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Precise control of industrial manipulators has always been the primary
research goal of robotics companies as well as academics. However,
uncertainties in the system kinematics/dynamic models and unpredictable
internal and external disturbances that arise as the systems operate are
major barriers to access outstanding controllers. In this paper, we introduce
an adaptive controller based on the computed-torque control structure for
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robotic manipulators. First, uncertain parameters such as load, link mass,
and coefficients of friction, which appear in the nonlinear dynamics model
of the robot, are estimated online and used in a model-compensation signal.
To ensure convergence of both the main control error and the adaptive
process, a proportional-integral-derivative (PID) control signal is used.
Stability of the closed system and the convergence of the estimated
parameters as well as the effectiveness of the controller were intensively
investigated both by theoretical proof and simulation validation.
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TOM TAT

Didu khién chinh x4c cac tay may cong nghiép ludn 1a muyc tiéu nghién ctru
hang dAu cta cc cong ty robot ciing nhu cac hoc gia. Tuy nhién, cac yéu td
khong chéc chin trong mo6 hinh dong hoc/ddng luc hoc hé thong va cac nhiéu
dong khong dy doan trude duoc bén trong 1an bén ngoai xuat hién khi hé théng
vén hanh 13 nhitng rao can chinh trong viéc tiép can cac chit lvong diéu khién
vugt trdi cua céc loai robot nay. Trong bai bao nay, chung toi gidi thiéu mot bo
diéu khién thich nghi dya trén cau tric dleu khién bii momen mé hinh cua cac
tay mdy robot. Trugc tién, cac thong so khéng chic chin nhu tai trong, khéi
luong cua khau, va cac hé s6 ma sat, xudt hién trong m6 hinh dong luc hoc phi
tuyén ciia robot s& dwoc udc luong tryc tuyén va dwoc sir dung dé bu cac nhidu
dong noi tai trong qua trinh diéu khién robot. D& dam bao sy hoi tu cia ca sai
s6 diéu khién chinh va qué trinh thich nghi, mét tin hiéu diéu khién vi-tich-phan-
ti-1¢ (PID) s& duoc sir dung. Tinh én dinh coa hé théng kin va su hoi tu cua cac
thong s6 wdc lugng ciling nhu hiéu qua cta bd diéu khién s& dugc khao sat mot
cach chi tiét trén ca phuong dién chimg minh 1y thuyét va mé phong kiém
chung.
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1. Giéi thiéu

Trong k¥ thuat didu khién robot, phwong phap diéu khién bu momen mé hinh c6 thé dat dugc do
chinh xéc cao tuy y bang viéc st dung thong tin m6 hinh dong luc hoc cua robot trong viéc xay dung
céc luat diéu khién [1]-[2]. Céu truc dleu khién nay giup cho hé thong c6 thé khur di cac nhiéu dong va
bam dudi theo cac quy dao mong mubn mot cach dong nhét trong tat ca cac cau hinh cua robot. Tuy
nhién, c6 mét sé kho khan nhét dinh trong viéc ap dung bo diéu khién nay trén thyc t& va c6 thé lam
giam chat luong diéu khién mong mudn. Thir nhat, mé hinh dong luc hoc cua robot phai dugc tinh toan
mot cach di nhanh dé thoi gian 1dy mau diéu khién hé théng khong 1am anh huong dén chét luong diéu
khién. Trc 1a hé thdng vi xir Iy dién tir phai du manh, diéu nay 1a mot khuyét diém néu so véi bo diéu
khién PID thong thuong. Thi hai, gia tri cac thong sb trong mo hinh dong luc hoc duoc sir dung trong
luat didu khién phai dung véi gia tri thuc té.

Ngdy nay, su phat trién khong ngung vé ti 16 sirc manh/chi phi cia cac hé vi xtr ly 4p dung cho viéc
diéu khién robot cong nghiép di hau nhu khic phyc dugc van dé thir nhat [3]- [5]. Déi voi van dé thir
hai, md hinh dong luc hoc cua hé thong c6 thé chia lam hai phan thanh phan biét trugce, bao gdm ca cac
hé s6 biét trudc, va thanh phan chua biét trong d6 cdu trac di biét nhung cac hé sb chua biét. Vi du, cac
thanh phén di biét trong mo hinh robot nhu d6 dai hodc momen quén tinh ctia cac khéu, trong khi do hé
s6 ma sat tai cac khop va hiéu g momen quéan tinh ciia tai 1a cac thanh phan chua biét. Cac thanh phan
ma sat va tai con thuong xuyén thay ddi theo thoi gian.

