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Abstract

Series elastic actuator (SEA) has been widely seen in various fields, including the industrial and rehabilitation fields. This is due to the
need for safety in human-robot interactions. However, a challenge that the SEA robotic arm faces is the robot's vibration due to the flexibility
of the joints. This leads to a decrease in accuracy when controlling the robot's position. This article proposes a Li-Slotine based backstepping
control algorithm to address this issue. At first, the Li-Slotine based controller is designed for the rigid joint robot. Next, the backstepping
technique is used to design the controller for the SEA robot. The designed algorithm guarantees the system stability, and the vibration of the
robot joints is suppressed. The simulation results show the effectiveness of the proposed method.

Keywords: Series elastic actuator, backstepping control, Li -

Slotine control, adaptive control, flexible system

Tém tit

Sy phé bién canh tay robot khop mém dang duoc théy o trong
nhidu linh vyc khac nhau, bao gom cong nghiép va y té phuc hdi
chirc ning. Didu nay dén tir yéu ciu v& an toan trong viéc tuong tac
gilta con ngudi va robot. Tuy nhién, mot vin dé gip phai véi canh
tay robot khdp mém 14 sy dao dong cua robot do tinh linh hoat ciia
céc khdp. Didu nay gy ra suy giam trong do chinh xac khi diéu khién
vi tri ciia robot. Bai bao nay dé xuit mot thudt toan diéu khién cubn
chiéu dua trén thudt toan thich nghi Li-Slotine dé giai quyét vin dé
nay. Diu tién bo didu khién thich nghi Li - Slotine dwoc thiét ké cho
phan dong luc hoc canh tay, tiép d6 k¥ thuat Backstepping dugc sit
dung thiét ké luat didu khién dua vao robot khép mém SEA. Thuét
toan nay dugc thiét ké dé cai thién do chinh x4c trong viéc didu khién
vi tri ciia canh tay robot khdp mém. Két qua mé phong da cho thiy
15 hiéu qua cta phuong phap dé xut.

1. Gi6i thi¢u

Hién nay véi xu thé phét trién cua xa hoi, c6 rat nhiéu loai
robot dang ngay cang tién tién, robot tro thanh cdng cu khdng
thé thiéu trong cac nha may, xi nghiép hay trong cac linh vuc
khoa hoc nhu y té, sinh hoc,... ¢6 muc do ty dong hda cao.
Trong s6 d6 dac biét hon ca phai ké téi robot khép mém SEA
(Series Elastic Actuator - SEA) [1], v6i wu diém an toan trong
tuong tac vat Iy gitra con nguoi va ngudi may [2]-[4]. Su khéc
biét giira robot khép mém SEA va robot truyén thong la hé
théng robot khép mém SEA st dung 16 xo 1am co ché truyén
lyc tir dong co t6i thanh ndi robot. Co ché hoat dong cua robot
khép mém kha phirc tap vi n6 1a sy két hop ciia ba yéu t: ty
s truyén, d6 dan hdi cua 16 xo va tée do dong co va mo-men

xoan. Chinh mdi quan hé chiat ché cia cac yéu t6 da lam cho
robot khép mém SEA dan tro thanh robot dugc ing dung rong
rdi trong cac linh vyc doi hoi d¢ chinh xac cao nhu y té, ky
thuat, robot dang nguoi,... Ciing chinh vi hé théng 16 xo dan
hoi nay khién cho robot khop mém SEA bi dao dong trong
qué trinh chuyén dong dan dén suy giam do chinh xéc trong
diéu khién vi tri cua robot. Vi vay da c6 rat nhiéu dé tai nghién
ctru duoc dé xuat dé gidp robot khép mém SEA duoc van
hanh tt hon.

