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TOM TAT

Phurong phdp diéu khién e tiép xiic cho canh tay robot ba bdc tu
do dia trén mé hinh tré khdng di dwoc dé xudt trong nghién ciru
nay. Cau tric diéu khién két hop b diéu khién vi tri vi tich phan ti
l¢ (PID) va bo diéu khién luc sir dung phan hoi tir cam bién luc nham
dam bao bam quy dao va diéu chinh lyc tiwong tac on dinh, phit hop
cho cdc vmg dung gia cong bé mat nhie mai va danh bong. Hiéu qua
ciia phirong phdp dwoc kiém chimg théng qua mé phong trén
MATLAB/Simulink va thi nghiém thuc té trén canh tay robot. Hiéu
sudt diéu khién luc dwoc danh gid bang chi tiéu sai so binh phuong
trung binh (RMSE) giita lic dat va luc tiép xiic thuc té. Két qua mé
phong cho thdy RMSE luc dudi 0,25 N, trong khi két qua thuc
nghiém dat khodng tir 1,0 N dén 1,25 N. Mdic dii sai s6 thuc nghiém
16n hon so véi mé phong, bé diéu khién dé xudt van dam bdo tinh én
dinh va kha nang bam lyc 16t trong diéu kién lam viéc thuc /6.

Tir khéa: Bé diéu khién Iuc, cam bién luc, canh tay robot 3 bdc,
mo hinh tro khang
ABSTRACT

This paper presents a contact force control approach for a three-
degree-of-freedom robotic manipulator based on impedance
control. The proposed method combines a PID-based position
controller to achieve accurate end-effector motion with a force
control strategy that uses force sensor feedback to regulate contact
forces during interaction. The resulting control structure improves
interaction stability and is well suited for surface processing
applications such as grinding and polishing. The effectiveness of
the proposed approach is evaluated through MATLAB/Simulink
simulations using a three-dimensional model implemented in the
Simscape environment, as well as experimental tests conducted on
a physical robotic manipulator. The force control performance is
assessed using the root mean square error (RMSE) between the
desired and measured contact forces. Simulation results show that
the RMSE is below 0.25 N, while the experimental results range
from approximately 1.0 N to 1.25 N, indicating stable operation
and reliable force tracking under real operating conditions.

Keywords: Force controller, Impedance, Force sensor, 3-Dof
manipulator
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1. GIOI THIEU

Trong bdi canh ctia cudc cach mang cong nghiép
4.0, robot cong nghiép ngay cang dong vai tro quan
trong trong tyr dong hoa san xuét, véi kha ning lam
viéc linh hoat, chinh xac va hi¢u qua hon con nguoi
dam bao ning suat va chat lugng san pham dat mirc
t6i da (Zhong et al., 2017). Canh tay robot duoc tng
dung rong rii trong hau hét cac nganh cong nghiép
san xuat nhu dién tir, 6 t6 va kim loai. Theo thng
ké cta Hi¢p hoi Robot québc té (IFR, 2024), c6 hon
540.000 canh tay robot cong nghiép dugc lap dat
mai trén toan cau (Robotics, 2024), cho thiy su phat
trién nhanh chéng ctia nganh cong nghiép robot. Xu
hudng hién nay la chuyen tir cac robot thao tac cb
dinh sang cac hé thdng c6 kha ning twong tac vat Iy
an toan va thich nghi véi méi truong (Song et al.,
2017). Cac tng dung nhu gia cong bé mat nhu danh
boéng, mai (Liu et al., 2023; Mohsin et al., 2019), dén
{mg dung phuc hdi chirc ning (Fu et al., 2024) trong
y té, ciing nhu céc tac vu lap rap chinh xéac va tuong
tac nguoi-robot (Mukherjee et al., 2022), déu doi
hoi robot phai c6 kha nang diéu khién lyc tiép xtic
chinh xé4c va én dinh. Tuy nhién, cac bo diéu khién
truyén thong chu yéu dya trén diéu khién vi tri, dé
gdy ra luc tiép xuc 16n va mat on dinh khi xay ra sai
1éch nho trong qua trinh tuong téc.

Dé giai quyét van dé nay, hai huéng tlep can didu
khién lyc kinh dién da dugc phat trién gdm: diéu
khién lai vi tri/ lyc (Hybrid Position/Force Control )
(Raibert & Craig, 1981) va diéu khién tr& khang
(Impedance Control) (Hogan, 1984, 1985). Trong
khi diéu khién lai doi hoi thong tin chinh xac vé moi
truong, diéu khién tré khang thiét 1ap mdi quan hé
dong hoc giita lyc va chuyén dong théng qua mo
hinh khéi lugng — 16 xo0 — giam chin, cho phép robot
hép thu va cham va duy tri on dinh trong tuong tac
(Song et al., 2017). Nho tinh linh hoat va kha nang
trién khai rong ri, diéu khién tro khang da tré thanh
phuong phép tiéu chudn trong nhiéu linh vuc, tir
robot cong nghiép dén robot dich vu va robot y sinh
hoc (Lahr et al., 2016; Zhou et al., 2021). Két qua
céc nghién ciru sau nay ciing chi ra rang viéc lua
chon thich hop cac tham s6 trod khang, robot ¢6 thé
dam bao chuyén d6i mugt ma giita chuyén dong tu
do va chuyén dong c6 rang budc, dong thoi nang cao
tinh 6n dinh va do bén vimg trudc nhidu va yéu to
bat dinh (Jung & Jeong, 2021). Phuong phéap diéu
khién tré khang bién thién phu thudc luc (Force-
dependent Variable Impedance Controller - FVIC),
ham sigmoid dugc st dung dé diéu chinh do cung
nhim uu tién an toan tuong tac khi quy dao tham
chiéu o sai s6 (Widanage et al., 2025). Bé xir Iy tinh
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phi tuyén ma khong phu thudc vao kinh nghiém
chuyén gia, hé thong mang than kinh mo thich nghi
(Adaptive Neuro-Fuzzy Inference System ANFIS)
da dugc g dung dé t8i wu hoa truc tuyén tbe do
cap nhat tham s6 va triét tiéu hién tuong vot 16 luc
(Wang et al., 2025). Bo diéu khién tién tién nhu diéu
khién tré khang thich nghi két hop mé hinh dy béo
(model predictive dynamic adaptive impedance
control algorithm MPRPO-DAIC) di dugc dé xuat
dé nang cao d¢ chinh xac bam lyc trén cac bé mit
phuc tap (Mu et al., 2025). Song song do, cac bo
quan sat nang cao nhu by quan sat trang thai mo
rong (Extended State Observer - ESO) (Sebastian et
al., 2019) hodc didu khién loai bo nhiéu chi dong
(Active Disturbance Rejection Control-ADRC) (Liu
et al., 2022) ciing duoc tich hop dé uée luong va bu
nhiéu, tang do bén viing cua hé théng, tham chi cho
phép phat hién 15i cam bién (Truong et al., 2021).

