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NGHIENCUUDIEUKHIENBAMQUYBAO
CHO CANH TAY ROBOT CHIU TAC DPONG CUA TRE BIEN BOI

RESEARCH ON TRACKING CONTROL FOR ROBOT MANIPULATOR SUBJECT

TO KNOWN TIME-VARYING INPUT DELAY

TOMTAT

Bai bao nay nghién cttu phuong phéap diéu khién bam quy dao cho canh tay
robot khi xét ti tré bién thién cha tin hiéu dau vao va chiu tac dong khdong xéc
dinh clia nhiéu. DE didu khién bu tré va b nhiéu cho hé phi tuyén khong xé
dinh nay, mot tin hiéu bi tré duroc dinh nghia, trong d6 s dung tich phén clia tin
hiéu diéu khién do droc trong qua khix. Tin hiéu diéu khién duoc thiét ké bao
gom tin hiéu bu tré két hop voi tin higu diéu khién dang PI. Budc phan tich 6n
dinh theo dinh luat Lyapunov dwoc dua ra dé chirng minh cho co s toan hoc clia
thiét ké. Chuong trinh md phdng Matlab da kiém ching hiéu qué clia phuong
phap diéu khién nay trénma hinh robot 2 béc tv do.

Tlrkhod: Tré clia tin hiu digu khién, digu khién bén vitng, digu khién phi tuyén.

ABSTRACT

The paper studies on a tracking control method for robot manipulator
subject to a known time-varying input delay and an unknown additive
disturbance. An auxiliary time-delayed signal is defined using the integral of the
measured past control input to compenstate for delay. The proposed controller
includes the compensate signal and a PI term. Lyapunov theorems are used to
prove the mathematic basis of the controller design. The Matlab simulations are
performed to show the effectiveness of the proposed method in a 2-degree of
freedom robot manipulator.
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1. TONG QUAN

Trong cac hé théng thuc té, doi khi tré cda tin hiéu diéu
khién la diéu khong thé tranh khéi, vi du luc sinh ra boi
dong co dot trong c6 thé bi tré do tré trong qué trinh hoa
tron nhién liéu chay, hay qua trinh danh Iira. Hay tré truyén
thong ton tai trong cac ng dung diéu khién tlr xa. Thoi
gian tré co thé gay ra sy mat 6n dinh ho#c giam chét luong
diéu khién ctia hé thong.

Cé nhiéu phuong phap on dinh va diéu khién da phat
trién cho cac hé théng co xét tgi tré cla tin hiéu dau vao.
Trong do6, co s¢ dé phan tich 6n dinh d6i vai cac hé phi
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tuyén dwgc st dung ph6 bién nhat 1a dya trén ham
Lyapunov-Krasovskii (LK) (vi du nhv [1, 2]) hay phuong
phap Lyapunov-Razumikhin (vi du [3, 4]). Vu diém cla hai
phuong phap phan tich én dinh nay la cé thé ap dung cho
cac hé phi tuyén khéng xac dinh cé chiu tac dong cuia tré.
Thuc ra, phuong phap clia Razumikhin cling cé thé duoc
coi la mét bién thé cla phwong phap Krasovskii, trong do
c6 thé &p dung cho tredng hop tré bién thién c6 do Ion bat
ky, nhung yéu cau rang hé théng khéng co tré twong ng
phai on dinh dang ISS (input-to-state stability). Phuong
phéap Krasovskii khong doi héi diéu kién 6n dinh ISS véi hé
théng nhung chi ap dung cho treong hop thoi gian tré thay
doi cham.

Mot s6 phuong phap diéu khién da dwoc xay dwng cho
cac hé phi tuyén khdng xac dinh co xét tdi tré trong tin hiéu
diéu khién, vi du phuong phap trong [5-8], tuy nhién cac
phrong phéap nay coi thoi gian tré 1a hang s6. Trwdng hop
xét t&i tré bién thién van 1a mot bai toan kho.

P6i twong diéu khién trong bai bao nay la canh tay
robot. Van dé diéu khién tay kep robot di theo nhitng quy
dao xac dinh théng qua giai bai toan dong hoc nguoc tré
thanh yéu cau diéu khién cac bién khép cla robot bam
theo nhitng quy dao mong mudn. Viéc xac dinh duoc chinh
xac phuong trinh dong lwc hoc cda robot la nhiém vu rét
kho thuc hién, do vay cac phrong phap diéu khién can phai
xét tdi ca tinh khdng xac dinh va anh huéng ctia nhiéu tdi
mé hinh robot.