Nhiéu thuat toan diéu khién khac nhau da dugc gidi thiéu
dé kiém soat va diéu khién cac hé théng robot khdp mém SEA
va dat duoc hiéu qua nhét dinh [5], [6]. Mot vai nghién ciru
gan day tong hop bo didu khién &p dung ky thuat diéu khién
phi tuyén nhu diéu khién truot [7], [8], diéu khién cubn chiéu
backstepping [9],... cho hé théng robot khép mém SEA.
Nhung céc luat diéu khién nay chua hoan toan dap ung dugc
yéu cau cua hé thong nhu véi by didu khién cudn chiéu
backstepping luon doi hoi tham sé md hinh chinh xac, bo diéu
khién truot ludn ton tai nhwoc diém xay ra hién twong
“chattering” va ciing phu thuc tham sé mé hinh.

_ Trong bai béo nay dé giai quyét cc van dé trén, chling toi
de xuat phuong phap thi€t ke dieu khien thich nghi Li-Slotine
dua trén ky thuét cuon chicu ap dung véi md hinh robot khép
mem. Luat thich nghi Li-Slotine cho phép h¢ thong co the
thigh nghi véi su thay doi thong so md hinh. Ky thuat thiet ke
cudn chiéu cho phép dé dang thiét ke b dieu khién két hop
voi luat thich nghi Li-Slotine. Cac két qua nghién ciru dugc
kiém ching thong qua mo phong 50 i

Phan con lai cua bai bao bao gdém nhitng phan: M6 hinh
toan hoc cua robot khép mém SEA dugc trinh bay trong phan
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2. Trong phan 3, quy trinh thiét ké b diéu khién s& duoc dién
giai chi tiét. Viéc chang minh tinh 6n dinh cua hé thong su
dung bo didu khién d& xut ciing dugc trinh bay trong phan
nay. Céc két qua mé phong kiém ching thuat toan didu khién
dé xuat duoc mo ta trong phan 4. Két luan va huéng nghién
ctu tiép theo dugc trinh bay trong phan 5.

2. M6 hinh toan hoc

Trong bai b&o nay, ching tdi sir md hinh canh tay robot
dan hoi hai khép, vé6i co cdu khop va 16 xo duoc thiét ké nhu
trong Hinh 1. Cac két qua ciia bai bao hoan toan c6 thé mo
rong ra cho robot N khap.

Hinh 1: M6 hinh c4nh tay robot khép mém hai bac ty do

batlaq = [gﬂ vector goc khép cua canh tay robot, 6 =

011, .2 ,.x .
[ 91] bicu dien vector goc cua dong co, khi d6 dong nang cua
2
hé dugc tinh nhu sau:
1. R e
Wa =24"D(q)q+567J0 (1)

Trong d6 D(q) la ma tran quén tinh cua lién két va J 1a ma
tran quan tinh ctia dong co duoc xac dinh lan luot nhu sau:
_[mylE +my(2 + 1% + 2Ll cosq,)  a

a myl?,

7, 0

voi a = my(14, + Uil cos qy), va ] = [6 J
2

D(q)

Y nghia cu’q cdc ky hiéu nhu sau:

my. khoi lwong lién ket thir nhat (kg)

my: khoi lwong lién két thir hai (kg)

1, chiéu dai lién két thir nhdt (m)

L, chiéu dai lién két thir hai (m)

1oy chiéu dai goc toa dé dén tam lién két thir nhdt (m)

lo, - chiéu dai goc toa do dén tam lién két thir hai (m)
Thé ne‘u}g ctia hé bao gdm thé ning trong truong va thé

nang dan hoi dugc xac dinh:

P =p(q) +%(q - 0)TK,(q — 6)
Ko 0
0 K
p(q) 1a thé nang trong truong,
p(q) = (myl, + myly)gsing;.

