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Ngay nhan bai: 30/5/2025 Diéu khién bam quy dao dong vai trd quan trong trong hiéu Sl{ét cua tay may
robot, dac biét trong cac méi truong phuc tap, phi tuyén va cé bat dinh. Bai bao

Ngay hoan thi¢n: 20/8/2025 13y trinh bay mot phuong phap didu khién bam quy dao thich nghi bén viing
Ngay diing: 20/8/2025 cho tay may robot dua trén diéu khién hoc lap va mang no ron ham co s¢ xuyén

tdim. Phuong phap dé xuat két hop mot luat diéu khién hoc Iap kiéu ti I€ - vi
\ . phén véi mang no ron ham co s& xuyén tam hoc tryc tuyén dé woc lugng nhidu
TU KHOA va mot thanh phan chuyén mach nham nang cao tinh bén viing trong giai doan
Tay mdy robot hoc ban dau. Mang no ron ham co s6 xuyén tam thich nghi gin dung thanh
Didu khién bam thich nghi bén phan khong chac chan va nhiu bén ngoai ma khong céan thong tin trudc, trong
khi thanh phan chuyén mach dam bao 6n dinh ban dau truge khi mang hoi ty.

vu1‘1g . Phan tich dya trén ly thuyét 6n dinh Lyapunov trong khong gian lap duoc st
bicu khién hoc lap dung dé ching minh chit ch& sw hoi tu coa ca sai s6 bam quy dao va sai s6 wéc
Mang RBF lugng. M6 phong Sfr)‘ trén tay may robot da dugc thyuc hién dé danh gia hiéu qua
Mang noron cta phuong phap dé xuat so vai bo diéu khién truot thich nghi. Két qua cho

théy bo diéu khién dé Xu:?i't khong chi dat dugc chét lugng bém quy dao tcf)t hon,
dac biét trong cac pha bién thién nhanh va khi c6 sy thay doi dot ngot vé tham
S0, ma con tao ra m6é men diéu khién tron hon dang keé.
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1. Gioi thigu

Trong hon mdt thap ky qua, diéu khién tay méay robot v6i do chinh xéc cao dudi tic dong cua
nhiéu va bat dinh d tré' thanh mét chii dé quan trong trong linh vuc diéu khién tién tién. Cac phuong
phép didu khién hoc ldp (Iterative Learning Control - ILC) d4 dwoc nghién ctru rong i dé cai thién
hiéu sudt bam quy dao trong cac hé thong lap lai [1]-[3]. Pic biét, cac bo diéu khién hoc 1ap dang PD
(Proportional-Derivative) di cho thiy su don gian trong c4u tric va hiéu qua trong thuc té [4].

Tuy nhién, trong nhiéu 1  ung dung thye té nhu tay may c6 ma sat phi tuyén, nhiéu tai trong va tré
thot gian, cac bo diéu khién hoc lap tuyén tinh thuan tay thudng 2ap kho khan trong viéc dam bao
tinh on dinh va kha nang bu nhleu [5], [6]. Do do, cac hudng tiép can két hop hoc 1ap véi cac bo
udc luong nhiéu da duoc dé xuat, vi du nhu quan sat nhleu [7], bo diéu khién thich nghi [8], hodc
diéu khién mang no ron [9]. Trong d6, mang no ron truyen thang, dic biét 1a mang no ron RBF
(Radial Basis Function), di dwoc ung dung hiéu qua dé xap xi cac thanh phan phi tuyen khong biét
truge trong hé dong luc hoc tay may robot [10]-{12]. Mang RBF ¢6 uu diém 1a cau trac don gian,
kha nang Xap xi toan cuc, va dé dang tich hop véi cac bo diéu khién phan hoi [13]. Cac cong trinh
gin déy ciing da tich hop mang no ron RBF véi diéu khién hoc lip dé cai thién hiéu suit diéu khién
trong mdi trudng c6 nhidu nhiu va bét dinh [14], [15]. Mt khac, && dam bao tinh bén viing trong
giai doan dau khi mang chua hoi ty, mot s6 nghién ctru di dé xuét bd sung thanh phan phi tuyén
kiéu ham d4u hodc mat truot dé dam bao dn dinh Lyapunov cuc bd [16], [17]. Tuy nhién, héau hét
céc nghién ciru hién tai hodc chi xét dén hoc 1ap tuyén tinh khong c6 wdc lugng nhiéu [18], hodc chi
tap trung vao hoc mang no ron RBF khong khai thic dac trung 13p cua bai toan [19]. Ngoai ra, mot
s0 hu’dng tiép can két hop hoc lép vGi mang no ron lai chua chimg minh duoc hdi tu dong thoi trén
khong gian thoi gian va khong gian 1ap [20].