N6i dung clia bai b4o nay tap trung vao viéc thiét ké bo
digu khién bam quy dao cho robot chudi khi xét t¢i ban
chét phi tuyén va tinh khong xac dinh trong phwong trinh
dong luc hoc robot, ddng thoi xét toi ca van dé tré bién
thién cla tin hiéu diéu khién va tac ddng ngoai ctia nhiéu.
Phuong phap diéu khién dua ra bao gbm tin hiéu bu tré két
hop véi tin hiéu diéu khién dang PI, trong do tin hiéu b tré
dugc xay dwng dua trén tich phan cla tin hiéu diéu khién
do duwoc trong qua khi. Phuong phap diéu khién duwoc
ching minh nho bwéc phan tich én dinh theo tiéu chuan
Lyapunov rang sai s6 bam quy dao dugc dam bao bi chan
trong gig¢i han cé thé thu nhd dwgc. Chwong trinh mo
phdng Matlab da kiém chirng hiéu qua ctia phurong phap
diéu khién khi &p dung cho robot 2 bac ty do.
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2. MO HINH BONG LUC HOC CUA CANH TAY ROBOT

Phuong trinh dong lvc hoc ctia robot chudi duoc mo
td dwéi dang phuong trinh Euler-Lagrange (EL) nhv sau:

M(a)q+ V,, (9, 9)q+G(q) +d(t) = u(t—1) (1)

Trong dé: M(g)eR™ la ma trdn quén tinh,
V.(9,9) eR™"la ma tran Coriolis, G(q)eR" la vecto lyc
trong trudng, d(t) eR" 1a nhiéu tac dong bén ngoai hoic
cac thanh phan dong luc hoc chwa dugc xét dén khi lap mo
hinh robot, u(t) €R"la luc chi dong dat tai cac khép va
q(t),q(t), q(t) €R"lan lvgtla vecto vi tri, van toc va gia téc
cla cac khop robot. Gia st do duoc vi tri g(t) va van toc
g(t) . Xuyén sudt bai bao, ki hiéu sau sé dwgc st dung dé
biéu dién cac ham cé tré:

h e hit-1) t>t,

o t<t,

v6i thoi gian tré 1(t):[0,00) —Rla dai luong xéc dinh
nhwng bién thién. Cac ma tran va vecto V,,, G, d la cac ham
phi tuyén khéng xac dinh, nhiing gia thiét sau day sé duoc
str dung dé thiét ké tin hiéu diéu khién:

Gia thiét 1. Ma tran M(qg) d6i x(rng, xac dinh hoan toan
va bi chan, ttc |a ton tai cac hang s6 dwong da biét m,, m,,
€, sao cho:

m,y[* < y™M@y <m, ||’ véi vy eR",
va ||M(q)’1|| <g,
véi ki hiéu Ia chuén Euler clia vecto hodc ma tréan.

Gia thiét 2: Cac ham phi tuyén V,,, G tac dong ngoai d
lién tuc va bi chan, tic V_,G,d€L_, ngodira, cac dao ham
va dao ham riéng sau ton tai va bi chan:

oM oV, oV, 9G

- ,—*,—e¢€L_ néu q(t),q(t)eL_
o0, 00, ° 04, o0, an.amel

VOi Vi=12,..,n, va d(t),d(t)el__.

Gia thiét 3: Thoi gian tré 1(t) bién thién nhirng do 16n va
tdc do bién thién bi chan bdi hang s6 xac dinh T, @ nhu sau:
0<t(t)<T, valij<p<y2.

3. MUC TIEU BIEU KHIEN VA THIET KE BO PIEU KHIEN
BAM QUY BAO CHO CANH TAY ROBOT

Muc tiéu cla bai toan diéu khién robot la thiét ké tin
hiéu u(t) lién tuc dé diéu khién cac bién khap q(t) clia robot
bam theo mét quy dao cho trudc qu(t), gid st quy dao qu(t)
thoa man q,(t),q$ (t) eL_,v6ii=1, 2, 3. T muc tiéu diéu
khién, cac sai sO diéu khién va sai s6 diéu khién phu tro
dugc dinh nghia nhu sau;

e,204-0,6,2 & +a,e,

r2é, +a,e, +M()re,. 2)

Vi a,,a, eR"1a cac hang s6 digu khién duong va tin
hiéu e, (t) eR" la tin hiéu phu tro bu tré, duoc dinh nghia
nhu sau:

j u(e)de 3)

t-1(t)

e s -

Tin hiéu e,(t) la dai lvgng trung gian c6 y nghia dy doan
tin hiéu diéu khién u(t), diéu nay sé dugc thé hién & budc
phan tich dn dinh tiép theo, nhung theo luat tich phan
Leibniz, dé nhan thay dao ham theo thoi gian cla e,(t) la
é, =-U+(1-1)u,, nhv vay e,t) cé tac dung b sung tin
hiéu diéu khién khong c6 tré vao brdc phan tich 6n dinh
cho hé théng.