Dé giai quyét vin dé mo hinh hoa trong diéu khién robot. C6 nhidu hudng tiép can tha vi di dugc dé
xuét. Trong nghién ctru [6], tac gia di roi rac héa mo hinh cua robot sir dung phwong phap xp xi sai
phén don gian cho cac toan tir dao ham. CAu hinh diéu khién thich nghi su dung cac luét hoc binh phuong
t6i thiéu da duogc sir dung trong [7], tuy nhién cac Van dé lién quan dén tinh 6n dinh ctia hé kin da khong
duogc khao sat triét dé va thong tin vé thoi gian ldy mau dé diéu khién ciing bi bé qua. Trong nghién ctru
[8], tac gia st dung mo hinh phan tach tuyén tinh cho cac khau cua robot. Két qua la cach tlep can nay
chi c6 ap dung trong trudng hop bo qua cac thanh phin phi tuyén va cac thong s6 hé théng duoc gia
dinh thay d6i rat cham theo thoi gian. Trong nghién ctru [9], phuong phap diéu khién thich nghi md hinh
tham chiéu ciing da dugc dé xuat & d6 cac thong sé hé thong cing dugc gia dinh 1a thay d6i rit cham
theo thoi gian. Nghién ctru [10] trinh bay mdt hudng tlep c4n bién ddi phi tuyén cho mé hinh dong luc
hoc, tuy nhién viéc danh gia hiéu qua 1am viéc cua hé thong kha kho khan. Nghién ctru [1 1] hoan toan
bo qua cac yeu t6 phi tuyén ctia md hinh robot, ma chi xem xét mé hinh nay theo huéng tiép can tuyén
tinh. Tinh on dinh cta hé kin chi dang khi cac hé s6 chua biét ctia mo hinh 1a cac hang s0. Viéc xem xét
tinh 6n dinh ctia h¢ kin cua cac ludt diéu khién thich nghi phi tuyén bang céc Iy thuyét diéu khicn thich
nghi dugc khao sat mot cach kha hoan chinh trong nghién ctru [12]. Nghi€n ctru [13] tac gia dé xuit mot
phuong phap 1a bu mé men ma sat dé giam thiéu anh huong cta n6 1én mo hinh, tuy nhién can phai hiéu
10 tinh phi tuyen céu tric ciia md hinh va gia dinh cac thong s6 ctia mé hinh déu da dugc xac dinh trude.
Do c6 su két hop gilra nhiéu luat diéu khlen nén viéc xay dung thuat toan cling gap kho khan. Nghién
ctru [14] c6 két qua md phong vai sai sé xac 1ap nho, tuy nhién van con han ché vé gia tri ciia cac thong
$6 mo hinh nhu khéi luong, hé s6 ma sat,... va cach lya chon cac thong $6 diéu khién con dua vao kinh
nghiém cua nguoi nghién clru.

Bai bao nay s& trinh bay c4u hinh diéu khién thich nghi cho cac tay may robot sir dung cac thong tin
d3 biét trong md hinh dong luc hoc cua hé théng va ddng thoi cling wdc luong cac hé sb chwa biét. He
thdng diéu khién thich nghi nay sir dung luat diéu khién PID bu momen mé hinh (PID CTC) va dugc
thém vao cac yéu td thich nghi khac. DBé dat duoc hiéu qua hoc truc tuyén, giai thuat didu khién nay s&
phan tach va tuyén tinh hoa mé hinh dong luc hoc cta robot tré thanh nhimg hé thdng bac hai don gian.
Tin hiéu diéu khién PID vira c6 tac dung dan dit muyc tiéu diéu khién vé goc toa d9, vua co tac dung
tang cudng kha ning thich nghi cta hé théng. Tinh 6n dinh cua hé thdng kin va hiéu qua didu khién
duogc khao sat mot cach toan dién thong qua cac phén tich 1y thuyét chuyén sau va cac két qua mo phong
kiém ching.

JTE, Issue 71B, August 2022 66



JTE JOURNAL OF TECHNICAL EDUCATION SCIENCE
Ho Chi Minh City University of Technology and Education
HCMUTE Website: https://jte.hcmute.edu.vn/index.php/jte/index

ISSN- 1859-1272 Email: jte@hcmute.edu.vn

B cuc cua bai bao duoc sip xép nhu sau: Phan I trinh bay cac khao sat tong quan va cac dong gop
cua bai bao; Phan 2 trinh bay md hinh dong luc hoc cua tay may robot va van dé diéu khién can giai
quypt, Phan 3 trinh bay chi tiét qua trinh thiét ké bd diéu khién va cac phén tich 1y thuyét lién quan;
Phan 4 thao luan vé cac két qua mo phong; va cac két luan dugc tom tat lai & Phan 5.

2. Dit van dé
Mot tay may robot dugec md hinh héa nhur 1a mét tap hop cac khéu cing chic két ndi v6i nhau dudi

dang chudi ndi tlep v6i cac luc ma sat hoat dong tai cac khép. Phuong trinh chuyén dong cta hé théng
nay c6 thé duoc viét duéi dang don gian nhu sau:

T=M(q)i+0(q.9) (M

Trong d6, 7€R" 1a vector momen xodn tir cac co cdu chdp hanh, g €R" 1a vector vi tri khép.
M (q) e R™" 1a ma trdn ddi xing xac dinh dwong duoc goi 1a ma tran khéi luong cuia robot. Vector

0(q,¢) dai di¢n cac momen xodn ly tam, Coriolis, trong truong, va thanh phan ma sat.

Phuong trinh (1) ¢6 thé chia ra thanh cac thanh phan da biét va cac thanh phin chwa biét nhu sau:
T=M(q)G+0,(4.4)+ 0 (4:9) 2
Trong d6 O, 1a thanh phan da biét, va Q, 14 thanh phan biét rd cu triic nhung chua biét chinh xac dugc

gia tri cua cac hé so.
Tir (2), ta c6 thé chuyén dbi vé dang tong ciia cac tich sau:

Trong do, cac thanh phin Z =[z,,z,,...,z, ] € R" 14 vector chira cic hé s6 dugc tdng hop tir cac tich
cuia cac thanh phan nhu khéi luong cac khéu, cac phin tir momen quéan tinh, vi tri cta trong tim cac
khau, hé s ma sat va cac hé s gia tdc trong truong. Ma tran W(q q, q) € R 1a ma trin chira cac ham
bleu dién cac phan tur cua céu trac dong lyc hoc cua robot. Trong nghién ciru ndy, ching t6i gia st rang
céu trac cua cac hé s6 va cac ham dong luc hoc 1a biét trude, nhung gia tri cua tat ca cac hé so trong z;
1a chua biét. Tuy nhién, chung ta c6 thé gia sir rang cac gia tri bién cta cac hé sé nay 1a biét trude, mat
du céc rang budc cua cac gia tri bién nay c6 thé khong can phai qua chat ché. Thuc té thi chi nhiing
thong tin chiing ta can bict theo cac bién nay 1a nhitng thong so chac chan dai dién cho momen quan
tinh, vi vay ching s€ 1a cac s6 duong.

