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Bai bao nay dé xuét ap dung diéu khién hoc I&p (ILC) v&i tham sé ham hoc ti wu online
cho céc robot cong nghiép phi tuyén cé khép ndi dd cirng thap. Nghién ciru tap trung vao
hai muc tiéu chinh: (i) phat trién nguyén tac hiéu chinh tin hiéu diéu khién doc lap véi mod
hinh nhdm khéc phuc cac thach thirc mé hinh héa do d6 dan hdi va dao dong cla khop
gay ra; va (i) woc lwong, bu tdng nhiéu bao gdm cac bét dinh tir khép linh hoat, sai léch
co cau chép hanh va bién thién qua trinh ma khéng can phu thudéc vao mé hinh hé théng
twdng minh. Phwong phap dé xuét gitp nang cao hiéu qua ciing nhw tinh kha thi trong
thwe tién cha chién lwoc diéu khién lai, tich hop ILC vé&i cac phwong phap diéu khién
truyén thdng cho hé thdng robot c6 khép cé dd cirng virng thap.

Diéu khién hoc I&p (ILC), khép néi c6 dd cirng virng thap, diéu chinh tham sé truc tuyén
ma khéng can s dung mé hinh hé théng twdng minh.

This paper presents an lterative Learning Control (ILC) framework with online optimal
learning function parameterization for nonlinear industrial robots equipped with low-
stiffness joints. The proposed method aims to enhance trajectory tracking performance
under significant modeling uncertainties and joint elasticity. First, a model-independent
control refinement mechanism is introduced to mitigate the adverse effects of joint
flexibility and oscillatory dynamics, thereby reducing the reliance on explicit system
models. Second, an online estimation and compensation scheme is developed to handle
aggregated disturbances, including uncertainties from flexible joints, actuator deviations,
and process variations. By integrating ILC with conventional control strategies, the
proposed hybrid approach improves both control accuracy and practical applicability for
industrial robotic systems operating under low joint rigidity.

Iterative Learning Control (ILC), low-stiffness joints / Low-rigidity joints, online parameter
adaptation without explicit system modeling.

1. GIOI THIEU

Trong cac khép ndi co d6 climg viing thap, bd
phan truyén dong thuong duoc ghép boi cac
chi tiét nhu banh rang, truc va dai truyén, tao
nén phan ttr ghép c6 hé sd ctng twong dwong,
dugc xac dinh tuy theo tung loai chi tiét va hé
thong ghép ndi [1]. Mdmen tir dong co dén
khop duoc truyén qua cac khép ndi [2] va

thuong duoc gia thiét 1a cing hoan toan,
nhung trén thuc té ludn ton tai cac sai léch
nhu khe hé & gitra hai nira khép nbi [3], 1éch
goc o gilta hai truc [4], hoac 1éch tam gay
nghiéng truc [5]. Nhiing sai 1éch nay xut phat
tir gidn no nhiét, sai sd gia cong - lip dat va
diéu kién lap dat khong 6n dinh [3], [6], [7],
va ching thuong xuit hién dong thoi. Khi
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robot lam vi¢c trong diéu kién do, céac phan
luc tai khop nbi gay ra tiéng on, rung dong va
tham chi nguy co gay truc, do d6 cac khop
nay duoc xem 1a khép ndi c6 do cling viing
thap nhu minh hoa ¢ Hinh 1 va Hinh 2.

Dau truc

Motor Day dai thang

Hinh 2. So’ d6 truyén dong cé khép néi truyén déng
bang day dai thang

B truyén dai gdm hai banh dai - banh dan (1)
va banh bi dan (2) - cung vong dai (3); nho
ma sat giita dai va banh, chuyén dong va co
ning dugc truyén tir banh dan sang banh bi
dan [8]. Pai thang c6 cu tao gdm 16p soi chiu
kéo, 16p vai cao su va 16p cao su chiu nén, véi
hai mdt bén ép vao ranh hinh thang cia banh
dai 12 mat 1am viéc chinh [9]. Bo truyén dai co
cac uu diém nhu truyén chuyén dong giita cac
truc cach xa nhau, van hanh ém, bao vé bd
truyén khi qua tai, két cdu don gian va kha
ndng giam rung, gidm va dap [10], [11]. Tuy
nhién, hé théng cling tdn tai nhuge diém nhu
ty s6 truyén khong 6n dinh do truot dan hoi,
khong phil hop véi truyén cong suét 16n, luc
tac dung lén truc va 6 16n, va tudi tho giam
khi van tdc cao vi dai d& mon va bj nhdo [12],
[13]. D6 cling viing cua truyén dong bang dai

thang dugc tinh theo cong thuc theo tai li¢u
[14].