Dua vao budc phan tich 6n dinh & phan sau, tin hiéu
diéu khién u(t) duoc thiét ké nhu sau:

uzk(e,—ey)+v 4

Trong dé, e, = ,(0) va v(t) eR" la nghiém ctia phuong
trinh vi phan sau day:

v =k(o,e, +M(@)"e,) )
trong do, k eR* 1a hang s6 diéu khién duvong. Thanh phan
clia tin hiéu diéu kién u(t) bao gdbm thanh phan PI cta luat
diéu khién PID két hop v6i thanh phan bl tré. Do gia thiét
rang do duoc hoan toan cac bién trang thai vi tri va van téc
q(t),q(t), can clr vao dinh nghia (2)-(3), cac sai s6 diéu khién
e,, &, la cac tin hiéu do duwoc, nén c6 thé sir dung dé thiét ké
diéu khién; con tin hiéu r la tin hiéu khong do lvong duoc,
chi s dung trong qué trinh phat trién luat diéu khién. Dé
nhan thay dao ham theo thoi gian cla tin hiéu diéu khién
u(t) la u(t) = kr.

Phwong trinh (1) cda hé hé duwoc viét lai dua trén
phuong trinh (1)-(2) nhw sau:

M(aQ)r =M(@)g + V(.9 +G(a)+d -u,

+€, +a1M(Q)(ez _alel)"'azM(Q)ez ©)

Ldy dao ham theo thoi gian hai vé cla phwong trinh (6)
thu duwoc phuong trinh sau:

. 1. - .
M(@Q)r =——=M(g)r+N, +N—e, —u
(q) 2 (q) d 2 T (7)
+(1-1)u, -u
Tiép tuc thay dao ham cta luat diéu khién & (4)-(5) thu
duwoc phuong trinh ctia hé déng nhu sau:
M(q)i = —%M(q)r+Nd +N—-e, —kr -0, (8)

Trong d6, cac ham trung gian N, (g, 6,84, 6. t) €R",
N(e,.e,.r,t) eR" dugc dinh nghta nhu sau:
Nd = M(qd)qd + M(qd)"qd + Vm (Qdan )Qd
+V,, (04, 84)84 +G(qy) +,
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N = M(a)d, —M(0,)G, +M(@)§, —M(q,)d,

+V,, (0, 8 — V,, (g, Gy )8y + Vi (A, GG + G(0)

-V, (04,9¢)d, + 0‘1M(Q) (ez - 0L1e1) - G(qd)

+a,M(Q) (€, - a8, )+ a,M(a)e, + o, M(q)e,
1.

_E M(Q)r +e,.

Viéc phan chia céc thira s6 vao cac cum N4 va N 1a theo
phuong phap thiét ké clia bd diéu khién RISE [9, 10]. Dya
vao cac gia thiét 1-3, cac ham s6 N, va N dugc danh gia bi
chan nhu sau [9, 10]:

NI < o120l
T T AT

trong d6, z = [e] e] 1" ] ] eR™, &, eR'1a hing s6

”Nd” <g 9)

duong xac dinh, p(||z]]) eR" 1a ham s6 xac dinh duong, kha
nghich, khéng gidm.
Pé thuan lgi cho buwdc phan tich 6n dinh theo tiéu

chuan Lyapunov, cac ham s Lyapunov-Krasovskii xac dinh
dwong trung gian P, Q e R sau duvgc dinh nghia nhu sau;

P2, j U”u(e)ll2 de} ds

t-t\s

k W, ) | 2
Qs E[1+2—Eji||r(6)|| do

trong dd, w,,w,,E <R’ la cac hang s6 dwong thay dGi
dugc. Chon mign D < R*"2 |a mién bao gbm diém y(t) =0,
trong do y(t) eR*™? la tap hop céc bién sai s6 dugc dinh

(10)

(11)

nghlanhu sauy 2 [2' P Q.