Chii ¥ 1: Van dé diéu khién duoc dit ra & day 1a xay dung mot bo didu khién hop 1y ¢ thé dam bao
dugc chat lugng diéu khién cao trong truong hop cac thong s6 mo hinh khong biét trudc. Ngoai ra, cac
thong so dieu khién co6 thé dugc udc luong chinh xac thong qua qua trinh thich nghi va di€u khién song
song.

3. Thiét ké b diéu khién PID thich nghi v6i kha niing khir thong s6 mé hinh (APIDCTC)

Trong phﬁn nay, chiing t6i s€ trinh bay mot cach chi tiét qua trinh thiét ké bo didu khién PID véi tinh
nang kht nhieu dong mo hinh dé gidi quyéet van dé dugc dat ra ¢ trén. Cac dac tinh thich nghi sau do6 sé
dugc tich hop cho viéc udc lugng cac thong so chua biét.
3.1.Céu triic diéu khién PID khir théng s6 mé hinh (PIDCTC)

Dé diéu khién tay may robot, chung ta c6 thé sir dung lut diéu khién nhu sau:

T:M<q)éj*+Qu (9:9)+Oi (9:9) (4)

JTE, Issue 71B, August 2022 67



JT E JOURNAL OF TECHNICAL EDUCATION SCIENCE
Ho Chi Minh City University of Technology and Education
HCMUTE Website: https:/jte.hcmute.edu.vn/index.php/jte/index

ISSN: 1859-1272 Email: jte@hcmute.edu.vn

Trong do, M(q) va Qu (q,q') lan luot 1a cac gia tri wdc luong cua M(q)va O(q.,q), va
1 (5)

Q"=+ K, é+ K e+ K,f ed ¢
0

Trong (5), sai s6 diéu khién, e = ey, e, ..., e,J7, duoc dinh nghia nhu sau:
e=4q,-4q (6)

Véi K,,K,,K, € R"" 1a cac ma tran duong chéo héng s v6i K., K,y va K 1a cac hé s6 trén duong
chéo. Quy dao mong mudn cua robot duge gia dinh 13 biét trude voi cac ham theo thoi gian cua vi tri,
van toc va gia toc khop, q,(¢), ¢, () va g, ().

Phuong trinh (4) ¢6 thé duoc viét lai dudi dang tong ciia céc tich sau:
=W(0.6,4")Z + 0 (9:4) (7)

Trong do cac Z 1a gia tri udc luong cua Z.

Luat diéu khién (4) dugc lwa chon boi vi trong cac tinh huéng st dung cac thong tin hoan hao ciia
mo hinh dong lyc hoc cua hé théng trong moi truong khong nhiéu dong, sai s6 didu khién cua hé diéu
khién vao kin s& c6 dang nhu sau:

t
é+ K6+ er+1<,,fedg:o (8)

Khi do, trong tinh huong Iy tuong nay, cac gia tri K, ,K, va K; c6 thé dugc lya chon dé dat dugc cac
cuc mong mudn cia hé kin ctia cac khdp, va viée khir cac nhidu dong moi truong s& dong déu trén toan
bo khong gian lam viéc cua robot.

Chii y 2: So db khdi cua bo didu khién dugc phac hoa ¢ Hinh 1, & d6 ¢ thé thiy dugc bo diéu khién
da st dung thong tin mé hinh dong luc hoc ciia robot trong qua trinh diéu khién. Dong thoi, mot phan
tur thich nghi cling duoc tich hop vao hé théng Phan tir thich nghi nay quan sat sai s diéu khién va diéu
chinh cac hé sé xuét hi¢n trong luat diéu khién (4) Phan con lai ciia myc nay sé thao ludn viéc thiét ké
co ché thich nghi, tinh 6n dinh toan cuc va cac yéu t6 lién quan khéc.

(a.q9)

Adaptive law

Hinh 1. Cdu triic b¢ diéu khién duoc PID khir thong ~ Hinh 2. Cdu hinh robot hai béc tw do diing dé kiém
86 mo hinh voi phan tir thich nghi chieng bo diéu khién thich nghi khir thong so mo hinh

3.2.Co ché thich nghi
Khi céc gia tri ude lugng cua cac hé s(i mo hinh khéc véi cac gia tri thyc cua ching, h¢ thdng vong
kin s€ khong thyc thi nhu biéu thic (8). Bang viéc két hop (1) va (4), chiing ta co
t
S+Ke+K etk f eds =N (q)(31(q)ii +0, (¢.4)) )
0

Trong d6, M(q)=M(q) —M(q) va 0=0(q,9) fQ(q,c}) 1a cac sai s6 udc lugng ciia md hinh dong
Iuc hoc. ]

Tu gia diph Vjéc phan tich m6 hinh dong lyc hoc cia robot thanh dang tong cua cac tich, chung ta c6
mot dang bién doi khac cua (9) nhu sau:

E4 Kot Kot K, [ ede= 2" (@)W (¢.4.4)7 (10)
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trong d6, Z 1a vector sai s uéc lugng:

Z =Z; Z (11)

Chuy 3: Tu phu’orng trinh (9) hodc (10) c6 thé thay rang, céc sai s6 mo hinh héa ciia mé hinh dong
lyc hoc hé thong s& anh hudng dén chét luong diéu khién cua cac khop. Thuc chit ddy 1a mot han ché
l6n cua phuong phap diéu khién khir momen mé hinh robot [1]-[6]. Dé khic phuc nhuoc diém nay,
chung ta ¢ thé sir dung cac luat hoc thich nghi phii hop dé tu dong tim ra cac hé s6 hé thdng trong qua
trinh diéu khién. i . .