Dong lyc ciia bai bao nay 1a phat trién mot thudt toan diéu khién bam thich nghi bén viing cho tay
méy robot trong mdi truong bét dinh, théng qua viéc tich hop ba thanh phan diéu khién: (i) mot luat
diéu khién hoc lap dang PD duoc cap nhat theo chudi lap dé cai thién hiéu suat bam quy dao, (i) mot
mang no ron RBF hoc online nhim wdc lwong thanh phan nhidu va dong luc chua biét, va (iii) mot
thanh phan ham dau tuyén tinh nhém dam bao tinh 6n dinh cho h¢ thong trong giai doan dau ciia qua
trinh hoc lap. Diém dong gop n6i bat ciia phuong phap dé xuat 1a viéc loai bo yéu ciu rang budc chat
ch& d6i véi cac tham s hiu chinh cia luat ILC. Cu thé, trong cac phuong phap ILC truyen thong, dé
dam bao hoi ty ctia qua trinh hoc, cac tham s6 diéu khién thuong phai thod mén mot diéu kién hoi tu
nhét dinh. Tuy nhién, nho viéc bd sung thanh phian dam bao bén vimng ban dau (ham diu), phuong
phép dé xuét vin dam bao on dinh hé thdng ngay ca khi cac tham sb ILC chua dat diéu kién hoi tu ly
tuong. Piéu ndy 1am ting tinh linh hoat va kha ning 4p dung thyc té cho hé didu khién.

Phan con lai cta bai bao duoc td chirc nhu sau: ph?m 2 trinh bay ndi dung thiét ké bo diéu khién
bam thich nghi bén viing dua trén cau trac tich hop ILC va mang no ron RBF, trong d6 mang no ron
RBF duoc st dung dé udce luong tong hop nhidu va dong luc khong chic chan. Phan 3 trinh bay cac
két qua mo phong va thao luan hiéu qua ctia phuong phap d& xuét so voi cac phuong phap truyén
thong. Phan 4 trinh bay ndi dung két luan va dinh huéng nghién ciru mo rong trong tuong lai.

2. Phwong phap thiét ké
2.1. M6 hinh dong lirc hoc tay mdy robot

Xem xét phuong trinh dong luc hoc cia tay may robot n bac tu do voi c6 dang nhu sau:
M(a)G+C(a.6)q+G(a)=7+f,(q.4.,1), 1)
Trong d6 qeR™, geR™, va §eR™ lan luot 1a vi tri, van tdc, va gia toc goc clia cac bién
khop, ma trdn quan tinh M(q)eR™"1a d6i ximg, C(g,q)eR™" 1a ma tran Coriolis va ly tam,
G(q) e R™ 1a vector lyc trong truong, TeR" 1a vector md men diéu khién, f,(g,q,t) e R™ la
nhidu tong thé duoc xac dinh bai

http://jst.tnu.edu.vn 489 Email: jst@tnu.edu.vn



TNU Journal of Science and Technology 230(10): 488 - 494

£,(@.6.) =[AM(@)i +AC(q. ) +AG@] -7, @

Véi 1, e ®™ 1a nhidu ngoai; AM(q), AC(q,q), AG(q) 1a cic thanh phan khong chdc chén
cia M(q), C(q,9), G(q); tirc 1a sw khong chac chin trong md hinh va nhiu bén ngoai duoc
g0p lai thanh nhiéu tong thé.

Tinh chat 1: M(q),C(q,q),G(q), va t,la bi chan, tirc la [M(@)|<M,,|C@g)|=<C, .
IG()|<G,, véi M,,, C,, G,, 7, ldcdc hang sé dwong.

Tinh chit 2: NI(q)-2C(q,q) ld ma trdn doi ximg léch, tirc la X' (M(q)-2C(q,q))x=0,
vx e R"™,

Gia thiét 1: Ham nhiéu f,(q,q,t) bi chan boi mét ham khong xac dinh nhung lién tuc theo thoi
gian va trang thai.
2.2. Thiét ké bé diéu khién
2.2.1. Bé diéu khién hoc lap

Dinh nghia sai s6 bam trong 1an lap th j 1a €' (t) =q, () —q’ () , sai s6 bam giita hai 1an lap 1a

gl (t) =e'*(t)—e' (t) . Luat diéu khién tai 14n ldp thi j dugc dé xuét 1a
U() =10+ Kl () + K (1) +d (1) + Esgn(Sy' (1), j=01,,N (3)

Trong d6 " flre - f) (t)” = "5 f} (t)” <E, d"'(t)1a nhifu udc lwong bang mang no ron RBF,
Syl =y -yl =6l L Al (&) + Ae’) = 5¢) + ASe, voi 4>0.