M
Kcvzgz

K, .I2j (1)
trong d6: Ky - d6 cung viing cua dai truyén
khi gian; r - ban kinh cua truc bi dan; j=2.

Céc yéu tb anh huéng dén hé truyén dong cua
khdp ndi c6 do cimg virng thap cha yéu bao
gom: do cing K, nhd, momen quan tinh cua
khdp 16n hon nhiéu so véi mémen quéan tinh
dong co, va tac dong cua ’luc ly tam Ién cac
truc. Tai liéu [15] cho thay K, phu thudc
vao hinh dang va vat liéu khép; K, cang nho
thi khép cang mém, khién téc do khop va toc
d6 dong co kho bam nhau khi st dung diéu
chinh PID. Sy mém déo cua truc truyén dong
la nguyén nhan chinh gy suy giam chét
lugng hé truyén dong [16]. Cac giai phap khic
phuc gom: (i) dung bd loc két hop PID [17];
(ii) diéu khién phi tuyén v6i bd quan sat trang
thai [18]; va (iii) diéu khién hoc lip thong
minh cho phép céi thi¢én bam quy dao nho hoc
tir sai sb lap lai [19], [20], [21]. Bai bao nay
tap trung nghién ctru hé truyén dong ctia robot
cong nghiép c6 khop nbi do cung thap, trong
d6 chuyén dong duoc truyén qua day dai.

2. MO HINH TOAN HOC HE TRUYEN

DONG CO KHOP NOI TRUYEN BANG DAY
DAI THANG

Dong co T, Kev T, Kh:’qg;ay
Oy a.
Ju I
T T,

Hinh 3. So’ d6 thay thé khép tay may cong nghiép
c6 do cipng virng thap néi biang day dai thang
Mb hinh cua khép ndi gitra dong co va khép
duoc truyén bang day dai hinh thang c6 do
cung ving thép duoc ky hiéu Kcy, Key dugce
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biéu dién dé cung cdp moémen cho khdp va
can béng su sai 1éch vi tri gitra dong co va
khop.

Trong d6: Ty, T, - moémen dién tr cua dong
co, va moémen khép (Nm); Kcy - hé s6 co cau
n6i khép (Nm/rad); Jy - momen quan tinh cua
roto dong co (kgm?); J. - moémen quan tinh
cua khop (kgm?); 0, - Vi tri dong co (rad);
q, - vi tri khép (rad); r - ban kinh cta dong co
va khép tay may.

Phuong trinh biéu dién quy dao chuyén dong
cua cac doan dugc xac dinh theo cac phuong
trinh sau:

1.,
%"‘E%t (0<t<t)

t

q(t) = qw%qm(v%) (t<t<te—-t) @)

1.
qC-qu(tC-t)z (tety <t<te)

Trong do: qo - vi tri ban dau; dc - Vi tri cudi
cung; tc - thoi gian chuyén dong.

Phuong trinh mémen quan tinh xac dinh boi:
TI =‘]M6M (3)
Phuong trinh chuyén dong khdp nbi bang day
dai, xac dinh béi:
T,-T,=2.kr(q.-6,)
TR =Ky (qL' Oy )

Trong d6: k - hé s6 dan hoi cua day dai;
r - ban kinh cua day dai.