4. PHAN TiCH ON BINH THEO TIEU CHUAN LYAPUNOV
Chon ham (ing vién Lyapunov V,(y,t):Dx[0,.0) >R

lién tuc, xac dinh dwong ¢6 dang nhu sau:

1 1 1 N
VL=EelTe1+§e;e2+§rTM(q)r+72eIeu+P+Q (12)
Ham (ng vién Lyapunov thdéa man diéu kién:
1m w,

A 2

min(=,—%,-2),

AT <V <n DT 1L

vei A 2

max(L%,%). Ldy dao ham theo thoi gian hai vé cla
phuong trinh (12), thay (2), (3) va (8) vao ta thu dugc:
V =e] (e, —ae,)+e; (r-a,e, -M(@)'e,)

+%rTM(q)rT +w,e] (-u+1-1)u, )+P+Q (13)
+r' [—%M(q)r +Ny+N—e, —kr— tkrTj

DPao ham bac nhét theo thoi gian ctia (10)-(11) theo luat
tich phén Leibniz dwvgc xac dinh nhw sau [11]:
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1021 - a0l

P=—w,1-1) j Jluce)|* de

(14)

15
0,A-1) by e A1) 1)
St [ o) de—T"eu"

Gian uéc cac thira s6 chung, st dung bét déng thic:
ele, <2 (Je.f +le.["). thay gia thiet 1, lin he u =k, va
(9), (14)-(15) vao (13), ta duoc bat déng thic sau:

1 1
s{o-3 Jle {5 Jlesf +fee,
Dfeut| & [ +[tlk|r"

w,1-1) § .
K[+ (2l 2l -==— [ @) de

11'[ ) 2 . 2
Do, 451022 - a- 0P

Ap dung gia thiét 3 va sir dung bat dang thirc Cauchy ta
thu duoc:

+ko, [e]r] + ko, (1—

2

2 lelr. sE||eu||2+4—1Er

(16)

1 2 1 2 . .
<2 2 e <1

Phan tich hang sd diéu khién k thanh k = k, + k, + k; 4p
dung (16) ta thu duoc:

o O L)

1 2y,2 1_ . t )
o35 e -5 [ o
t-1

_(M_szz(z—f)jlleullz

(17)

2T
2
4k, 4k,
Céac tham s diéu khién dwoc lva chon théa mén:
2,,2 o+
o > 1+ gy S 2Tkw22(.2 1)
2 4 1-1)

, k, >E[1+|T|+&J
2 3

Ngoai ra st dung bét déng thirc Cauchy-Schwartz, ta c6
bét d&ng thtc:

J [f lae)f de]dsq sup {I la@)f de}

t-t\' s

’ 1 b

(18)

=1 j |uee)|* de

t-T
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va str dung dinh nghta (10)-(11), thu dwgc:
d-9,

VL_[ o) J" oty 5

w,(1-1) < 34
> 7 V +_
o, Q <X i,

VaX 2 minl AP

Theo tiéu chudn &n dinh Lyapunov, tir bat déng thirc
(19), diéu nay chirng td tat ca cac sai sO diéu khién e, e,, 1,
e, déu bi chan. biéu nay c6 nghia néu s dung bd diéu
khién duoc thiét ké trong (4) véi cac tham s6 diéu khién
dugc lva chon thda man yéu cau (18) thi ¢é thé dam béao sai
s6 bam quy dao cla hé phi tuyén bat dinh chiju tac déng
clia nhiéu va tré bién thién (1) ndm trong khoang bi chan,
trong d6 cé thé giam khoang bi chan cla sai s6 diéu khién
bang céach tang dan cac tham s6 diéu khién. Két qua 6n
dinh dang UUB.

5. KET QUA MO PHONG

Hiéu qua cua bd diéu khién dua ra dwoc kiEm ching
qua chuong trinh mé phéng dugc xay dwng trén phan
mém Matlab cho robot 2 bac tv do c¢6 phuong trinh dong

lyc hoc nhu (1) véi:
M {pﬁZpgcz p1+pscz} . {fdlql}
PL+PsC, P, fioGo
Vm _ _pSSZ.QZ —PsS; (Ch +qZ) , vad = 0:25'in(t/2)
P4S,0; 0 0,1sin(t/ 4)
VOi c,2 cos(q,), S, = sin(g,) va cac tham s6 clia hé thdng

la p, = 3473kgm? p, = 0,196kgm? p, = 0,242kgm?,
f,, = 5,3Nm.sec, fy, = 1,1INm.sec va diéu kién dau cla hé la:
a(0) = [0,0]", 6(0) =[0,0]".