Céc quy tic chuyén doi do loi trong diéu khién la

K} = BUDKS, K = BU)KG, B +D) > B() (4)

Trong d6 Kf), K§ 1a c4c ma tran do loi diéu khién PD ban dau, chung la cac ma tran duong
chéo xac dinh duong. Cac ma tran K‘,’, va v duogc goi la do loi diéu khién ti 1 va dao ham ban
dau, trong khi cic ma tran Kl va K i 1a do loi diéu khién cua 1an lap thir j. B(j)1a hé s6 chuyén
do6i do loi trong d6 B(j) >1.

Trong luat diéu khién (4), thanh phan Esgn(Sy’(t)) duoc thém vao nhim dam bao tinh bén
virng va kha ning bam quy dao tdi thiéu trong giai doan dau, khi do loi diéu khién con nhé va
mang no ron RBF chua héi tu hoan chinh. Ham dau sgn(e) tai day dong vai tro tuong tu nhu
trong diéu khi’én truot, tao ra phan rng nhanh chéng/lai sa s6 bam quy dao giita cac vong lap, tir
do gitip h¢ thong khong bi 1€ch xa quy dao tham chicu. Di€u nay déc bi€t quan trong trong nhiing
vong lap ban dau khi tin hi€u diéu khién chua’ dt manh hoac mang no ron RBF chua bu nhiéu
chinh xac. Mang no ron RBF online gitip hé thong tu dong udc lwong va bu nhiéu, tir d6 gidm sai
s0 quy dao va lam tron tin hi¢u di€u khién. Quy tac tang A(j) gitip tdng cuong do 1gi dan dan qua
cac vong lap, tao ra qua trinh hoc 1dp 6n dinh va hiéu qua.

2.2.2. B¢ woc luong nhiéu sir dung mgng RBF

Nhiéu téng dugc xap xi bdi mang no ron RBF: fl ) =W o(x(t)) +¢, (5)

Trong d6 ¢@(x(t)) la ham tic dong duoc chon lag, = exp(||x—cm ||2/bn21) 1=1,23,..,n,
m=12,.., N, N1lasb noron 16p 4n, c,, |a tim cua ham tac dong, b, 1a do phan tan cua ham tac dong,
W =W W, WIT 14 vector trong s, x(t) =[q! (t), &’ ()] 1a cac dau vao, £ 1a sai s6 xép xi.

Nhiéu u6c luong bdi mang no ron RBF hoc online vi md hinh:
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(1) = Wo(x(t), (6)
Trong d6 f,’(t) 1 gid tri xép xi truc tuyén cta nhiéu f, tai vong lap thir j, W =M W, WIT
la vector trong ) xép xi. Trong s6 Wi duge cap nhat truc tuyén theo biéu thire sau:
W =To(x()sy (1), (7)
Trong d6 I'>01a ma tran toc do bQCZ duoc chon 1a ma tré}n duc:mg chéo duong dé dam bao
tinh hoi tu, Sy’ (t) thé hién do thay doi 16i gitra hai vong lap gan nhat.
Dinh nghia sai s6 xap xi 1a W =W W/ . Tir (6) va (7), ta co:

fl)=WTe(x)+e, (8)
2.2.3. Phan tich tinh én dinh va héi tu

Chon ham Lyapunov: V' = éﬁy” MdSy! + %tr (W" r'w! ) 9)
Pao ham V' theo thoi gian: V! =s" Mg +%sz Ms’ +tr(\7VjTF'1\7vj ) (10)

Str dung tinh chat 2, phuong trinh dong luc hoc, va luat diéu khién (3), ta thu duogc két qua sau:
VI <yl (—ngej —Kliel+d - Esgn(5yj’1))+tr(v~\/”l"1\7vj ) (11)
Ttr luat cap nhat trong s (6), ta co: tr(\fv"TF'lV;Vj ) =5y "W o(x) (12)

Két hop (11) va (12) ta thu duoc:

Vi<-—gylT (Kg)e" +Klel+dl - Esgn(dyi’l))+ Sy’ g(x) (13)