Chu y 4: Trong phan phan tich dudi ddy, chung ta can xem xét tinh hitu han cta thanh phan
M (q)W . Vi W dugc tdng hop tir cac ham hitu han ciia quy dao cua robot, nén W s& hiru han néu quy
dao cua robot dugc dam bao 6n dinh [21], [23]. Ma tran M (q) s€ xac dinh duong va kha nghich néu
chung ta dam béao cac hé s khoi luong cta hé thong 1a dwong. V&i phan tich nay, ching ta s& giéi han
gia tri udc lugng cua cac thong so6 hé thong trong cac gidi han hitu han nhu sau:

[ =6, <z, <h +5 (12)

trong d6, chiing ta biét ring gi tri thuc sy cua z; nam giira /; va hy;, va 0;1a méot s6 dwong nho tuy y
sao cho ma tran M~ (q) hitu han mién 1a thoa man (12).

Luat thich nghi s€ dugc tinh toan dua trén sy thay dbi cua sai sb didu khién. Ta dat cac vector trang
t
théi sau x=[y, »;, J, 1" eR>, voi y= f eds . Tir day, phuong trinh dong lyc sai sb didu khién

(10) c6 thé biéu dién dudi dang hé phuong trinh trang thai sau:

i=Ax+BM ' (q)(W(4.4.4)7) (13)
trong d6, 4 1a ma tran qua do c6 ciu trac sau:
Onxn Ian 0n><n
A=[0,, 0., I, (14)
-K, K, K,

va B:[Ow 0,0 Iw]Tlél ma tran d¢ loi ngd vao.

Chu y réng, v6i moi K, K, va K; xéc\dinh duong sao cho A 1a ma tran Hurwitz, luén tdn tai hai ma
tran xac dinh duong P va Q théa man diéu kién sau [20], [22], [24]:

A"P+PA=—Q (15)

Tt phuong trinh trang thai (13) va diéu kién 6n dinh cta hé thdng (15) ta co thé lya chon luat hoc
thich nghi cho cac h€ s6 mo hinh tai cac khép j nhu sau:

Z=TW"(q.4.5)M " (q)B" Px (16)
trongdo I' = diag(Fl, r,, .. Fm) 1a ma tran dudng chéo xac dinh duong chira cac hang sb toc
d6 hoc.
3.3. Ddnh gid tinh én dinh ciia hé kin
Pé phan tich tinh 6n dinh cua hé thong kin, ta s& khao sat ham Lyapunov sau [13]-[14], [23]-[25]:

L=x"Px+27'T"'7 (17)
Pao ham ham Lyapunov trén theo thoi gian ta dugc:
L= APt PA+27 (W (q.0ud) ' (q) B Pe-+T'Z (18)

Két hop (15) va (16), ta c6 thé don gian hoa ham (18) nhu sau:
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L=—x"0x<0VxeR” (19)
Vi Q la ham xac dinh duong, nén bién thién ciia ham Lyapunov (17) theo thoi gian 1a khong duong,
do d6 x va Z s& hiru han.

Chuy5:Luuy rang luat th1ch ngh1 (16) chi dam bao cac hé sb ude lugng cta hé thong hitu han. Dé
gia tri uc luong cua cac hé s6 nay nam trong mién gidi han (12), cac phép chiéu thich nghi c6 thé duoc
ap dung [24]-[25]. Tuy nhién, dé dam bao diéu kién (12) dugc thoa man mot cach chat ché trong moi
truong hop, chung t6i str dung diéu kién cai dt lai nhu sau:

2 =1if 5(7)<I -6,
B(tH)y=hif 5,(tT) > h +§,

Tir (20) c6 thé thdy, néu cac gia tri woc luong roi ra khoi mién gidi han ciia chung mot khoang 0;,

(20)

n6 s& duoc dit lai trén cac gia tri bién gan nhét cia n6. Hanh vi cai dit lai cac thong sb udc luong nay
s& tao ra mot sy thay ddi budc trén Z trong mo hinh hé kin (13). Diéu nay khong tao ra su thay ddi tirc
thoi trén bien trang thai x [21], [25].

Chu )5 6: Mot luu y khac 1a gia toc goc thyuc té q‘ cua robot xuat hién trong ludt hoc thich nghi cua
cac hé sb khéi luong. Tuy nhién, chung ta khong can st dung cac cam bién gia toc dé do cac thong tin
nay, ching ta c6 thé x4p xi né tir thong tin van tc goc hay vi tri goc. Chéc chin ring viée xap xi cac gia
tri gia toc goc s& tao ra cc sai léch boi nhiéu do luong va tinh ro1 rac hda, nhung déc tinh tich phén cua
luat hoc (16) va tinh 6 6n dinh tiém cén cua sai s0 diéu khién (19) c6 thé lam giam cac yéu ciu qua cao
vé d6 chinh x4c cua thong tin gia toc nay.

3.4.Thdo ludn khd nang hoi tu ciia hé kin
Néu bo qua didu kién cai dit lai hé sb udc lugng (20), chung ta c6 thé viét phuong trinh dién ta hanh
vi cua hé kin nhu sau:
X A BM ~'w
Z| |-Tw'M 'B'P 0 Z
Thuc ra ¢c6 nhiéu nghién clru khéo’sét‘ vé tinh 6p dinh tiémﬂcén cua hé théng (21). Yi d}l nhu cac
nghién ctru [16]-[17], [23]-[25] cho biét rang, h¢ thong (21) s€ on dinh ti€ém can dong déu néu ma tran

X

(2]

A 1a ma tran Hurwitz va ma tran M (q) W thoa mén diéu kién kich thich lién tuc:
s+p
~ T~

ol < [ (W (W) (W7 ()W) <81 (22)

cho tat ca s, trong d6 o, 3, va p la cac s6 duong.