Tai Viét Nam, viéc nghién ciru diéu khién luc
cho céanh tay robot dang nhan dugc nhiéu sy quan
tam, tuy nhién cic cong bd hién nay chu yéu dimg
lai & muc phat trién thuat toan va kiém chimg thong
qua mo phong. Phan Pinh Hiéu et al. (2019) da dé
xuét bo diéu khién truot vi tri/luc nhdm dam bao tinh
bén viing truée bit dinh dong luc hoc, trong khi
Tuan and Hieu (2019) d3 thiét ké bo diéu khién vi
tri/luc thich nghi str dung bd quan sat luc va van toe
dé diéu khién lyc twong tac. Mic du cac két qua mo
phong cho thay tinh ding din ly thuyét va kha ning
hoi ty cua sai sd, tuy nhién két qua cac nghién ctru
nay van thiéu kiém ching trén hé thong thuc
nghiém, han ché kha ning danh gia hiéu qua trong
diéu kién lam viéc thuc té.

Tir thyc t& d6, phuong phap diéu khién Iyc tiép
xuc cho canh tay robot 3 bac tu do dya trén mo6 hinh
tro khang da dugc dé xuat, két hop bo diéu khién vi
tri PID v6i phan hoi tir cam bién Iyc dé diéu chinh
linh hoat lic twong tac. So véi cac phuong phap diéu
khién hién dai, diéu khién tr& khang c6 do chinh xac
va kha nang thich nghi kém hon trong cac moi
truong phure tap hodc thay d6i nhanh; tuy nhién, nho
cau trac don gian va tinh 6n dinh, phuong phap nay
dé trién khai va tich hop trén cic hé robot cong
nghiép hién cd, phu hop voi diéu kién g dung thuc
té tai Viét Nam. Diém ndi bat ctia nghién ciru 1a quy
trinh kiém chimg khép kin tir mo hinh Simscape dén
thuc nghiém, qua d6 danh gid hi€u qua diéu khién
trong diéu kién thuc té. Mac du con han ché do st
dung tham $6 tro khang cb dinh, Kkét qua thyuc
nghiém cho thay bo diéu khién dé xuit hiéu qua hon
s0 v6i didu khién PID thong thudng va tao nén tang
cho cac nghién ctru trd khéng thich nghi trong
tuong lai.
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2. DAT VAN PE
2.1. Pong hoc thuin

M6 hinh dong hoc thuén cta cénh tay robot ba
bac dugc xay dung theo phuong phap Denavit
Hartenberg. H¢ truc toa d¢ duoc dat nhu Hinh 1.

a2 =295 mm

e

wu g =
ww 6= |

T

w 0L

ur

=0l

ww gee

Hinh 1. Pat truc cho hé robot

Tir cac hé truc duoc dat nhu Hinh 1 c¢6 duoc
thong so DH dugc trinh bay tai Bang 1:

Bing 1. Bang thong s6 DH

i a; a,, d, 0;

1 0 0 Iy 0

2 90 l 0 9; +90

3 0 L 0 02 +Oogss —90

4 0 L 0 0: = Oupies =90

5 0 L 0 0

Vé6i [,=335 mm, [/ =75mm, [,=270mm,

mm,

I, =90 + 295" mm,

= atan2(90,295) .

I,=191
eqffset
6 :91* +90;
90

Pit 02 =01 + Qo =90 ;

03 =03 ~Ooper —
Céc quy ude viét tit:

= Cos(ai—l )’Sai—l = Sin(ar—l )’

¢, =cos(g,),s, =sin(g, ),ca,_,
¢ = cos(gl. +0; )sj = sin(g,. +9].),
S = SINE; +0,; +6,):Cy = €08, +0; +6;)-

Ma tran chuyén dbi téng quat tir hé tryuc toa do
(i) ve hé truc (i-1):
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@; —50; 0 a;,
HiT _ S0; @ca; . —sa, _Sai—ldi (1)
OS¢ @S, ca cai—]di
0 0 0 1

Tir (1) ma trén chuyén ddi cta robot dugc thuc
hién nhu sau:

0 _ 0 234
sT - 1T 1zT 3T 4T sT (2)
Cos —Sim O L+he, +he +1c0y,
0 0o 0 0
= (3)
Sty Cz O L+ Ls, +1Ls 41,8,
0 0o 0 1

Tir ma tran chuyén doi (3) vi tri cubi cia canh
tay robot la:

P, L+he,+he + ey
Py =P |= 0 4)
P, Ly + Ly +hs +1s)

2.2. Pong hoc nghich

bong hoc nghich cia canh tay robot dugc tinh
bang phuong phap dai s6 dua trén toa do diém dau
cudi cua co cau chap hanh (4) tir d6 tinh duogc cac
bd nghiém sau:

— B0 nghiém the nhét:

= atanz[ m ]
\/(124—172 Na* + b’
O, = atan2(s,,,c,,) )
6:=60n 60
0:=9¢—6n
— B0 nghiém thu hai:
= atanZ[ _ﬁ]
Na* +b* Na’+ b’
01 = atan2(s,,c;,) (6)
02 =601, =6
0:=9-0n
Trong d6:

a=2L(P -1 -lc,)
b=2L(P.-1,~1s,)
d=(P - —l4c¢)2 +(P. -1, 4S¢)2 _132

¢ =6,10.16;
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2.3. Dong luc hoc

Phuong trinh dong luc hoc dugc trinh bay nhu
sau

M(0)0+ c(e,e)e +8(0)+ T +I'F, =1 (7)

O d6 6,0,6 %' dwge md ta 1an lugt vi tri, van
toc va gia toc khop canh tay may, M(@)e R*>' 1a ma
trdn quan tinh va xac dinh duong, C(@)c R*' la ma
tran mo ta thanh phan ly tim va Coriollis, g@)e %>

la véc-to trong truong, t,., mo ta lyc ma st ctia hé

J'F,_ %> 1a ngoai luc tac dong 1én cac

ext

thong,
khép, Te R 13 véc-to mod-men trén tirng khép.