O]

Trong d6 K, = ] 14 ma tran d6 cang 10 xo, va

Str dung phuong phap Lagrange voi L = W; — P
d 0L 0L (3)

Sau d6 phuong trinh dong luc hoc cua h¢ duoc xac dinh
nhu sau:
D(g)g +C(q,q)q + G(q) = K;(6 — q) 4)
J6+ K0 —q)=u ®)
Trong d6 thanh phan ma tran trong trwong G (q) dugc bicu
dién:
G(q) = [QCOS(CI1)(m1lc1 + myly + mygle, cos(qy + CIZ)]

. m,gle; cos(qy + qz)
Va thanh phan ma tran Clorios va huéng tdm c6 dang:

C= [_mzl1lc2 sin(q2) g, —mylil, sin(q2) (41 + §2)
mylyle; sin(q2) ¢, 0

3. Thiét ké bo diéu khién

Xét mo hinh toan hoc caa hé robot khop mém N bac ty do
nhu sau:

{D(Q)fi +0(q,9)q +G(q@) = K6 —q)

JO+K,(6—-—q)=u

Do xuét hién khau lién két mém (10 xo0), goc dong co 6 s&

khong giéng vai goc khép g. Muc tiéu diéu khién 1a 1am cho

6 hoi tu dén mot ham (gia sir 8,), dong thoi 6 dugc 4p dung

lam dau vao cho dong luc lién két, s& diéu khién g tién dén

(6)

qq- TU nhitng phan tich trén, ta dua ra phuong an sir dung ky
thuat cudn chiéu dé thiét ké diéu khién cho robot khop mém
SEA. Robot s& duoc xem xét nhu robot khép cing va bo didu
khién thich nghi Li-Slotine s& duoc thiét ké cho robot. Sau do
k¥ thuat cudn chiéu dugc 4p dung dé thiét ké ra bo didu khién
cudi cung.

3.1. Thuat toan Li-Slotine

Xét phuong trinh dong luc hoc cta tay may c6 céc tham
s6 hang bat dinh véi dau vao Ug. Phuong trinh dong lyc hoc
cua robot duogc viét dudi dang:

D(q)g + C(q,q)q + G(q) = Ug (7

Dit sai léch vi tri (g, Vi tri dat) va sai léch van téc trong
khéng gian khop la:
€3 =qq —q, éq=Qd_q
Str dung bo diéu khién thich nghi Li — Slotine nhu sau[10]:

Ug = D(q)v + C(q,§)v + G(q) — nar )
=Y(q,q,v,v)p —ngr

Trong do6:

- D(q),C(q,4),G(q) la cac thanh phan uéc luong cia
D(q),C(q,9).G(q),

- v=qq +AQqq—q) = 4q + ey,

B T=€'q+A€q=('Ia—C'I+A(CIa—fI)=U—f'1,

- 14 matran doi xung, xac dinh duong tuy chon,
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- A =diag(4;) matran dudng chéo xéc dinh duong, [P1] myl2, + my(12 + 1)
- P la udc lugng ma tran tham s6 mo hinh p véi p duogc [P2] mylyle,
biéu di&n véi robot 2 bac tw do nhu sau [11]: p=|prs|= m,lZ%, 9)
[m‘ myly +myly
Ps myley

Y() =

0 V1 €OSq, + 1V Sinq,

Vi luat diéu khién (8) ta co6 phwong trinh dong luc hoc

kin cua hé thong:

Di+CGg+G=Dv+Cv+G—ngr (11)
Dat:{‘?zv_r {rzv_‘.’
g=v-—r r=v-—g

va sai léch gitra cac gia tri that va gi tri udc lugng nhu sau:

D=D-D;C=Cc-CG=G-G;p=p—7p;

Vi viéc dat nhu vay phuong trinh déng luc hoc kin cua
hé thong robot trg thanh:

Di+Cr+n,r=Dv+Cv+G=Y(qqv,v)p (12)
Nhan hai vé phuong trinh véi r” ta dugc:
rTDF +7rTCr+7Tnar =r7Y(q, ¢, v, v)p (13)
Mat khac trong robot ma tran C — %D 1a ma tran phan dbi
xtrng (skew-symmetric), nghia 1a 7 (C - iD) r=0.Do d6
rICr = %rTD'r. Phuong trinh (12) tro thanh:

1 ...
r'Dy + ErTDr +1Tngar=7TY(q,q4,v,9)p

1 1 .. 1
& ErTDf‘ + ErTDr + EfTDr
. T .
+ (eq + Aeq) Na (eq + Aeq)
=r"Y()p
1 L T T . .T
& ErTDr + ErTDr + ErTDr + €, Naéq + €4 Nalegy
+ 6, ATnqe, + el ATng e,
=1"Y()p
d /1
e a<ErTDr + egATndeq)
= —¢,"n4€, — el ATn e,
+rTY()p
Dé xuat ham Lyapunov nhu sau:
1 1
Vi = ErTDr +egA'nqe, + EﬁTF‘lﬁ (14)
Khi do
. d /1 .
V= E<ErTDr + egATndeq) +pTT 15 (15)

Dy €osqy (201 + D) — sing,(q2vy + q1v; + Gov,) Uy

- Y(q,q,v,7) viétgon Y (-) va dwoc md ta vai robot 2 bac
tu do nhu sau [11]:

g CoS q4

gcos(q; + qz)

g cos(q; + qz)

Ve = —e‘ande'q —ef ATngle, +rTY ()P
+p' TP
PéV <otachonr’Y(p+pT"H=0
Hay, p"(Y"Tr —T'(® —$)) =0

Do ma tran tham s6 mo hinh 12 hang s6 p = const nén p = 0,
tir do6 ta c6 dugc luat cap nhat tham s6 mo hinh nhu sau:

p=—-p=TYr
3.2. Thiét ké diéu khién sir dung ky thuat cuén chiéu

Tir (6) ta viét lai phuong trinh dong luc hoc robot khop mém
nhu sau:
D(q)g +C(q,9)q + G(q) + Ksq = K0

JO+K,(60—-q)=u

(16a)
(16b)

Datxl = Q,XZ = J'Cl = 9.
Bwéc 1: Gia st x, 1a tin hiéu dau vao diéu khién trong
phuong trinh (16a). Chon tin hiéu diéu khién ao nhu sau:

x1q = K,Ug +q (17)
Khi d6 véi luat diéu khién Li-Slotine, ¢ — q,.

Buéc 2: Dé x; - x,4, ta dat bién sai léch e; = x; — x94.
Chon ham Lyapunov

1
V1 = VR + EelTel (18)

bao ham V; thu dugc:
Vl = VR + efel (19)
Vl = _e.qTT]de.q - egATnd/leq + €1T(x2 — X1q)
D&V, <0tacan cox, — x4 = —K;e; Voi K, 12 ma tran

duong chéo xac dinh duong. Suy ra ta c6 luat diéu khién ao
nhu sau:

Xoq = %14 — Ki€4 (20)

Buwéc 3: Bé x, — x,,4, tadit bién sai léch e, = x, — x,4 , khi
do:

€y =Xy —Xpq = ]_1(u — K (xy — CI)) — X2q (1)

Pao ham cua V; dugce tinh nhu sau:
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Vy = —€, nq€, — el ATnaley + el (x; — %14)
= —éandéq —ef ATngle, + ef (xpq + €3 — X14)
= —€; nq€q —egATngleg + ef (k1q — Kie; + e; — %14)
= —¢,"nq€, — el ATnale, + e, (—Kyie; + €3)
Chon ham Lyapunov
V=V + %ezTez (22)

bao ham V, ta dugc
V, =V, +ele,
= —e'ande'q —egATngle, + ef (=Kieq +e;) + ejé;
= —¢, nq€, — el ATy Ae, — el Ky e,
+ ezT(e1 +]_1(u — K (x, — Q)) - J.Czd)

Pé V,<0 can J Y (u—K(x; —q)) —dpq ey =
—K,e, véi K, 1a ma tran duong chéo xac dinh duong.