Boi B(j) tang theo sb 1an 1ap j, nén cac ma tran do loi tang dan va ¢6 thé chon sao cho K!
K} >0 va cic hang tir Kle!, Kl¢/ lan 4t nhiéu &(x). Véi lua chon E d 16n, ton tai cac hang sb
dwong a, f sao cho: V! < —aljsy'[ + Ale(x)| (14)
Do g(x) nho tiy thude vao do chinh xac xap xi mang no ron RBF, ta c6 sy’ e L. Néu g(x) »0
thi sy’ -0, e’ - 0. Do d6, luat diéu khién dé xudt dam bao 6n dinh va hoi tu qua céc lan lip.
3. Két qua mé phong va ban luan

Pé kiém _chimg hiéu qua cua phuong phap dé xuét, mot tay may robot hai bac tu do dugc sir
dung lam dbi twong md phong. Cac tham sé dong hoc va dong luc hoc duge chon twong ty nhu
trong [21], [22].

i, +i, +2m,r,l cosq, i, +m,rl cosq
M(q):|:l ] 2 2°271 2 2 2-21 2:| (15)
i, +m,,l, cosq, i
o [-myrlg,sing, -m,rl (g +q)sinq}
C ’ _ 27271 2. 2 27271\ 2 2 16
(@9 |:m2r2|lqls|nq2 0 ( )
(m.r, +m,l,)g cosq, + m,r,g cos(qg, +q,)
G(q):|:mll 2'1 1 2°2 1 2 (17)
m,r,g cos(q, +d,)

Trong d6 m =10, m,=5, | =1, I,=05, =05 1,=05, i=083+mr>+m]l’,
i,=03+m,r?. Tham s bd diéu khién dugc chon nhu sau: A =diag[L1],
K9 =K = diag[210,210], BG)=2j, Kl =2jK?, Ki=2jK?, j=12,..5.
x=[t,0,. %, 01" =[3,0,0,1]" . Nhidu tong duoc st dung dang d(t) = a[0.3sin(3zt,0.11-e"']", Vi a
1a s6 ngdu nhién l4y tir phan phdi déu trén doan (0,100), tirc 1a a~1044(0,1). Pé danh gia hiéu
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quéa ciia bo dicu khién dé xuat trong diéu kién lam viéc thyuc te quy dao mong muén duogc lya
chon dudi dang ham diéu hoa dao dong nhanh véi tdn sb goc w=3 radls, tic la

0, =[sin3t,cos3t]" . Quy dao nay co6 toc do bién thién va gia toc 10n, tao ra thach thirc dang ké cho
bd diéu khién trong viéc bam sat quy dao voi sai sé nho. Viéc hé théng van duy tri sai s6 nho
trong sudt qua trinh bam qu§ dao nhanh cho thay b diéu khién c6 kha ning phan tng tt va dam
bao do chinh xac cao. Pay 1 co so viing chic dé so sanh v6i cac bo didu khién khac trong cling
diéu kién van hanh. Thuc hién mo phong trén Matlab vdi thoi gian 10s, trong d6 tai thoi diém 5s
thuc hién thay d6i khdi luong gip do6i ban dau.

Hinh 1 minh hoa két qua bam quy dao tham chiéu véi 8 1an lap. S6 lan 1ap nay dugc lya chon vi
sai s6 dd hoi tu nhanh va 6n dinh, nhd vao viée thuat todn co tich hop thanh phan dam bao tinh bén
vitng ngay tir dau, gitp cai thién hiéu suit bam chi sau vai 1an 1ap dau tién. Trong hai lan lip dau tién,
thuat toan cho thiy hiéu suit bam con han ché, dic biét tai cac thoi diém co su thay dbi khdi luong.
Tuy nhién, tir 1an ldp thir ba, hiéu suat bam duoc cai thién 15 rét. Hinh 2 thé hién qua trinh hdi tu cua
gia tri tuyét ddi cua sai s6 bam 16n nhat qua cac lan 1ap, v6i mirc giam nhanh rd rét tir lan 1ap thir ba.
Dén lan 13p thir tam, sai s0 bam 16n nhat khong vuot qua 5.10 rad. C6 thé nhan thay rang sai s tiép
tuc glam dan theo cac lan lap sau, phan anh kha nang hoc va cai thlen ctia thudt toan dé xuat.