Chu y 7: Trong qua trinh uéc lugng tham s6, téc do hoi tu Phu thp(f)c Vao gé dodi dao va kha nang
kich thich cua tin hiu hoc. Vi vay, viéc chon phuong phap diéu khién PID bo tro khong nhiing gitp
lam giam sai sO xac 1ap ma con lam da dang tin hi€u diéu khién tuc 1a tao thém dicu kién kich thich lién
tuc cho qua trinh wdc luong. Cubi cing, vi chung ta thiy ring cac sai sé diéu khién ( f edq,e,é) st hoi
tu vé gbc toa do dudi cu triic diéu khién nay, nén diéu kién kich thich lién tuc (22) s& c6 hiéu qua doi
véi cac dang quy dao bién doi lién tuc va quy dao tinh néu thoi gian hoc du 1on.

4. Két qua md phéng kiém chirng

Mot tay may robot hai béc tw do don gian nhu Hinh 2 da dugec mé phong dé kiém chung giai thuét

diéu khién thich nghi ndy. Tay may dugc m6 hinh hoa nhu hai khau cing chic voi d6 dai 1, va [, va khbi

luong dugc phan bd tai diém cubi cua tung khéu (m;, my). Robot s& lam viéc trong mat phing thing
dimg véi gia tbe trong truong hudng xuong. Cac luc ma sat nhat duge moé hinh hoa tai cac khop. Mic
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du robot nay kha don gian, nhung n6 chira day du cac thanh phan can thiét ciia mot robot da béc tu do
téng quat bao gdbm momen quén tinh, thanh phin ly tim, thanh phan Coriolis, thanh phan trong truong
va cac hiéu ing ma sat.

Phuong trinh dong luc hoc chi tiét cua robot nhu sau [2]:
5 =mb (6.1'1 +éi2) +hhm, COS(%)(zéﬁ "@2) +(my +my)lE G —mobly sin(g,)g, (% +241)
+myl,gcos(q, +q2)+(m1 +”72)llgCOS(Q1)+alq1 (23)
7, =myl; (éjl "@2) + 1y, o8y ), +mylly sin(gy )i +myl,gcos(g; +4,) +and,
Ching ta ¢ thé gia sir ring cac gia tri cua /;, > va gia téc trong truong g la biét trudc:
[,=0.2;1,=0.3;g =9.81. Vicac hé s6 /;, > va g khong xuat hién nhu cac hé s6 doc 14p, nén ta co thanh

phan QO = 0 trong (2) va (3). Ta co thé sap xép lai hé thong (23) theo dang cua hé (3) vai cac hé sb can
udc lugng va ma tran hoi quy nhu sau nhu sau:

z=[m:m:a;:a,]
W:[Wu wyp w0 } (24)
0wy 0wy
trong do,
wyy =G, +hgcos(q,)
n=h (G +G, )+ 1k cos(q,) (24, + G, ) + Iy + 1L, cos(qy)d, — L1, sin(g, g, (4> +24,)
+l,gcos(q, +q,)+1,gcos(q,) (25)
Wi3=4q
Wo, =05 (G, +G, ) + 41, c08(q, )i, + 41, sin(q, g, +1L,g cos(q, +,)
Wiy =G,

4.1. Thi nghiém voi quy dao bién doi lién tuc

Luat diéu khién duoc ap dung tir (4) va luat thich nghi dwoc ap dung tir (16) va (20). Quy dao mong
mudn cua cac khép duge lra chon nhu sau: Gq =1.5+sin(#) +sin(37);q,, =—1+ cos(2t) +cos(6¢7) .

Hinh 3 biéu dlen quy dao mong mudn cua cac khdp. Dé dam bao tinh thyc té, cac nhleu qua trinh
duéi dang nhiéu tring, nhu Hlnh 4, duoc thém vao tai momen xodn ngd ra ciia cic co cAu chap hanh.

Gi4 tri thuc cua cac hé s khdi lwong va ma sat duoc Iya chon nhu sau m =T,m,=3.5;a,=3;m, =10.

Pé danh gia tinh thich nghi va bén ving ciia b diéu khién dang nghién ciru  ndy, ching t6i da dung
mot b didu khién PID cb dién [2], mot b didu khién CTC sir dung cac thong s6 mo hinh hoan hao (gia
tri thuc) (goi 1a PCTC [1-2]), mot bd diéu khién CTC véi thong sé md hinh thye khong hoan hao nhung
khong ap dung luét thich nghi (16) va (20) (goi 1a ICTC), va hai bd diéu khién CTC sir dung céc hé sb
mo hinh khéng hoan hao khac nhau nhung co tinh thich nghi (goi 1a APIDCTC1 va APIDCTC2) dé
diéu khién cing mot hé thong trong nhitng diu kién lam viéc giéng nhau. Cac hé sé diéu khién dugc
lira chon nhu sau K, = diag([500; 500]), K, = diag([21; 21]) va K; = diag([800; 800]) trong khi d6 hé s6
hoc dugc lya chon 1a I = diag([8;12;2;2]). Cac gia tri bién va d¢ duy trit bién dugc cai dat nhu sau /
=0.114, h = 5014, va §=0.01.
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Quy dao mong muén Khép 1 , 2Nhiéu qua trinh tai cac khép 1
——qid