3. PHUONG PHAP DPIEU KHIEN DE
XUAT

Phuong phap diéu khién dé xuit dugc thé hién &
Hinh 2, trong do6 khdi Trajectory Planning tao quy
dao chuyén dong cho robot va truyén tin hiéu dén
khéi Inverse Kinematics dé g1a1 cac goc khop, lam
tin hiéu dat cho bd diéu khién vi tri PID Controller.
Khéi PID Controller diéu khién vi tri cac khép dua
trén sai 1éch gitra tin hi¢u dat va tin hi¢u phan hdi tur
khdi Robot Model, tinh toan md-men diéu khién
cung cip cho cac khép. Khdi Robot Model mod
phong dong hoc robot va phan hdi lai vi tri goc khop.
Khéi Force Interaction md phong luc tiép xtc gitra
robot va méi trudong theo phuong Z, véi dau vao la
vi tri ddu cudi cua robot va vi tri bé mat, dau ra la
luc twong tic. Cudi cung, khdi Force Controller
diéu khién Iyc tiép xtic bang cach sir dung sai léch
gitta luc dat va luc do duogc dé hiéu chinh quy dao
theo phwong Z, dam bao luc tiép xtc dat gia tri
mong mudn.

3.1. B diéu khién PID

Pit x,=0e R,
trinh ddng lyc hoc cua canh tay robot (7) dugc thé

x, =0 R*' va u=1.Phuong

Trajectory | X,
Planing

Phwong phap dé xuit

Force AX gxt
Controller

Inverse
Kinem atic

hién theo phuong trinh khong gian trang thai
nhu sau.

{’.‘ s ®)
X, =M™ (x)(u = C(Xp, X)X, = 8(X;) = Tpier)

Gia thiét 1: Gia sur rang cac thong sé vat Iy va
ma sat cia h¢ thong da dugc nhan dang va biet trudc.

Sai s6 vi tri.
e=X,.—X

)

Duya vao sai s6 vi tri (9), ludt diéu khién ciia bo
diéu khién PID dugc xay dung nhu sau

r=er+KiJ'ea’t+Kdé (10)
Trong do: K

trdn dudng chéo xac dinh duong cua cac hé so ti 1€,
tich phan va vi phan.

K. K,e %™ lan luot la cdc ma

r’

3.2. B{ diéu khién lyc dya trén mé hinh tré
khang

Tir so d diéu khién Hinh 2, ludt diéu khién cho
khéi diéu khién luc tiép xtic Force Controller da
dugc tién hanh thiét ké. Luc tiép xtic giita robot va
mbi truong F,, thong thuong duge do bang cam
bién lyc. Tuy nhién dé mo hinh hoa va mo phong
luc tiép xtc F,, c6 thé dugc tinh nhu sau:

Fext =Ke(X0-XE) (11)

Trong d6: X, R va X, € R® 1an luot 1a vi tri bé
mat mdi truong va vi tri diém dau cudi ctia canh tay
robot, K, 1a hé s6 d§ cimg ciia moi truong.

PID T
Controller

Robot
Model

Force
Interaction

k

Hinh 2. So d6 tdng quan phwong phap dé xut
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F, dugc dat 1a lyc twong tdc mong muén do do
ta c6 sai sb gitra lyc twong tic mong mudn va luc
phdn héi F,:

AF=Fd -Fext (12)

Sai s0 gitra vi tri diém dau cudi X, v6i vi tri theo
quy dao diéu khién X, :

AX =X, - X, (13)

M0 hinh tré khang dugc chon 1a hé tuyén tinh
bac hai v&i ham truyén K(s)=1/(M,s*+B,s+K,),
do d6 mbi quan h¢ dong hoc gitra sai s6 AF va sai sb
vitri AX c6 thé dugc thé hién nhu sau:

M, AX +B, AX+K, AX =u,, (14)

V6i u,; la tin hi¢u tr bd dieéu chinh lyc dugce
xac dinh nhu sau:

uAF = KPAFAF+KIAFIAF (15)

Trong d6:M_ e®R**, B_eR>, K eR>
cac ma tran duong chéo xac dinh duong lan luot la
ma tran hé so khoi lugng quén tinh a0, d6 giam chan
40 vado ctmg 4o. K,,, € R™* 1a ma tran duong chéo

la

xac dinh duong 1 hé s6 khau ti 1&, K, € ®*° lama
tran duong chéo xac dinh duong 1a hé sé khau tich
phan.