Quy dao mong mudn c6 dang sau:

Cac tham s6 diéu khién duoc lwa chon nhu sau:
k =diag([100,65]), a, = diag([4,8]), 0, = diag([14,10]).

DBEé minh hoa cho hiéu qua clia phrong phap diéu khién
duoc gigi thiéu, thuc hién md phong vai thoi gian tré dang
ham sin v&i nhiéu bién do va tan s6 khac nhau. Hinh 1 biéu
dién sai s6 bam quy dao e,(t) clia robot trong trudng hop
thoi gian tré 1a: T(t) = 5sin(t/2) + 20(ms). Véi tirng tredong
hop mé phéng, gia tri binh phuong trung binh (RMS) cla
sai s6 bam quy dao dugc xac dinh trong bang 1. Két qua

mo phéng chi ra rd rang sai s6 bam quy dao sé cang nhoé
vGi truong hop thoi gian tré cang nhd va cang cham.

Sai so bam quy dao

Sai so bam quy dao el (deg)

Time (s)
Hinh 1. Sai s6 bam quy dao trong trrong hop tré: T(t) = Ssin(t/2) + 20(ms)

Bang 1. Sai s6 binh phuong trung binh (RMS) clia cac khu robot vdi cac
treong hop khéc nhau clatre

Thoigiantré t(t) |  RMS sai sdbam quy RMS sai s6 bam qu§
(ms) dao khau 1 (deg) dao khau 2 (deg)
2sin(t/10) + 0,0528 0,0266
2sin(t/10 )+ 10 0,0571 0,0356
5sin(t/2) + 10 0,0566 0,0358
5sin(t/2) + 20 0,0705 0,0655

Phrong phéap diéu khién trong bai bao nay duoc phat
trién vai gia thiét rang thoi gian tré xac dinh hoan toan. Tuy
nhién, dé kiém tra tinh bén virng clia thuat toan diéu khién,
ta thuc hién cac mé phéng vai su thay doi ctia tham sé thoi
gian tré. Thoi gian tré dua vao bod diéu khién sé& khac voi
thoi gian tré thuc clia hé théng. Lira chon thoi gian tré dua
vao bo diéu khién la t(t) = Asin(t/B) + C (ms) v6i A=5,B =2,
C =10.Bang 2 dua ra két qua md phong véi cac truong hop
khac nhau cha tré thuc T'(t) = A'sin(t/B) + C’ (ms) véi sy thay
d6i clia bién doé A va do dich C. Nhan thay két qua sai s6
bam quy dao khong thay doi nhiéu. Nhw vay, phuong phap
digu khién nay vé mat ly thuyét doi hoi thoi gian tré xac
dinh hoan toan, nhng moé phéng chi ra két qua mé phong
bén vitng véi sy thay doi trong khoang 30% clia bién do va
do dich cda thoi gian tré. Tuy nhién, si khac biét trong tan
s8 B ¢ thé dan tdi sy méat 6n dinh clia hé théng.

Bang 2. Sai 56 binh phurong trung binh (RMS) clia cac khau trong trzong hop
tré khong xac dinh

Thay d()’[trong thoi | RMSsaisdbamaquy | RMS saisd bam quy
gian tré T'(t) (ms) dao khau 1 (deg) dao khau 2 (deg)
A =T0%A 0,0549 0,0339
A =90%A 0,0551 0,0342
A = 110%A 0,0551 0,0341
A = 130%A 0,0550 0,0340
C' =130%C 0,0547 0,0339
A =110%A
0,0548 0,0339
C' =130%C
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6. KET LUAN

M6t phuong phéap diéu khién bam quy dao cho canh
tay robot xét tdi tré bién thién cda tin hiéu dau vao da duoc
gi6i thiéu trong bai bao. Phuong trinh dong lvc hoc cla
robot mang ban chat phi tuyén, khéng xac dinh va cé tac
dodng ctia nhiéu ngoai. Tin hiéu diéu kién dwoc thiét ké bao
gbm thanh phan PI cla luat diéu khién PID két hop voi
thanh phan bu tré. Tin hiéu diéu khién nay la lién tuc va
duoc chirng minh rang co sai s6 diéu khién nam trong gioi
han bi chan. Budc phan tich dn dinh theo tiéu chuén
Lyapunov duwgc st dung dé chirng minh cho co s& toan hoc
cla thiét ké bo diéu khién va két qua moé phong trén
Matlab d& minh hoa cho hiéu qua ctia phwvong phap. Tuy
nhién, han ché clia phuong phap nay la thoi gian tré doi
hai xac dinh.
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