26}

0246 8101214161820

Hinh 3. Quy dao mong muén tai cac khép trong thi Hinh 4. Nhiéu qud trinh tai cdc khop ciia robot

nghiém 1

Két qua didu khién so sanh giira cac bo didu khién dwoc mo ta trong cac Hinh 5-6. Két qua diéu khién
ctia bo diéu khién CTC 1y twong (PCTC) dugc trinh bay trong Hinh 5 (a). O dy chung ta co thé thiy
dugc rang néu chung ta biét duoc chinh xac cac hé sé thuc (ly tuong) cua hé thong thi bo diéu khién
PCTC s& cho ra chét luong diéu khién nhu mong doi mac du hé thdng dang lam viéc trong moi trudng
nhiéu qua trinh 16n. Cac chat luong diéu khién mong mubn (thdi gian qua d va sai s6 xdc 1ap) co thé
duoc diéu chinh bang cac hé s6 K, K} va K. Trong trudong hop céc hé s6 didu khién khong biét chinh
xéc duge, néu ta ap dung b diéu khién CTC (trudng hop nay duogc goi 1a ICTC — Imperfect Computed
Torque Control) ma khong duoc tich hop dic tinh thich nghi thi chat lwong diéu khién s& giam di rat
dang ké so voi bo didu khién PCTC. Su giam chit luong diéu khién nay co thé thiy duoc thong qua
phan tich 1y thuyét (8)-(10), hodc cac dir liéu mod phong so sanh giita cac Hinh 5 (a) va (b). Véi viée ap
dung b diéu khién CTC cho théng sé mé hinh khong 1y tuéng nhung c6 sir dung cac luat hoc (16) va
(20), két qua didu khién cho cac gia tri lya chon khac nhau dugc trinh bay trong cac Hinh 5 (¢) va (d)
Tur cac dir liu trong céc hinh nay, trong giai doan qua dd khi cac thong tin mo hinh ban dau st dung dé
xay dung tin hi¢u diéu khién khac nhau va khac voi gia tri thuc cua no, thi chét luong diéu khién qua do
chat lwong diéu khién ctia cdc b diéu khién thich nghi nay dan dugc cdi thién. Tir viée so sanh cac dir
lidu diéu khién trong Hinh 5 (f), c6 thé thiy dugc, chat lwong diéu khién xé4c 1ap ciia bo didu khién CTC
ly tuong (PCTC) va cac bo didu khién CTC thich nghi (APIDCTC1 va APIDCTC2) déu nhu nhau mic
du giai doan qua do c6 su khac nhau 18 rang. Tt d6 cé thé khéng dinh dugc hiéu qua diéu khién cta bod
diéu khién thich nghi nay. Mot luu ¥ nho c6 thé duogc nhin thay tir dit lidu trong Hinh 5(e) d6 la trong
truong hop khong xac dinh duge cac thong so hé thong mot cach chéc chin thi b diéu khién PID cb
dién 1a mot giai phap an toan. S liéu sai sb tuyét déi 16n cuc dai (MA) va trung binh binh phuong
(RMSE) cua 5 phuong phap trong mot giai doan xac 1ap dugce thong ké 6 Bang 1. Két qua thong ké sai
s6 cho thdy bo diéu khién PID hoat dong & mirc chip nhan dwoc ddi véi nhimg quy dao bién ddi lién
tuc. Trong khi d6, cac dit liéu thong ké nay ciing cho ngudi dung thay dugc nén c6 mot sy can nhac nhét
dinh khi ap dung bd didu khién CTC thong thuong, vi trong mot so truong hop khi cac thong s hé thong
thay doi hodc khéng duoc xac dinh chinh xac ¢6 thé din dén chét luong didu khién rat thip. Tuy nhién
khong tét nhu mong doi, tuy nhién hé théng kin van 6n dinh. Nho vao dic tinh cta hoc dugc thiét ké,
nhuoc diém nay cé thé duoc khéc phuc vo6i cac luat thich nghi phu hop. Qua trinh udc lugng cac hé s0
khéi lugng va ma sat dugce trinh bay trong cac Hinh 6. Mic du xuét phat tir cac gia tri khoi tao khac
nhau, nhung hé thdng thich nghi hoan toan c6 thé dua gia tri wéc luong nay tién dén gan gia tri thuc ciia
hé théng. Do d6, kha ning hoc ciia hé thdng da dugc xac nhan mét cach chic chin thong qua két qua
mo phong nay.
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Hinh 5. Sai s6 diéu khién tai cac khép ciia bg diéu khién CTC khdc nhau trong thi nghiém 1: a) CTC Iy tuong
(PCTC); b) CTC khong Iy twong thu dong (ICTC), ¢) CTC khong Iy tuong thich nghi 1 (APIDCTCI); d) CTC
khong Iy twong thich nghi 2 (APIDCTC2); e) PID cé dién; va f) So sanh giita PCTC, APIDCTCI1, APIDCTC2,

va PID
) ) Qué trinh u6c lwgng khéi lwgng m2
Qua trinh udc luong hé s ma satal  Qua trinh woc luong hé s6 ma sat a2 Qua trinh udc luong khoi lugng m1 ——ACTC1
12 "CTCT : : B p—— 222 —_ACTCY]
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Hinh 6. Qud trinh w6c lweong cdc hé s6 mé hinh chuea biét ciia bg diéu khién thich nghi 1 (APIDCTCI) va
thich nghi 2 (APIDCTC2) trong thi nghiém 1: a) woc lwong hé so khoi heong mi; b) wéc heong hé so khoi
lwong my; c) woc lwong hé so ma sat a;; va d) woc lwong hé so ma sat as.

Khép Phwong phap PID PCTC IPCTC APIDCTC1 APIDCTC2

MA 0.1424  0.0217  0.6462 0.02642 0.0262
RMSE 0.0522  0.0062 0.2674 0.0082 0.0096
MA 0.1839 0.0493  1.2415 0.0512 0.0519
RMSE 0.0926 0.0164  0.4937 0.0157 0.0178

Bing 1. Bing thong ké sai sé diéu khién ciia cdc phwong phdp diéu khién trong thi nghiém 1
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4.2. Thi nghiém vdi quy dao tinh

Trong thi nghiém nay, quy dao mong muébn cua cac khdp duge lya chon 14 céc song tin hiéu xung
vudng tron nhu biéu dién & Hinh 7. Sir dung cac bo diéu khién trén dé diéu khién hé thdng trong truong
hop nay, ta duoc cac két qua diéu khién dwoc biéu dién nhu trong cac Hinh 8-9.