4. KIEM CHUNG TREN MO PHONG VA
THUC NGHIEM

4.1. Mo ta moi trweong mod phong

Mb hinh canh tay robot 3 bac duoc thiét ké trén
phan mém Solidwork sau d6 mé hinh 3D da thiét ké
dugce chuyén vao mdi truong mo phong Matlab
Simulink theo so @6 Hinh 3. Céc thong so thiét 1ap
cho méi trudng moé phong Matlab Simulink: bd gidi
loai:  Fixed-step, phuong phép xdp xi:
odelbe(Backward Euler), thoi gian 1iy mau 0,001
gidy, thoi gian mo phong 130 gidy. Ngoai ra dé danh
gi4 hiéu qua cia phwong phap dé xuit, viéc mé
phong hoat dong cua robot di chuyén v6i ham quy
hoach quy dao bac 3 véi cac diém di chuyén da duoc
tién hanh va dugc mo ta theo ham sd sau:

x, (1)

Xd(t)z{ )}, te[0,130] (16)

z,(t
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M6 hinh 3D trén Solidworks M6 hinh trén Simscape

G-

(=0

Mb hinh chuyén ddi trén Matlab Simulink

Hinh 3. Chuyén mé hinh robot sang Matlab
Simulink

Trudng hop 1: Didu khién robot tiép xtic vi moi
truong tai mot diém, quy dao diém dau cuoi cua
robot dugc mé ta nhu sau:

[370
0<t<5
| 504
—é(z—5)3+@(t—5)2+370
720 212% 5<i<15
— (=5 +=—(t-5+504
s T 7Y (17)
1600
X,0=11200 15<1<110
E(t—110)3—@(t—llo)%réoo
ig 1;)28 110< £ <120
~ 0 110) + 222~ 110) + 200
| 125 25
[370
120< 1 <130
| 504

Trudng hop 2: Diéu khién robot di chuyén theo
duong thang trén bé mat moi truong, quy dao diem
dau cuoi cua robot duwge mo ta nhu sau:
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[370
0<t<5
| 504
——( -5y +@(z 5)*+370
508 897 5<t<10
= @¢-5 7—#5 +504
»125( ) (t-5)
[ 600
, 3 N 10<¢<20
—(t 10)* ——(t—10)* + 205
1 100 20
0= 17
———(t—20)° ———(¢—20)* + 600
24300( ) 180( ) 20<t<110
| 200
[ 3,3 2
7—(1—110) +7(t7110) +345
28 110<£<120
———(@-110 +—z—110 +200
| 125( ) ( )
[370
120<¢<130
| 504

Viéc mé phong bo diéu khién luc tiép xuc giira
robot va bé mit méi trudng duge thyc hién theo
phuong Z trong hai truong hgp trén voi cac
thong sé:

Bang 2. Bang cac thong s6 md phong
Gia tri
K, = diag([8000 7000 500])
K, = diag([200 30 5])

Thong s0

B6 diéu khién vi tri

Do cing moi

. K, =5000N / m
truong
Vi tri bé mit méi
treong theo phuong X, =202mm

z

K, =diag([0 0 3])
K, =0
M,, =diag(l0 0 1.1])
B, =diag([0 0 13255])
K, =diag([0 0 132])

Bo diéu khién luc

Force control base Impedance Model for Robot Manipulator

X d

Trajectory planning

[F_d] F_d X_EE
delta_X X_c q_ref e u F_ext
F_ext X_env
Force Inverse PID Raobot Force
Controller Kinematics Controller Model Interaction

Hinh 4. So d6 khéi mé hinh md phéng diéu khién lye trong Matlab Simulink

Viéc lya chon cac thong s6 bo didu khién luc
dugc thyc hién bang phuong phap thir sai dya vao
sy anh hudng cia cac thong s6 mo hinh trg khang
v6i hé s6 quan tinh M anh huong dén 6n dinh gia
tc, hé sb d6 cimg K anh hudng dén sai s6 bam luc,
va hé sb giam chan B can bang giita toc d6 dap ung
va triét tiéu dao dong (Liu et al., 2023).

4.2. Két qua mé phong

Qua trinh m6 phong duoc thyc hién nham danh
g1a kha ning diéu khién lyc cua canh tay robot khi
tiép xtic v6i bé mit moi truong tai mot diém khi
khong str dung bo diéu khién luc va c6 sit dung bo
diéu khién lyc. Hinh 5a thé hién luc tiép xtc gitra
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robot va bé mit méi trudng theo  phwong Z, trong do
duong mau den thé hién lyc tiép xtic mong mubn,
dudng mau xanh 1a Iyc tiép xuc khi c6 bo diéu khién
luc két hop bo didu khién vi tri PID va duong mau
d6 14 lyc tiép xtic khi chi c6 bo diéu khién vi tri PID.
C6 thé thay rang, khi khong sir dung bo diéu khién
Iwc thi Iuc tiép xuc tang dot ngdt va vuot qua gia tri
mong mudn. Khi c6 bd didu khién luc thi luc tiép
xtic cua robot va bé mit moi truong duoc diéu chinh
sao cho bang véi tin hiéu dt, thé hién bo diéu khién
¢6 kha nang bu sai léch va duy tri luc mong mudn
trong qua trinh tuong tac diéu nay ciing dugc thé
hién ¢ Hinh 5b.
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Hinh 5. Két qua mé phéng truomg hop 1

Ghi chii: a) lyc tiép xiic khi c6 b diéu khién luc va khdng co bg diéu khién luc, b) tin hiéu ddt va dap ting luc tiép xiic, c)
vi tri diém dau cuoi theo phwong Z, d) vi tri diém dau cuoi theo phuwong X, e) tin hiéu ngé ra b diéu khién PID va f) tin

hiéu ngo ra bo diéu khién luec.
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e)

Hinh 6. Két qua mé phoéng truwong hep 2

Ghi chu: a) tin hiéu dat va dap Ling luc tif}) xuc, b) vi tri diém dau cudi tﬁeo pigu"ong Z, ¢) vi tri diém déu cudi theo
phuwong X, d) tin hiéu ngo ra bg diéu khién PID, e) tin hiéu ngé ra bg diéu khién lyc.