(4)

Moémen (4) duge truyén tir dong co dén khép
qua day dai hinh thang, mémen nay c6 thanh
phan ti 1& véi sai 1éch vi tri gitta dong co va
khép (q,- 6, ). Phuong trinh dong luc hoc
nhiéu bac tu do c¢6 cac khdp ndi co do cung
vitng thip dugc xac dinh nhu sau:

M(q,)d,+ C(a,.4,)a,.+ G(a,)
+Fd(qL)+KCV'(qL-eM):O (5)
IO+ ByOy-Key(q - 0y) =1y

Trong do, tit ca cac thudc tinh cua phuwong
trinh dong luc hoc xac dinh & muc 2, tur (5)
md hinh toan hoc cho mét khép ndi bang day
dai hinh thang dugc biéu dién ¢ Hinh 4, duoc
trién khai xac dinh cu thé nhu sau:

J..G, +B,_.q, +mglsing, +F,(q,)
+Kcv-(q|_'eM):0 (6)
JuOy T B0y -Key(q -0y) =1y

Trong do: Jy - mOémen quan tinh cua roto
dong co (kgm?®); J. - mdémen quéan tinh cia
khép (khop) (kgm?); Kevy - hé s6 co clu nbi
khép (Nm/rad);0,, - vi tri dong co (rad);
q, - vi tri khép (rad); By - hé s6 ma sat nhot
cua dong co; By - hé s6 ma sat nhét cua
khép; Fy - thanh phan lyc ma st dong;
m - khdi lugng cta thanh ndi; / - chiéu dai cua
thanh ndi; Ty - momen dién tir cua dong co
(Nm).

Mo hinh toan hoc khép ndi bang day dai duoc
biéu dién Hinh 4:

mgl
bong co 9
T, - 1 qc
Q S

5(JuS*By

Khép ndi
béng day dai

Hinh 4. M6 hinh toan hoc khép néi truyén
bang day dai thang
Nhin xét: Khop nbi truyén dong bang day dai
hinh thang (5) 1a m6t hé phi tuyén c6 tham s
bat dinh do d6 cting vimng thip va khoang
cach truyén dong 16n. Momen quén tinh tai
khép thudng 16n hon nhiéu so véi dong co,
dong thoi chiu anh huong cua lyc ly tdm va
tuong tac lién khép, dan dén suy giam do
chinh xac bam quy dao. Trong bai bao nay,
chung t6i dé xuit mot thuat toan diéu khién
cho h¢ truyén dong c6 khép ndi do cimg thap,
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sir dung khai trién Taylor trong mach vong
trong dé udc luong dao ham cia vecto ham tir
dir liéu do, qua d6 xac dinh goc khop va diéu
khién chinh x4c cac khép cua tay may cong
nghiép.

3. PIEU KHIEN HOC LAP cO CAU TRUC

HAlI MACH VONG KHONG SU’ DUNG MO
HINH TOAN CUA ROBOT

So d6 ciu trac 2 mach vong dugc trinh bay &
Hinh 5. Mach vong bén ngoai 1 bo diéu khién
hoc 1ap dé xé4c dinh tin hiéu diéu khién 91am
cho quy dao cac bién khép q bam chinh xac
theo quy dao cho trudc R. Bo diéu khién hoc
1ap nay s€ str dung ham hoc kiéu P véi tham
s6 ham hoc Ky dugc chinh dinh online sau moi
lan thir thir k. Mach vong bén trong 13 b nhan
dang thong minh cho cac thanh phan bat dinh
ham 4 bédi 4 nhd phuong phap phan tich chudi
Taylor dé chuyén hé robot ban dau thanh hé
tuyén tinh c¢6 nhidu ¢ dau vao bang phuong
phap diéu khién bu.

Khép ndi c6 do
cirng virng
thip
£ | Bo diéu khién tuyén tinh
| thong minh nho phin hdi
trang thai

R
Ugk

Bj didukhién | 9 -
—» DO N a :
hoc lap

v

A

.

. Phén hdi |«

Hinh 5. So’ d6 céu truc diéu khién hoc lip

3.1. Diéu khién vong trong bang bd diéu
khién tuyén tinh théng minh nh& phan héi
trang thai

Trudc tién diéu khién vong trong, ta can trién
khai cong thic udc lugng dao ham thong qua
phan tich chudi Taylor dé c6 dugc bo dicu
khién vong trong nhu Hinh 5, gitp chuyén hé
robot bat dinh c6 dang:

X=AX+B[\7+u] (7)

, 0 I 0 \ A

trong do A:( n n j,B:(”j) thanh hé
_Al _AZ In

tuyén tinh:

G=9+pn-0=9+9% (8)
c¢6 thanh phan bat dinh ham du thira con lai 1a
rat nho. Nhiém vu diéu khién bam bén ving
véi nhiu § du thira nay s& duoc thuc hién boi
bd diéu khién hoc lap ¢ vong ngoai c6 tham
sb6 hoc duogc xac dinh online. Bai toan cai dat
cong thic dé udc lwong dao ham cua vecto
ham sb tir cac gia tri do dugc cua nd cho bai
toan diéu khién robot cong nghiép ma sau day
duoc viét lai theo dang chuan cua hoc lap, thé
hién cung vi chu ky lam viéc thur k thanh:

%) (1) = AX (1) + B[ 9 (1) +1 ] 9)

C6 nhimg dic diém sau: Tha qhét la gid tri
dao ham cua vecto ham x, (r) can udc luong
1 tai thoi diém cudi cung trong s hai gié tyi
do dugc trude do x; (x) . Thir hai 1a tap gom tat
ca gia tri do dugc x) (r,)1a cach déu nhau, tirc
laco 1, -1, = T, v6i moi i. Thong qua cac dic
diém nay, bo diéu khién vong trong gitip dam
bao tinh 6n dinh cua hé bang cach chuyén van
dé phtrc tap cua hé ban dau sang moOt h¢ don
gian va dé diéu khién hon, trude khi chuyén
sang bd diéu khién hoc lap ILC ¢ vong ngoai.
Dya trén hai dic diém nay, cong thirc udc

luong dao ham cua vecto trang thai tr¢ thanh:

(10)

Thay (10) vao (9) tmg v6i1 © =iT, khi da dugc
bu bsi 4(i-1) ¢6 tir thoi diém trude, s& duoc

%, (i) ~ D, x, (i) - DX, (i 1)

T - T .
D, x, (1) —=Dgx, (i-1) =

(11)
~ Ax, (i) + B[ 9y (i) + (i) - i - D]

T (11) s& dugc s dung dé xac dinh gia tri
udc luong mot cach truc tiép sau:

Trudce tién ta thay ~ va p(i) trong (11) boi =
va fi(i)
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D, X, (i) ~ Dgx, (i —1) =

(12)
= A%, (i) + B[ 9y (i) + n(i) - (i -

Tiép theo, véi (12)‘ta suy ra dugc gia tri udc
lugng cua thanh phan bat dinh ham p(t) tai thoi
diém hién tai ©=KkT +iT,, ky hiéu boi a(t),
theo phép tinh truy hoi tir fi(i —1) nhu sau:

Bfi(i) = D; X, (i) ~ DX, (i 1)

(13)
~ AX, (i) - B[ 8y (i) — (i - 1)
Hay
T . . .
i) =BT | Df X ()-DYxic(i-)-Axi (i) | .
=9 () -pn(i-1)
T

Vicé B B=1,. Cong thirc (14) cho phép udc
luong thanh phén bat dinh mét cach cl}inh Xac
p(t) tr dir liéu do dac trudc do. Chat lugng
bd diéu khién vong trong anh huong boi do
chinh x4c ctua thanh phan udc lugng (i),
dam bao hé théng tuyén tinh hoa hoat dong
hiéu qua va on dinh. Diéu nay giup lam giam
nhiéu con du, cai thién kha niang bam sat quy
dao mau va nang cao do bén viing cua hé
robot cong nghi¢p.

3.2. Piéu khién vong ngoai bing bo diéu
khién hoc lap

Nhiém vu tiép theo 1a thiét ké bo dicu
khién hoc 1lip cho vong ngodi, nham
xac dinh 9, () trong bo diéu khién

X = @va Uy = 9—Aq—A,qsau khi dd ba boi

i(i) . Piéu nay tuong duong véi viée xay dung
b0 diéu khién:

u (1) =9, () — (AL A)X () - [ (15)
sa0 cho hé G=u+p=9-+u=9+9, khi
duoc chuyén sang dang roi rac véi 9, () 1a
hang so tung doan, dugc mo ta boi:

{xk(i+1)-Axk(i)+é[8k(i)+6] (16

y, (i) = Cx, (i)
c6 du ra y, (iybam theo quy dao mau r(i),
trong do:

S

i
A=e", B= [eMBdt, A
0

(5 )ert)ent o

Ngoai ra, hai ma tran tuy chon A; va A, cua

(17)

bo diéu khién (15) ciing can 1am cho ma tran
A dinh nghia béi (17) 1a Hurwitz (hodc Schur)
dé dam bao su On dinh ctia hé. B diéu khién
hoc lap duogc thiét ké & day s& st dung ham
hoc kiéu P v&i tham sb Ky duoc diéu chinh tdi
uu theo tung lan thir k. Quy luat cap nhat nhu

sau:
Uy, (1) = 8, (1) + K, e, (i) (13)
Vi
K, =arg min ||(I —CDK)ak” (19)
a<K<b
trong do:
g (i) =r@i) -y, (i)va
&, (0) CB 0, - O
&, (1) CAB CB - 0
kK — . ) (I): : : . :

g (N-1) CAM's cAMB .. CB

3.3. Ap dung mé phéng cho khép nédi co
doé cirng virng thap

Céac tham sb ciia mot khoép nbi co do ciing
vitng thdp: Jy = 0.0004 kgm?* J_ = 0.004
kgm”, Bp = 0.22 Nms/rad: By = 0.0035
Nms/rad; i = 1, Kcy = 3 Nm/rad. t,=0.02s;
14 (t)=0,,8in0,t, 6,,n=1+15 T =10s;
Oy et =Sin(7t/T)+0.3sin (37t /T),

A =0.2;A, =0.08
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Hinh 6. Dap trng vi tri cta khép ¢, khi st dung (19)

Torque [N/m]
seee
Sk &=

1
=
~

0 1 2 3 4 5 6 7 8 9 10
Time [s]
Hinh 7. Biéu dién dap tng uax
tac dong vao khép ndi cé dd clrng virng thap

Nhdn xét: Hinh 6 1a két qua vj tri khép q, lan
luot sau 20 va 250 lan thir khi bo diéu khién
hoc 1dp st dung cong thue (19) cho viée xac
dinh “théng minh” tham s6 ham hoc

K, = diag(K: ) véi j=1 1a chi s cua cap tin
hiéu vao ra u 'l da xac dinh U, nhu Hinh

7. Két qua nay cho thay bo diéu khién da
mang lai chat lugng bam theo yéu ciu va sau
250 lan thu tin hiéu dau ra g, da bam theo

duoc tin hiéu dat q_ ¢ . Su thay ddi tham s
ham sb sir dung (19) nhu Hinh 8.

1 — * -— - —

0.9
0.8+

0.7
0.6 = 5|
054
0.4
031
020
0.1}
0
0 50 100 150 200 250 300 350 400 450 500

k (sample index)

K. (k)

Hinh 8. Sy thay d6i tham s6 ham hoc
khi str dung (19)

4. KET LUAN

Bai bao nay trinh bay noi dung thuét toan diéu
khién lai nhdm ning cao chat luong bam quy
dao cho céac robot cong nghiép c6 khdép do
cimg vitng thap, noi bién dang dan hdi, dao
dong va bat dinh tham sé gdy anh huong dang
ké dén do chinh xéac chuyén dong. Trudce hét,
bo diéu khién vong trong khéng ding mé hinh
dugc phat trién dua trén ude lugng dao ham
bang khai trién Taylor, gitip tuyén tinh hoa
dong luc hoc phi tuyén cua khép va bu téng
nhidu ma khéng can mé hinh robot. Tiép theo,
ciu tric Diéu khién hoc lip (ILC) & vong
ngoai duoc tich hop, trong d6 tham sé ham
hoc duoc nhan dang tryc tuyén nham bao dam
qua trinh 13p hoi tu nhanh va on dinh trong
cac nhiém vu lap lai. Két qua mo phong cho
thidy phuong phap dé xuit c6 kha ning triét
dao dong, cai thién d0 chinh xac bam quy dao
va duy tri tinh bén ving khi hé c6 do mém
khép va nhiéu thay d6i. Nghién ctru nay mo ra
nén tang trién vong cho viéc ung dung cac
chién lugce diéu khién hoc théng minh trong

hé robot cong nghiép st dung khdp dan hoi.
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