O Hinh 9, viéc st dung quy dao mong mudn 1a xung vudng lam cho qua trinh u6c luong thong s6
cua hé thdng chua duoc téi wu do quy dao mong muon con don di€u vi ban chat qua trinh u6ce luong
can quy dao c6 bién do da dang giup sai s6 udc lugng hoi tu nhanh hon. Tuy nhién didu nay khong lam
anh huong dén muc tiéu dleu khién chinh ciia hé thong trong sudt qua trinh diéu khién nhu Hinh 8, trong
d6 chung ta co thé thay rang cac dao dong dugc triét ti€u mot cach rat hidu qua va cac sai s6 didu khién
déu nhanh chong hoi tu vé gia tri khong. Day chinh 1a nét doc ddo tao nén sy khac biét ciia b diéu khién
nay so voi cac bo didu khién khac. Két qua thong ké sai s xac 1ap & Bang 2 cho thiy bo diéu khién PID
hoat dong t6t hon & nhitng quy dao tinh.

Khép Phwongphap PID PCTC IPCTC APIDCTC1 APIDCTC2
MA 0.0037 0.0325  0.0309 0.0031 0.0039
' RMSE 0.0012  0.0089  0.0100 0.0009 0.0011
MA 0.0032  0.0679  0.0531 0.0059 0.007
: RMSE 0.0001 0.0186  0.0176 0.0017 0.0020

Bing 2. Bing thong ké sai sé diéu khién ciia cdc phwong phdp diéu khién trong thi nghiém 2.

Quy dao mong muon khop 1 Sai s6 el
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Hinh 7. Quy dao mong muén tai cic khép Hinh 8. Téng hop sai s6 diéu khién tai cdc khép ciia cdc bo
trong thi nghiém 2 diéu khién PID (PID), CTC Iy tuong (PCTC), CTC khéng ly
tuong thy dong (ICTC), thich nghi 1 (APIDCTCI) va thich

nghi 2 (APIDCTC?2) trong thi nghiém 2

Qua trmh udc luong khdi lugng m1  Qua trinh udc luong khéi lugng m2  Qua trinh u6c lugng hé sémasatal Qud trinh uéc lugng hé sé ma sat a2
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Hinh 9. Qud trinh wéc lwgng cac hé s6 mé hinh chuwa biét ciia bérdiéﬁ't khién thich nghi 1 (APIDCTCI) va
thich nghi 2 (APIDCTC2) trong thi nghiém 2: a) wéc luong hé so khoi luong m,; b) woc liwong hé so khoi
luwong mz; ) woc lwong hé so ma sat a;; va d) woc lwong hé so ma sat a.
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5. Két luan

Trong bai bao nay, chiing t6i da dé xuit mot cau tric diéu khién PID thich nghi cho cdc hé thong tay
méy robot phirc tap. Qua trinh thich nghi dugc tich hop vao tin hiéu diéu khién dua vao céu tric mo
hinh cta robot sir dung phuong phap khir momen mé hinh. Céc két qua thao luan 1y thuyét va mé phong
kiém chirng cho thay hiéu qua lam viéc ciia phuong phéap nay. Mot diém can luu y 13 cac quy dao mong
mubn phai dwoc quy hoach pht hop dé cung cip du thong tin can thiét cho qua trinh thich nghi. Tuy
nhién, trong phan 16n cac quy dao sir dung trong céc robot cong nghiép mang du nang luong dé kich
thich qua trinh hoc nay, va vi vy bo dleu khién ndy hoan toan c6 thé ap dung dé dleu khién truc tuyen
hé thong. Mit khac, bd didu khién ndy van con mot s6 han ché nhu phu thudc vao cAu tric mo hinh, ch‘at
luong déap Gmg quéa do ban dau chwa dugc t6i wu. Phuong phap nay ciing ¢6 thé mé rong dé didu khién
céc hé thong co dién tir khac.

Acknowledgement

This work belongs to the project grant No: B2021-SPK-03. funded by Ministry of Education and

Training, and hosted by Ho Chi Minh City University of Technology and Education, Vietnam.

TAI LIEU THAM KHAO

[1] M. A. Llama, R. Kelly, and V. Santibanez, "Stable computed-torque control of robot manipulators via fuzzy self-tuning", I[EEE Trans.
Syst., Man, and Cyber., Part B, vol. 30, no. 1, pp. 143-150, 2020.

[2]  1.J. Craig, Introduction to Robotics: Mechanics and Control, 3rd Edition, 2005, Pearson Prentice Hall.

[3] P. Masarati, "Computed torque control of redundant manipulators using general-purpose software in real-time", Multibody System
Dynamics, vol. 32, pp. 403-428, 2014.

[4]  J.W. Burdick, "An Algorithm for Generation of Efficient Manipulator Dynamic Equations," in /EEE Conference on Robotics and
Automation, San Francisco, 1986

[51 R.H. Lathrop, "Parallelism in Manipulator Dynamics", The International Journal of Robotics Research, Vol. 4, Number 2, Summer
1985

[6] Z.Song,J.Yi, D. Zhao, and X. Li "A computed torque controller for uncertain robotic manipulator systems: Fuzzy approach", Fuzzy
Sets and Systems, vol. 154, no. 2, pp. 208-226, 2005.

[71  G. Goodwin and K.S. Sin, Adaptive Filtering, Prediction, and Control, Prentice Hall, 1984.

[8] S.Dubowsky and D.T. DesForgcs, "The Application of Model-Referenced Adaptive Control to Robotic Manipulators”, The Journal
of Dynamic Systems, Measurement, and Control, Vol. 101, September 1979.

[9] M. Tomizuka and R. Horowitz, "Model Reference Adaptive Control of Mechanical Manipulators", IFAC Adaptive Systems in Control
and Signal Processing, San Francisco, Ca., 1983.

[10] A.J.Koivo, and T. Guo, "Adaptive Linear Controller for Robotic Manipulators", I[EEE Trans, on Automatic Control, Vol. AC-28, No.
2, Feb. 1983.