Cac két qua trong Hinh 5c, Hinh 5d, Hinh 6b va
Hinh 6c¢ thé hién dap tmg vi tri va lyc cla canh tay
robot trong qua trinh twong tac véi moi truong, voi
duong tin hiéu mau den 1a tin hi¢u vi tri dat cho canh
tay robot di chuyén theo quy dao, duong mau xanh
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thé hién vi tri ciia bé mat moi truong, dudng mau do
14 vi tri diém dau cudi ctia robot. DO thi Hinh 5¢ va
Hinh 6b c6 thé cho thay rang tr gidy thir 0 dén
khoang gidy 20 vi tri diém dau cudi ciia robot theo
phuong z di chuyén theo tin hidu dat. Tir gidy 20
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robot bt dau tiép xtic v6i bé mit moi trudng, luc
tiép xuc thé hién trong Hinh 5b va Hinh 6a véi
dudng mau den 1a lyc tiép xtic mong mudn va dudng
mau dé 1a lyc tiép xtc gitra diém dau cudi ciia canh
tay robot va méi truong. Khi bat dau tiép xuc voi bé
mat moi truong lyc tiép xtc xuat hién, nhd bo didu
khién luc diéu chinh vi tri dat ciia robot theo phwong
z Hinh 5f va Hinh 6e d¢ duy tri lyc tiép xuc bam sat
gia tri dat. Két qua cho thay luc tiép xuc hoi tu tot
vé lyc mong mudn véi sai sé nho duoc danh gia
bang phuong phap binh phuong trung binh RMSE,
gi4 tri trong hai truong hop thi nghiém lan luot 1a
0,174N va 0,238N thé hién kha nang bam lyc chinh
xéc va 6n dinh ctia phuwong phéap dé xuat.

Phuong phép sai s6 trung binh binh phwong
(RMSE) (Chai & Draxler, 2014) dugc tinh bdi cong

thirc:
RMMk:EEX&—QY
nio

Trong d6: n s6 mau dit liéu, S, 1a gié tri dat, O,

(18)

1a gia tri d4p Gng tir hé thong
4.3. Mo ta méi trwong thue nghiém

M0 hinh thuc nghiém la hé canh tay robot 6 béac
tu do, tuy nhién chi thyuc hién diéu khién cac khép
2,3 va5, cac khép con lai sé khoa cung. Téng quan
vé phan cing md hinh thi nghiém dugc thé hién
trong Hinh 7. H¢ thong mé hinh thi nghiém bao gém
mot canh tay robot véi cac khop xoay st dung hé
dong co AC servo cung v6i bo diéu khién AC servo
driver dugc diéu khién & ché d6 mo-men. Hé thong
diéu khién 1a may tinh cong nghié¢p ADVANTECH
610H tich hop cac card mo rong chuyén dung. Card
PCI-6713 xuit tin hiéu analog £10 V dé diéu khién
md-men dong co, trong khi card PCI-QUADO04 thu
tin hiéu encoder dé xéc dinh vi tri goc khop. Lyc tiép
xuc tai diém dau cudi dugc do bang cam blen luc

LI S —;y
S | i - i
| i S i
[roc oo ] e ]

L Industrial Computer

Hinh 7. So d6 khéi hé diéu khién canh tay robot
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mét truc CBFS-50, viéc két hop véi b chuyén ddi
tin hiéu lyc thanh tin hi¢u dién ap analog 0—10 V
duoc doc qua card PCI-6023E. Tin hiéu lyc dugc
hiéu chudn theo phwong phap hai diém goém hiéu
chuin khong tai (Zero Calibration) va hiéu chuén
dai (Span Calibration) bang qua can chuan. Dé giam
nhidu, cap tin hiéu duoc cach ly, boc chdng nhiéu,
tiép dia mot diém va déu day 6 16i; dong thoi tin hidu
duoc loc thong théip trude khi dua vao bo diéu
Kkhién luc.

Qua trinh thuc nghiém bao g6m viéc thuc
nghiém bo diéu khién vi tri PID dé kiém tra hoat
dong cua canh tay robot trong khong gian lam vigc.
Phan mém Matlab Simulink 2018b dugc sir dung
chay ¢ ché d6 thoi gian thyuc (External), thoi gian lay
mau 0,01 gidy, thoi gian thyc nghiém hé thong la
120 gidy. Mbi truong tiép xac duge tao boi bé mat
PVC foam, duogc lwa chon nhd dic tinh co hoc én
dinh va d¢ cung hitu han (Yao et al., 2022); trong
pham vi khao sat, vat liéu nay thé hién tinh dan hoi
xap xi tuyén tinh, cho phép mo hinh héa twong tac
nhu mot phan tir 16 xo, phi hop dé danh gia hiéu qua
bam Iyc cua bo diéu khién tro khang
(Herbster et al., 2023)

Sau d6, viéc diéu khién Iyc véi tin hiéu lyc dat
da duogc thyc hién va dugc mo ta nhu sau: tir gidy
thir 0 dén gidy thu 25 luc dit bang ON, tir gidy thu
25 dén giay thir 40 lyc dat bang 5N, tir gidy thir 40
dén gidy 60 lyc dat bang 10N, tir gidy thi 60 dén
gidy thir 80 Iyc dat bang 20N, tir gidy thir 80 dén
gidy thir 100 luc dat bang 5N, tir gidy thi 100 dén
gidy thir 120 lyc dit bang ON. Tin hiéu lyc dat di qua

. 1 .
bo loc bac nhat ¢c6 ham G,.(s) = 1 Thyc nghiém
N

didu khlen canh tay robot trong hai truong hop véi
thong s trong Bang 3 di chuyén theo quy dao dwoc
mo ta theo ham sau:
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a)

Hinh 8. M6 hinh thyuc nghiém

Ghi chii: a) hé canh tay robot va méi truong thire nghiém va b) co cau chap hanh ¢6 gdn cam bién lyc.

xd(t):[?’g;], tel0,1201 (19)

Trudng hop 1: Didu khién robot di chuyén dén
mot diem trén bé mat moi trudng:

1370
0<t<5
| 504
——(z sy + (z 574370
269 807 si<ls
—(t- ——t 5)" +504
15004~ "T00¢ ™Y
I 500
15<1<25
3 -1sy ——(t 15) + 235
X, (1) =11 250
1500
25<1<105
229
B 105y =22 (t=105) + 500
30 10 105<<115
I 105y + 23 (- 105y 4229
™20 4
1370
115<1<120
| 504

(20)

Trudng hop 2: Diéu khién robot di chuyén theo
duong thang trén bé mat moi truong:
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X, ()=
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Bang 3. Cac thong sé thwe nghiém

Gia tri
K, =diag([50 70 50])
K, = diag([0.5 04 04])

Thong s0

B6 diéu khién vi tri

Vi tri bé mat moi

X,=230mm
truong theo phuong Z 0

K, = diag([0 0 0.003])
K, ;=0
M,, =diag([0 0 0.9])
B, =diag([0 0 21])
K, =diag([0 0 0.15])

B6 diéu khién luc

4.4. Két qua thye nghiém bo diéu khién vi tri

Két qua thye nghiém bg diéu khién vi tri trén mé
hinh thi nghiém dugc thé hién trong Hinh 9, Hinh

.