0.8

o
)
T

o
IS

max |e;|,max e (rad)

o
N

ok :
o 1 2 3 4 5 6 7 8

S L B u Times (s) .
Hinh 1. Ket qua bamguy ?‘go fham chiéu ciia b Hinh 2. Qud trinh héi tu cua gid tri tuyét doi cua
diéu khién dé xuat sai s0 bam [on nhat qua cdc lan lap

Nham danh gia hiéu qua bam quy dao va kha ning thich nghi bén viing ctia b diéu khién hoc
lap duge dé xuat (RAILC — Robust Adaptive Iterative Learning Control), bai bao tién hanh so
sanh v6i bo diéu khién truot thich nghi (ASMC) [23], [24] — mét phuong phap diéu khién thich
nghi bén ving phd bién da dugc ung dung rong réi trong diéu khién tay may robot. Tuy nhién,
ASMC van boc 16 mot sé diém han ché, dic biét khi xir ly cac quy dao co tbe do thay ddi cao
hoic trong cac tinh hudng hé théng gip bién dong dot ngot.

Hinh 3 minh hoa két qua so sanh kha ning bam quy dao cua cac bd didu khién, trong d6 két
quéa ctia RAILC dugc thu dugc sau 8 lan lap. Ket qua cho thay RAILC duy tri kha nang bam quy
dao chinh xac, bat chap tac dong cia nhidu xuét hién tir ddu qua trinh va quy dao tham chiéu co
dac tinh dao dong nhanh. Dac biét, tai thoi diém t = 5s, khi khoi luong hé ting gap d6i, hé van
duy tri dugc do léch rat nho giita q va q,, phan dnh tinh bén viing ctia by diéu khién va hiéu qua
hoc ldp qua timg 1an liap. Nguoc lai, mic du ASMC vin dam bao kha ning bam quy dao, sai s6
cua né 16m hon dang ké so voi RAILC, dic biét tai cac diém co téc do bién thién cao cta quy dao.
Nguyén nhén 1a do ASMC khong tan dung dugc tinh 13p lai cta tac vu, ddn dén hiéu suét khong
dugc cai thién theo thoi gian khi ¢6 nhidu va thay d6i mé hinh. So sanh nay lam ndi bét loi thé
ciia RAILC trong viéc nang cao chat luong bam quy dao va ting cuong kha ning chéng nhiu,
tham s bat dinh thong qua hoc 1ap theo chu ky.

Hinh 4 m6 ta mé men diéu khién tao ra boi cac bo dicu khién RAILC va ASMC cho hai khp.
Co thé thay rang bo diéu khién RAILC tao ra mO men diéu khién muot va on dinh hon 10 rét so
véi ASMC, dic biét tai cac diém co tée do bién thién cao cua quy dao va tai thoi diém 5s khi
khéi lwong hé ting gap do6i. Nguoc lai, md men diéu khién tir ASMC xuét hién nhiéu dao dong
nhon, dic biét & khép thir hai. Két qua nay phan anh tinh wu viét cia phuong phap hoc lap, khi
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khong chi dam bao chit luong bam quy dao ma con duy tri duge d6 muot cia tin hiéu didu khién,
gop phan bao vé co cau chap hanh va nang cao d¢ tin cay cua h¢ thong.

250

7 (Nm)

13 1 2 5 P s o s 7 s s 10
Times (s) Times (s
Hinh 3. So sdnh bam quy dao tham chiéu cia Hinh 4. So sanh bam quy dao tham chiéu cia

cac bé dieu khién cdc bé dieu khién
4. Két luan

Bai bao nay gidi thiéu mot phuong phap diéu khién bam thich nghi bén viing cho tay may
robot, dua trén sy tich hgp gitra luat diéu khién hoc lap kiéu PD, mang no ron RBF cédp nhat truc
tuyén va mot thanh phan on dinh hoa. Trong d6, luat didu khién hoc lip PD duoc thiét ké dé cap
nhat theo ting vong ldp, nham cai thién hiéu suit bam quy dao qua cac chu ky. Mang noron RBF
hoc online dugc st dung dé uée lugng cac nhiéu khong xac dinh va phén dong hoc chua biét, tur
d6 nang cao do chinh xac va kha ning thich nghi ctia hé didu khién. Bén canh d6, mét co ché on
dinh hoa duoc dua vao nhim dam bao hé théng duy tri tinh on dinh trong cac giai doan dau coa
qua trinh hoc. Cac két qua phan tich 1y thuyét két hop mo phong cho thdy bo diéu khién dé xuat
khong chi bao dam héi tu sai s6 bam trong khong gian lip ma con duy tri dugce do 6n dinh va kha
nang thich tng tot khi c6 nhidu hodc su bién doi tham s mé hinh. Cac huéng mé trong tuong lai
bao gdm md rong thuat toan cho tay may nhiéu bac tw do hon va tién hanh kiém nghiém thuc té
trén phan cimg dé danh gia hiéu qua ung dung.
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