Tir d6 ching ta d& xuat luat didu khién nhu sau:

u=J(%q —e; — Kze3) + Ks(x; — q) (23)

4. Két quaz md phéng

bé kiém nghiém hi¢u qua cua thuit toan diéu khién dé
xudt, md phong trén Matlab-Simulink dwoc tién hanh. Trong
md phong nay, ching toi sir dung mo hinh robot khép mém
hai bac tu do véi cac sé mo hinh duge thé hién & bang sau:

Bang 1: Thong s md hinh hé théng robot khop mém

Khép Khép 1 Khép 2
Thong sb
Do cing 10 xo Ky = 40 K, =25
K(N/m)
Do dai lien két L, =025 l, =0.25
I(m)
Do dai thm I,(m) | I, = 0.125 lz = 0.125
Momen quén tinh J, = 0.0185 J, = 0.0218
dong co J (kg/m?)

Dé danh gia chat luong bo diéu khién, bai bao kiém chimg
tinh 6n dinh, kha ning bam tin hiéu dat trong trudng hop c6
ton tai sai léch mo hinh hé thong. Gia str chung ta diéu khién
canh tay robot tir vi tri ddu tién g, = [0 0] (rad) chuyén
dong doc theo quy dao 2—1—2 dén vi tri cudi q. =
[2.4 2.6] (rad). Md phéng dugc thuc hién véi 2 trudong hop
1a md hinh thong s6 1y twong va mo hinh c6 sai léch thong sd
mé hinh.

4.1. Véi treong hgp mé hinh ly twéng

sai léch vi tri khép 1 (rad)

sai léch van téc khop 1 (rad/s)

I
o
T

N
T

o
3
T

o

vi tri khép 1 (rad)
o
T

Vi tri dat
== == yjtri thye khop 1
L L I 1 I

3 4 5 6 7 8
thoi gian (s)

0.01
0.005
0
-0.005
-0.01
-0.015 1 1 1 1 1
0 3 4 5 6 7 8
thoi gian (s)
0.6
N van toc dat
5 = = +van téc thwc khop 1
©
Zo04r 1
a
53
<
=
“5 0.2 e
c
&
>
0 L 1 L
0 3 4 5 6 7 8
thoi gian (s)
T T T T
0.01
0.005
ol
-0.005
-0.01 |
-0.015 L 1 1 1 1
0 3 4 5 6 7 8
thoi gian (s)
10 T T T T
E
z
= sf 1
2 |
k)
< |
=
c 0
Q
g I
(=}
=
St 1 1 1 1 1 |
0 3 4 5 6 7 8
thoi gian (s)
3
=)
©
ot 1
~N
o
5}
=
=
= 1F 1
s vi tri dat
= == i tri thwc khop 2
0 | | | 1 L
0 3 4 5 6 7 8
thoi gian (s)
g0 r r ; ;
el
o
N2+ 4
o
5}
<
= 0 1
=
S 2F |
&
©
w
-4 L L L I L
0 3 4 5 6 7 8

thoi gian (s)
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o
©

van téc dat

= = +van tbc thyc khop 2

o
=)
T

van téc khop 2 (rad/s)
o o
N >
; ;
. L

o

0 1 2 3 4 5 6 7 8

thoi gian (s)
—~  x1078
v T T T T T
el
o
N
o
©
<
=
Q
<L
= -
T
< Ar 1
O
3
ERd! I I I I I I I ]
1]
0 1 2 3 4 5 6 7 8
thoi gian (s)
10
B
Z 5f 1
&
Qo
8 | ] 4
£ ° | 1 t
c
g
s 5 7
€
10 . | | | | | L
0 1 2 3 4 5 6 7 8
thoi gian (s)

Hinh 2: Két qua md phong trong truong hop khéng co sai 1éch mé hinh

Trong truong hop véi md hinh 1y twong, dap tng vi tri va
tbc do van 6n dinh va bam theo tin hiéu dat cho thiy bo diéu
khién phd hop véi mé hinh hé thdng nhu trong hinh 2. Sai
léch vj tri cac khdp rat nho (nhé hon 0,015 (rad) véi khop 1
va 0,004 (rad) vé&i khop 2). C6 thé thay tin hiéu md men cac
khép tang dot bién tai cac diém gia téc thay doi dot ngot. Diéu
nay 1 do thanh phan dao ham trong thuat toan diéu khién. O
day cac thong sd diéu khién dwoc chon sao cho bién do dau
vao khong qué lon.