500

Amplitude (mm)

Amplitude (mm)

10, Hinh 11 va Hinh 12. Hinh 9a, Hinh 9b, Hinh 11a
va Hinh 11b 1a tin hiéu dat va dap tng vi tri cia co
céu chap hanh theo phuong Z va X, véi duong mau
den 1a tin hi¢u dat va mau do 1a tin hiéu dap tng,
cung voi dd thi thé hién sai sd diéu khién vé vi tri
Hinh 9¢, Hinh 9d, Hinh 11¢ va Hinh 11d. Bén canh
d6, Hinh 10 va Hinh 12 thé hién tin hiéu ngd ra bo
diéu khién vi tri PID. Céc két qua cho thay canh tay
robot trén mo hinh thue nghiém hoat dong dung véi
céc tin hidu dat vé vi tri va goc khép vai sai s6 nho.

550 —
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Amplitude (mm)

350

300
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Hinh 9. Do thi dap tng vi tri trudong hop 1

Ghi chi: a) Tin hiéu dat va dap vng vi tri diém dau cudi cia canh tay robot theo phuong Z. b) Tin hiéu dat va dap iing
dzem ddu cudi ciia canh tay robot theo phirong X. ¢) Sai $6 vi tri diém dau cudi theo phwong z. d) Sai s6 vi tri diém ddu

cudi theo phirong X

0s 0s

Amplitude (V)
Amplitude (V)
Amplitude (V)

=

Hinh 10. Tin hiéu ngé ra. by diéu khién PID truong hop 1
Ghi chii: a) khép 1, b) khdp 2 va c) khép 3.
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Hinh 11. P thi dap rng vi tri trudmg hop 2

Ghi chu: a) Tin hiéu dat va dap ing vi tri diém ddu cudi cia canh tay robot theo phuwong Z. b) Tin hiéu dat va dap vng
diém dau cuoi cua canh tay robot theo phuwong X. ¢) Sai so vi tri diém dau cuoi theo phwong z. d) Sai so vi tri diém dau

cudi theo phirong X
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V"
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80 100 120 0

Hinh 12. Tin hiéu ngé ra by diéu khién PID truwong hop 2
Ghi chii: a) khép 1, b) khép 2 va ¢) khdp 3..

4.5. Két qua thwe nghiém b diéu khién luc

Sau khi thyc nghiém kiém chimg b diéu khién
vi tri PID, viéc trién khai bg di€u luc da dugc tién
hanh dua trén mo hinh tré khang.

Hinh 13a va Hinh 15a thé hién tin hiéu dat va
dap tng lyc tiép xuc gitra diém dau cudi robot va bé
mat moi truong véi dudng mau den 1a tin hi€u luc
dat va dudong mau do 1a tin hidu lyc tiép xtc theo
phuong Z. Hinh 13b, Hinh 13c, Hinh 15b va Hinh
15¢ thé hién vi tri diém dau cudi ctia robot véi duong
mau den 1a tin hi¢u dat, duong mau d6 1a vi tri dap
ung cua robot. Cac Hinh 14a, Hinh 14b, Hinh 14c,
Hinh 16a, Hinh 16b va Hinh 16¢ thé hién tin hiéu
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diéu khién cac goc khép, Hinh 14d va Hinh 16d 1a
ngd ra bo diéu khién Iyc. Két qua thuc nghiém cho
théy, khi bd diéu khién luc dugce kich hoat, luc tiép
xUc cua robot bam sat tin hi€u dat thong qua viéc
diéu chinh vi tri diém dau cudi va cac tin hiéu diéu
khién goc khop so véi truong hop chi didu khién vi
tri. Hiéu suit bam luc duge danh gia dinh luong
bang phuong phap RMSE giira luc dat va luc tiép
xtc thuc té tinh béng cong thuce (19), gia tri dugc
trinh bay trong Bang 4 cho thay kha ning duy tri luc
tiép xuc 6n dinh ciia hé thong trong didu kién twong
tac voi moi truong.
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Hinh 13. Két qua thyc nghiém diéu khién luc trudmg hop 1

Ghi chi: a) Tin hiéu dat va dap ig liyc diéu khién. b) Vi tri diém ddu cudi co cdu chip hanh theo phwong X. c) Vi tri co
cau chap hanh theo phuwong Z
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Hinh 14. Ngé ra bd diéu khién PID va diéu khién lwc trwdong hop 1.

Ghi chit: a) Ngé ra diéu khién géc khép 1. b) Ngé ra diéu khién géc khép 2. ¢) Ng6 ra diéu khién goc khdp 3. d) Ngé ra

bé diéu khién luc
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Hinh 15. Két qua thuc nghiém diéu khién luc trudmg hop 2

Ghi chi: a) Tin hi¢u dat va dap vmg lhec diéu khién. b) Vi tri diém ddu cudi co cdu chip hanh theo phwong X. c) Vi tri co
cau chap hanh theo phuwong Z
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Hinh 16. Ngé ra b diéu khién PID va diéu khién Iwc truong hop 2

