 5. Dap irng don vi (Step response)
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0.06

Goc lac yeu cau
Goc lac thuc

— — —Batdinh 1
0.2t === Bat dinh 2

0.04

Goc lac

0.05

-0.05 |

-0.1

0 > a 6 8 10
Thoi gian (s)
Hinh 6. Tinh bén vitng khi thay déi tham sé ciia hé
dong luc

t6i wru, cac dap ung c6 thé bam sat tin hiéu dat t6t hon
nita. Hinh 3 thé hién tin hiéu diéu khién 12 m6 men
quay tay lic. Hinh 4 thé hién su xap xi cac dai luong
bat dinh ctia m6 hinh toan. V& co ban, nd khong can
hoi tu dén céc gia tri thyc. Nhiém vu chinh cua co cAu
thich nghi 1a két hop véi bo diéu khién dé dat dugc
muc ti€u chinh: hoi tu cac dap g cia hé dong luc.

Con lac thuén c6 diém cén bang 6n dinh trong khi
con lic nguoc ¢6 diém can bang khong 6n dinh (Stable
and unstable equilibrium points). Hinh 5 1a dap tng
don vi ng v&i bai toan 6n dinh hoa (stabilization) con
lic nguoc quanh diém can khong 6n dinh.

Pap ung goc lic (Hinh 5a) c6 luong quéa diéu
chinh Gnax= 0,012rad, thoi gian qua dd ¢t~ 2s ung véi
2,5 chu ky dao dong, sai s6 xac 1ap eq= 0,002rad. Pap
g tbc do lic (Hinh 5b) c6 lugng qua didu chinh
6,... =0,29 rad/s, thoi gian qua dé = 1,96s g v6i 3
chu ky dao dong, sai s6 xéac 1ap es= 0,003rad/s.

Hinh 6 cho thiy tinh bén viing cta dap tng dudi
tac dong cua cac yéu t6 bat dinh. BO ba tham sb [me,
m, ] = [3kg 0,5kg 2m] ciia con lic nguoc thay doi
trong dai rong. Ching ta xét hai truong hop bat dinh:

Trudong hop 1: Giam 300% khéi lwong m., giam
500% khdi luong m, va giam 200% chiéu dai /, img
voi[m., m, []=[1kg 0,1kg 1m].

Trudong hop 2: Tang 200% khéi lugng m., ting
200% khéi lwong m, va ting 100% chiéu dai /, ing
voi[me, m, [] = [6kg 1kg 3m].

Hinh 6 cho thdy cac dap tng clia hé gan nhu rat it
thay ddi bat chép su bién ddi rong cua by ba tham $6
cta con lic nguoc.

7. Két luan

Chiing 6i thiét ké thanh cong mot hé thong didu
khién cho mgt 16p téng quat cac hé dong luc phi tuyén
chira cac yéu t6 bat dinh. Chiing 14 nhitng h¢ MIMO

Coéng nghé sb, tw dong héa va trng dung hang hai

v6i m tin hiéu hiéu vao (weR™), n tin hiéu ra
(y=geR"), va 2n bién trang thai (xeR®). Hé

thong diéu khién nhu vay két hop wu diém cia ky
thuat backstepping dong thoi cé dugce tinh thich nghi,
su théng minh ctia mang no ron. Hé thong diéu khién
khong doi hoi qua nhiéu thong tin ctia dbi tuong diéu
khién, vdn 1a nhitng méy va thiét bi cong nghiép phirc
tap, kho c6 thé mo hinh héa mot cach day du. Cau trac
thich nghi s& udc lugng phan thiéu va bu thong tin cho
b diéu khién dé dam bao myc dich chinh 1 dn dong
chinh xac hé dong lyc. Chung t6i thir nghiém trén mot
d6i twong diéu khién don gian 13 con lic ngugc. Két
qua cho thay hé thong diéu khién lam viéc tt, dan
dong chinh chinh xac két hop vé6i bu thong tin hop 1y.
Trong nghién ctru tiép theo, chung t6i du kién cai thién
co cAu thich nghi, ting kha ning thong minh cta d6i
tugng diéu khién bang cach tich hop ky thuat hoc ting
cuong (reinforcement learning).
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