4.2. Véi trwong hep sai Iéch md hinh 10%

Trong truong Véi sai léch tham sé mo hinh 10%, dap tng
vi tri va toc do van 6n dinh va bam theo tin hiéu dat cho thiy
chit lugng bo diéu khién rét tét, dap tmg duoc véi sai léch md
hinh nhu thay trong hinh 3. Sai léch vi tri téi da ldc nay la
khoang 0,04 (rad) vei khop 1 va 0,007 (rad) véi khép hai. Nhu
vay thuat toan diéu khién dé xuat da ching to kha nang thich
nghi véi sy thay ddi ciia mé hinh d6i twong. Thuat toan thich
nghi Li - Slotine két hop diéu khién cudn chiéu dugc dé xuat
cho robot khép mém moét lan nira khang dinh tinh chinh xac
va tinh phu hop trong trueong hop nay.

Dé kiém chung kha nang cua thuat toan dé xuat, sai léch
mb hinh dén 50% da dugc xem xét. Két qua cho thiy hé thong
van lam viéc 6n dinh khi c6 sai léch mé hinh. Tuy nhién khi
sai léch mo hinh ting 1én thi sai 1&ch téi da gitra vi tri dat va
vi tri thyce cling tang 1én.

5. Kétluan

Bai bao trinh bay diéu khién vi tri cua robot khép mém sir
dung thuat toan dicu khién thich nghi Li - Slotine két hop voi
k¥ thuat thiét ké diéu khién cudn chiéu. Cac két qua md phong
cho thdy bo diéu khién cho chit lugng didu khién tét ngay ca

khi md hinh hé thdng ton tai sai léch. Trong tuong lai, thuat
toan diéu khién dé xuét s& dugc so sanh vai cac thuat toan
diéu khién trude day dé c6 dugc mot cai nhin chinh xac hon
vé hiéu qua ctia thuat toan dé xuat. Hién tuong xuét hién thanh
phan dao ham trong thuat toan diéu khién ciing can phai xem
xét, ma mot trong nhiing giai phap la sir dung bé loc thong
thip thay thé. Cac thuc nghiém trén robot khép mém SEA
thuc té ciing s& duoc tién hanh. Thém vao o, bai toan két hop
diéu khién luc va diéu khién vi tri cling can dugc xem xét dé
tan dung duoc wu diém cua robot khép mém SEA trong céc
ing dung lién quan dén tuong tic véi con nguoi trong linh
vuc cdng nghiép va phuc hdi chirc ning.

3

=)
o
=2F |
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g | |
b vi tri dat
== == i tri thwe khép 1
0 1 | | \ | i i
0 1 2 3 4 5 6 7 8
thoi gian (s)
__0.04
el
g
£ 002r 1
=
X
=N
=y
&
©
@ -0.02 Il 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
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[ e Ny
D van téc dat
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=04f 1
o
5}
<
=
0 0.2 4
<
c
&
0 1 1 1 1 L a = = = = =
0 1 2 3 4 5 6 7 8
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2 004
el
e
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=
=
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<§.
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= 0.04 . . . . . . .
@ 0 1 2 3 4 5 6 7 8
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£
Z 47 1
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< [ [
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= 4} 1
. | | | | L
0 1 2 3 4 5 6 7 8
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©
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&
s | |
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0 7 | | \ | ] ]
0 1 2 3 4 5 6 7 8
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Hinh 3: Két qua mo phong trong truong hop 6 sai 1éch mé hinh 10%
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