Ghi chii: a) Ngé ra diéu khién géc khép 1. b) Ngé ra diéu khién géc khép 2. ¢) Ngo ra diéu khién goc khdp 3. d) Ngd ra

bé diéu khién luc

Bang 4. So sainh RMSE cia luc tiép xuc trong mé
phéng va thuc nghiém

Truong hop M6 phéng
THI 0,174
TH2 0,238

4.6. Thao ludn

Thuc nghiém
1.237N
1.052N

Trong nghién ciru nay, mot quy trinh kiém
chimg thye nghiém cho bai toan diéu khién luc tiép
xuc trén canh tay robot da dugc xay dung, qua do
m¢ rong cac phuong phap diéu khién twong tac tir
mo phong sang hé thong phan ctig thyc. Cac cong
trinh trong nudce (Phan et al., 2019; Tuan & Hieu,
2019) khi dugc thyc hién da tap trung vao cac thuét
toan phi tuyén phuc tap nhung chua duge trién khai
thuc nghiém, viéc lya chon cau tric diéu khién tro
khang kinh dién don gian hon so véi cac phwong
phap hién dai, v&i muc dich xay dung nén tang thuc
nghiém va trién khai trén cac hé thong robot hién c6
tai Viét Nam. Cu trac diéu khién két hop PID va
md hinh tré khang cho phép tach biét bai toan bam
quy dao va didu chinh lyc twong tac, gitip robot duy
tri chuyén dong on dinh trong khong gian tu do va
thich nghi linh hoat khi tiép xtic v&i méi truong, tir
d6 han ché va cham cung va dao dong luc.

Két qua mé phong cho thay sai s6 bam luc nho,
v6i gia tri RMSE x4p xi 0,24 N, phan anh kha nang
bam lyc chinh xéc trong diéu kién mé hinh Iy tudng.
Trong khi do, két qua thyc nghiém ghi nhan gia tri
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RMSE ting 1én trén 1,0 N nhu két qua duogc thé hién
trong Bang 4. Su chénh léch nay chu yéu xuat phat
tir cac yéu td thyc té chua duoc mo hinh héa day du
trong moi trudng md phong, bao gdm nhiéu va sai
s6 hidu chuin ciia cam bién lyc, sai léch giita mo
hinh dong luc hoc va robot thuc, cac hién tuong phi
tuyén nhu ma sat khop, d6 ro co khi va do tré ctia bd
diéu khién. Mat khac, méi trudong tuong tac trong
thuc nghiém, cu thé 12 bé mat PVC foam, c6 dic tinh
phi tuyén va khong ddng nhét, trong khi mé hinh mé
phong gia thiét moi truong dan hoi tuyén tinh voi
céc tham sb khong dbi. Mic du sai s6 thuc nghiém
16n hon so v6i mo phong, bo diéu khién dé xuat van
dam bao tinh 6n dinh va duy tri lyc tiép xuc trong
gi6i han cho phép, cho thy tinh kha thi va tiém ning
(g dung trong cac bai toan gia cong bé mit thyc té.

Ngoai ra, hiéu suit hé thdng ciing phu thudc
dang ké vao viéc lya chon tham s6 diéu khién. Cac
tham s6 khéi lugng 4o va giam chin trong mé hinh
tré khang quyét dinh kha nang hép thu ning lugng
va cham, trong khi hé s6 do cting dugc chon thip dé
tang tinh mém déo. Bo diéu chinh luc sir dung cac
thanh phan ty 1¢ va tich phan nham dam bao toc do
hoi tu va loai bo sai s6 xac lap, dong thoi loai bo
thanh phan vi phan dé tranh khuéch dai nhiu cam
bién. Do dic tinh m6i truong kho mé hinh héa chinh
xéc, cac tham sé dugc tinh chinh bang phuong phap
thir-sai c6 hé théng, tuy nhién viéc str dung tham sé
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tré khang ) dinh van 1a mot han ché can duoc cai
thién trong cac nghién ctru tiép theo.

5. KET LUAN

Trong bai bao nay, viéc dé xuét va kiém chimg
moé phong va thyuce nghiém phuong phap didu khién
lyc tiép xtic dya trén mo hinh tré khang cho canh tay
robot ba bac tu do da duge thuc hién. Céu tric didu
khién két hop gitta diéu khién vi tri PID va diéu
khién Iyc tro khang nham dam bao 6n dinh chuyén
dong va do chinh xac khi twong tac véi moi truong.
Két qua cho thay phuong phap dé xuat c6 kha ning

TAI LIEU THAM KHAO

Chai, T., & Draxler, R. (2014). Root mean square
error (RMSE) or mean absolute error (MAE)?
Geoscientific Model Development Discussions,
7, 1525.
https://doi.org/10.5194/gmdd-7-1525-2014

Fu, J., Burzo, ., Iovene, E., Zhao, J., Ferrigno, G., &
De Momi, E. (2024). Optimization-based
variable impedance control of robotic
manipulator for medical contact tasks. /EEE
Transactions on Instrumentation and
Measurement, 73, 1-8.
https://doi.org/10.1109/TIM.2024.3372209

Herbster, S., Behrens, R., & Elkmann, N. (2023).
Modeling the Contact Force in Constrained
Human—Robot Collisions. Machines, 11(10),
955. https://doi.org/10.3390/machines11100955

Hogan, N. (1984). Impedance control: An approach
to manipulation. 1984 American control
conference.
https://doi.org/10.23919/ACC.1984.4788393

Hogan, N. (1985). Impedance control: An approach
to manipulation: Part [I—Implementation.
Journal of dynamic systems, measurement, and
control, 107(1), 8-16.
https://doi.org/10.1115/1.3140713

Jung, S., & Jeong, D.-J. (2021). Admittance force
tracking control schemes for robot manipulators
under uncertain environment and dynamics.
International Journal of Control, Automation
and Systems, 19(11), 3753-3763.
https://doi.org/10.1007/s12555-020-0959-7

Lahr, G. J., Soares, J. V., Garcia, H. B., Siqueira, A.
A., & Caurin, G. A. (2016). Understanding the
implementation of impedance control in
industrial robots. 2016 XIII Latin American
Robotics Symposium and IV Brazilian Robotics
Symposium (LARS/SBR).
https://doi.org/10.1109/LARS-SBR.2016.52

Liu, C., He, Y., Chen, X., & Cao, H. (2022).
Adaptive enhanced admittance force-tracking
controller design for highly dynamic interactive
tasks. Industrial Robot: the international journal