[11] S. Nicosia and P. Tomei, "Model Reference Adaptive Control Algorithms for Industrial Robots", Automatica, Vol. 20, No. 5, 1984.

[12] Zhiyu Zhou and Bangyao Wu, “Adaptive sliding mode control of manipulators based on fuzzy random vector function links for
friction compensation”, Optik- Internation Journal for Light and Electron Optics, vol. 227, February 2021.

[13] Kang Huang, Yuanjie Xian, Shengchao Zhen and Hao Sun, “Robust control design for a planar humanoid robot arm with high strength
composite gear and experimental validation”, Mechanical System and Signal Processing, vol. 155, 16 June 2021.

[14] S. Shankar Sastry, "Model-rcfercnce adaptive control - Stability, Parameter Convergence, and Robustness", IMA Journal of Math.
Control and Information, pp. 27-66, 1984.

[15] B.D.O. Anderson and S. Vongpanitlcrd, "Network Synthesis: A State Space Approach", Prentice Hall, 1973

[16] Parks, "Liapunov Redesign of Model Reference Adaptive Control Systems", IEEE Transactions on Automatic Control, Vol. AC-11,
No. 3, July, 1966.

[17]  W. Rndin, "Principles of Mathematical Analysis", McGraw-Hill Book Company, 1976.

[18] A.P. Morgan and K.S. Narcndra, "On the Uniform Asymptotic Stability of Certain Linear Nonautonomous DilTerential Equations",
SIAM Journal of Control and Optimization, Vol. 15, 1977.

[19] B.D.O. Anderson, "Exponential Stability of Linear Equations Arising in Adaptive Identification", IEEE Transactions on Automatic
Control, Vol. AC-22, pp. 83-88, 1977.

[20] O. Kliatib, "Dynamic Control of Manipulators in Operational Space", Sixth IFTOMM Congress on Theory of Machines and
Mechanisms, New Delhi, December 15-20, 1983.

[21] J.J. Craig, P. Hsu, and S. s. Sastry, "Adaptive Control of Mechanical Manipulators," Reading, MA: Addison-Wesley, 1988.

[22] B.Paden and R. Panja, "globally asymptotically stable 'PD+' controller for robot manipulators,” International Journal of control, vol.
47, no. 06, pp. 1697-1712, 1988.

[23] D.X. Ba, K. K. Ahn, D. Q. Truong, and H. G. Park, “Integrated model-based backstepping control for an electro-hydraulic system,”
Int. J. Precis. Eng. Manuf., vol. 17, no. 5, pp. 1-13, 2016.

[24] A. K. Bhatia, J. Jiang, Z. Zhen, N. Ahmed, and A. Rohra, “Projection modification based robust adaptive backstepping control for
multipurpose quadcopter UAV,” IEEE Access, vol. 7, pp. 154121-154130, 2019.

[25] P. A. loannou and J. Sun, Robust Adaptive Control, 2012, Courier Corporation.

N

JTE, Issue 718, August 2022 7



JTE

HCMUTE
ISSN: 1859-1272

JOURNAL OF TECHNICAL EDUCATION SCIENCE
Ho Chi Minh City University of Technology and Education
Website: https://jte.hcmute.edu.vn/index.php/jte/index

Email: jte@hcmute.edu.vn

Vo Nguyen Thong received the B.S degree from the Ho Chi Minh City University of Technology and Education
(HCMUTE), Ho Chi Minh City, Vietnam, in 2020.

He is currently studying for a M.S degree at the Ho Chi Minh City University of Technology (BKU), Ho Chi Minh
City, Vietnam. He is also the member of the Dynamics and Robotic Control (DRC) Laboratory. His research
interests include computer vision, intelligent control, robotics control and their applications.

Nguyen Hai Phong received the B.S degree from the Ho Chi Minh City University of Technology and Education
(HCMUTE), Ho Chi Minh City, Vietnam, in 2020.

He is currently studying for a M.S degree at the Ho Chi Minh City University of Technology (BKU), Ho Chi Minh
City, Vietnam. He is also the member of the Dynamics and Robotic Control (DRC) Laboratory. His research
interests include intelligent control, robotics control, modern control theories and their applications.

Nguyen Dang Hung Phu received the B.S degree from the Ho Chi Minh City University of Technology and
Education (HCMUTE), Ho Chi Minh City, Vietnam, in 2020.

He is currently studying for a M.S degree at the Ho Chi Minh City University of Technology (BKU), Ho Chi Minh
City, Vietnam. He is also the member of the Dynamics and Robotic Control (DRC) Laboratory. His research
interests include intelligent control, robotics control, computer vision and their applications.

Dang Sy Binh received the B.S degrees from the Ho Chi Minh City University of Technology and Education
(HCMUTE), Ho Chi Minh City, Vietnam, in 2021.

He is currently a software engineer with Department of Engineering Japan Viet Nam, Robert Bosch Engineering
and Business Solutions Viet Nam (RBVH). He is also the member of the Dynamics and Robotic Control (DRC)
Laboratory. His research interests include robotics control, intelligent control, nonlinear control and their
applications.

Dang Xuan Ba received the B.S and M.S. degrees from the Ho Chi Minh City University of Technology (BKU),
Ho Chi Minh City, Vietnam, in 2008 and 2012, and the Ph.D. degree in the School of Mechanical Engineering,
University of Ulsan (UoU), Ulsan, Korea, in 2016, respectively.

He is currently a lecturer with the Department of Automatic Control, Ho Chi Minh City University of Technology
and Education (HCMUTE), Vietnam. He is also the manager of the Dynamics and Robotic Control (DRC)
Laboratory. His research interests include intelligent control, nonlinear control, modern control theories and their
applications.

JTE, Issue 71B, August 2022 76