59

diéu khién Iyc tiép xtic véi sai sb luc tiép xtic nho,
viéc danh gia dinh lugng duoc tién hanh béng chi
tiéu RMSE cho thdy sai sb luc dat khoang duéi 1,25
N. Trong tuong lai, nghién ctru tiép theo khi dugc
thuc hién tap trung vao viéc phat trién cac chién lugc
diéu khién tr& khang thich nghi, cho phép tw dong
diéu chinh cac tham sé d6 ctng va giam chin theo
trang thai tuong tac, cling nhu tich hop cac phuong
phap diéu khién dy bdo nham nang cao hiéu suét trén
céc bé mit co bién dang va dac tinh co hoc phuec tap.

of robotics research and application, 49(5), 903-
912. https://doi.org/10.1108/IR-10-2021-0222

Liu, J., Zhang, J., Li, J., Yang, S., Qiao, Z., Ju, C., &
Zhao, X. (2023). Research on fuzzy impedance
force control technology of robot-assisted
abrasive cloth wheel polishing blade. The
International Journal of Advanced
Manufacturing Technology, 127(5), 2537-2551.
https://doi.org/10.1007/s00170-023-11648-y

Mohsin, 1., He, K., Li, Z., & Du, R. (2019). Path
planning under force control in robotic polishing
of the complex curved surfaces. Applied
Sciences, 9(24), 5489.
https://doi.org/10.3390/app9245489

Mu, Y., Zou, L., Wang, Z., Li, J., Jiang, L., & Wang,
W. (2025). A novel model predictive dynamic
adaptive impedance control for robotic force
tracking on complex surfaces. Control
Engineering Practice, 163, 106398.
https://doi.org/10.1016/j.conengprac.2025.106398

Mukherjee, D., Gupta, K., Chang, L. H., & Najjaran,
H. (2022). A survey of robot learning strategies
for human-robot collaboration in industrial
settings. Robotics and Computer-Integrated
Manufacturing, 73, 102231.
https://doi.org/10.1016/j.rcim.2021.102231

Raibert, M. H., & Craig, J. J. (1981). Hybrid
position/force control of manipulators. Journal of’
dynamic systems, measurement, and control,
103(2), 126-133.
https://doi.org/10.1115/1.3139652

Robotics, I. F. 0. (2024). Record of 4 Million Robots
in Factories Worldwide. https://ifr.org/ifr-press-
releases/news/record-of-4-million-robots-
working-in-factories-worldwide

Sebastian, G., Li, Z., Crocher, V., Kremers, D., Tan,
Y., & Oetomo, D. (2019). Interaction force
estimation using extended state observers: An
application to impedance-based assistive and
rehabilitation robotics. IEEE Robotics and
Automation Letters, 4(2), 1156-1161.
https://doi.org/10.1109/LRA.2019.2894908


https://doi.org/10.1109/TIM.2024.3372209
https://doi.org/10.3390/machines11100955
https://doi.org/10.23919/ACC.1984.4788393
https://doi.org/10.1115/1.3140713
https://doi.org/10.1007/s12555-020-0959-7
https://doi.org/10.1109/LARS-SBR.2016.52
https://doi.org/10.1108/IR-10-2021-0222
https://doi.org/10.1007/s00170-023-11648-y
https://doi.org/10.3390/app9245489
https://doi.org/10.1016/j.conengprac.2025.106398
https://doi.org/10.1016/j.rcim.2021.102231
https://ifr.org/ifr-press-releases/news/record-of-4-million-robots-working-in-factories-worldwide
https://ifr.org/ifr-press-releases/news/record-of-4-million-robots-working-in-factories-worldwide
https://ifr.org/ifr-press-releases/news/record-of-4-million-robots-working-in-factories-worldwide
https://doi.org/10.1109/LRA.2019.2894908

Tap chi Khoa hoc Dai hoc Can Tho Tap 62, S6 CP: Khoa hoc va Cong nghé cho su phat trién bén vitng cua viung DBSCL: 46-60

Song, P., Yu, Y., & Zhang, X. (2017). Impedance
control of robots: an overview. 2017 2nd
international conference on cybernetics, robotics
and control (CRC).
https://doi.org/10.1109/CRC.2017.20

Truong, H. V. A., Trinh, H. A., Tran, D. T., & Ahn,
K. K. (2021). A robust observer for sensor faults
estimation on n-DOF manipulator in constrained
framework environment. /[EEE Access, 9, 88439-
88451.
https://doi.org/10.1109/ACCESS.2021.3087505

Wang, X, Li, C., Cai, D., & Cui, Y. (2025).
Research on Adaptive Variable Impedance
Control Method Based on Adaptive Neuro-Fuzzy
Inference System. Sensors, 25(10), 3055.
https://doi.org/10.3390/525103055

Widanage, K. N., Parween, R., Godaba, H., Herzig,
N., Glovnea, R., & Li, Y. (2025). Force-
Dependent Variable Impedance Controller for

60

Contact-Rich Tasks Under Reference Trajectory
Uncertainty. IEEE Control Systems Letters.
https://doi.org/10.1109/LCSYS.2025.3597334

Yao, H., Pang, Y., Liu, X., & Qu, J. (2022).
Experimental Study of the Dynamic and Static
Compression Mechanical Properties of Closed-
Cell PVC Foams. Polymers, 14(17), 3522.
https://doi.org/10.3390/polym14173522

Zhong, R. Y., Xu, X., Klotz, E., & Newman, S. T.
(2017). Intelligent manufacturing in the context
of industry 4.0: a review. Engineering, 3(5), 616-
630. https://doi.org/10.1016/J.ENG.2017.05.015

Zhou, Y., She, J., Liu, Z.-T., Xu, C., & Yang, Z.
(2021). Implementation of impedance control for
lower-limb rehabilitation robots. 2021 4th IEEE
international Conference on industrial cyber-
physical systems (ICPS).
https://doi.org/10.1109/1CPS49255.2021.9468210


https://doi.org/10.1109/CRC.2017.20
https://doi.org/10.1109/ACCESS.2021.3087505
https://doi.org/10.3390/s25103055
https://doi.org/10.1109/LCSYS.2025.3597334
https://doi.org/10.3390/polym14173522
https://doi.org/10.1016/J.ENG.2017.05.015
https://doi.org/10.1109/ICPS49255.2021.9468210

