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This paper presents a real-time simulation method that applies Digital
twin technology to the simulation of a coaxial spherical parallel
mechanism. The paper details the steps involved in constructing the
kinematic model, computer-aided design, and establishing a real-virtual
control interface using MATLAB/Simscape Multibody software
presented in detail in the paper. The research results simulated the Roll-
Pitch-Yaw angle of the robot of working plane corresponding to the
rotation angles of the input joint corresponds to 16 movements with the
resulting angle varying from 0° to 30° In addition, the experimental
results are synchronized with each other at the initial time of the three
dimensional experimental model and the simulation model at the 12th
second with a delay between the Pitch angle. However, the
implementation results have the largest deviation (MSEroll = 3.5°%
MSEpitch = 6.5% MSEyaw = 6.03°) in the range of 16th to 32nd seconds.
The research team built a virtual reality simulation model for a spherical
parallel robot with high synchronization at the most suitable cost.
Furthermore, the results of this research are aimed at the fields of
automotive technology, missile technology and submarines.
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MO0 phong thoi gian thuc

Bai bdo trinh bay mét phuong phdp md phong thoi gian thuc tng dung
cong nghé¢ Digital twin trong mé phong co ciu song song ddng truc
dang hinh ciu. Trong d6, md hinh d6ng hoc, mé hinh toan dong luc hoc
thuan va dong hec nghich cua co céu song song hinh cau. Bén canh do,
md hinh a0 duoc thiét ke V6i su tro giip mdy tinh thong qua phan mem
SOLIDWORKS két nbi giao tiép diéu khién ao Voi phan mém
MATLAB/Simscape Multibody duoc trinh bay chi tiét trong bai bao.
Két qua nghién ciu di mo phong cac goc Roll-Pitch-Yaw cia mat
phang cong tic robot twong ng voi cac goc xoay cac khop dau vao
twong ing Vi 16 dong tic c6 két qua cac goc thay ddi tir 0° dén 30°.
Ngoai ra, két qua thuc nghiém ddng bo véi nhau & nhitng thoi diém dau
ctia md hinh thuc nghiém in 3 chidu va mé hinh mé phong tai gidy thir
12 ¢6 d6 tré giita goc Picth. Tuy nhién, két qua thuc nghiém c6 do léch
I6n nhat (MSE, = 3,5% MSEpitch = 6,5° MSEyaw = 6,03°) trong
khoang gidy thir 16 dén 32 gidy. Nhoém nghién ciru xay duyng mé hinh
mod phong thuc a0 cho robot song song dang cau dat d6 ddng bo cao véi
chi phi phii hop nhat. Hon thé nira, két qua nghién ciru nay hudng dén
linh vyc cong nghé 6 to, cong nghé tén lira va tau ngam.
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1. Gi6i thiéu

Phuong phap hinh hoc phan tich vi tri cia co céu robot Delta, giai phap dong hoc thuan cua
robot Delta bdi Cheng Liu va cong su [1]. Dua trén giai phdp dong hoc thuan, khong gian lam viéc
ctia robot Delta dugc phan tich va khong gian 1am viéc ciia robot Delta duge vé bang cach sir dung
chirc ning tinh toan va v& cia MATLAB, cung cap tham chiéu dé do hiéu suat cta robot Delta. Bén
canh d6, nhom tac gia Florin Covaciu va Laura Nicoleta Covaciu [2] nghién ctru hé thong diéu
khién va truyén dong cua mét robot song song c6 ba bac tu do. Pé diéu khién hé théng robot song
song ndy, mot giao dién ngudi ding di dwoc phat trién, thong qua do nguoi ding co thé tuong tac
voi robot v6i thao tac timg thanh truot riéng 1¢. Tuy nhién, ching con ton tai mot sd khuyet diém
nhu: khong gian 1am viéc nho, do phtic tap cta chuyen dong, dan dén viéc kiém soat diéu khién
hoat dong, md phdéng co cAu kho khan, dic biét 1a xac dinh vung khong gian lam viéc.

Cong nghiép 4.0 va s6 hoa cung cép vo sb linh vuc nghién ciru dang phat trién khong ngung.
Ngoai viéc tich hop hé thong gilia cdc cong ty, viéc ao hoa cac san pham, thanh phan thong qua
mo hinh m6 phong la mét yéu t6 ddc biét thuc day xu hudng tich hop chit ché. Vé nguyén tic,
moi thanh phan va quy trinh déu c6 thé dugc 4o hoa thong qua mo hinh digital twin [3].

Trong d6, m6 phong thue do (digital twin) [4], [5] dé cap dén ban sao a0 hodc mo hinh cua bat
ky thuc thé vat 1y nao, déu dugc két ndi thong qua trao do6i dir liéu thoi gian thyc [6]. Ung dung
clia md phong thuc a0 bao gdm: giam sat thoi gian thuc, thiét k&, 1ap ké hoach, t6i wu hoa, bao
tri, truy cép tr xa [7], [8]. Tuy nhién, hau hét cac nghién ctru tip trung vao cac hoat dong day
chuyén san xuét, chua xem xét cu thé vé anh huong cua tac dong mo hinh ly thuyét dong hoc,
dong lyc hoc cua hé thong dén hoat dong cua ddi tuong mo phong.

Trong bai bao nay, phuong phap mo hinh hoa va mé phong thuc 4o cho co cu robot song
song dang hinh ciu dong truc s& dugc trinh bay. Py 1a mot trudng hop dic biét cia mot robot
song song hinh ciu c6 3 bac ty do, c6 kha ning xoay vo han quanh bat ky truc nio trong khong
gian 1am viéc cta nd. Do c6 kha ning nhanh chéng tao ra cac mé hinh cua cac hé thong vat 1y
trong moi truong Simulink, nén cong cu Simscape Multibody dugc chon. Két qua cta nghién ctru
nay 1a nén tang cho viéc phat trién thuat toan diéu khién chuyén dong cho robot song song. Hon
nita, phuong phap nay co6 thé dugc 4p dung vao viéc mo hinh hoa cic co ciu robot song song
chuyén dong phure tap khéc.

2. Phuwong phap nghién ciru
2.1. M6 hinh dgng hoc co ciu song song dong truc

Co cu nghién ctru bao gom mot mat di dong va mot dé cb dinh, két ndi v6i nhau boi ba chan
phan bd déu (mdi chan bao gom 2 khéu), dugce danh s tir 1 dén 3 theo hudng nguoc chidu kim
ddng hd. Mat phang di dong duoc xac dinh boi goc B, va miat phang ¢ dinh duge xac dinh bgi
goc y. Mbi khép ndi cia mat di dong bao gdm hai lién két: lién két gan va lién két xa, voi tat ca
cac khop thude loai khop quay. Cac khop duge xdc dinh boi cac vécto don vi u;, v; va w; (voii=
1, 2, 3) twong umg vdi cac khop dau vao, khop trung gian va khop trén mét phang di dong (Hinh
1a) Trong h¢ quy chiéu cb dinh, tryc z thang hang véi truc khép va c6 phuong hudng 1én trén,
tryc x nam trong mat phing tao béi truc z va vécto don vi wi, va truc y duge xac dinh theo quy
tdc ban tay phai. Cac truc ciia khdp dau vao duoc xac dinh trong hé quy chiéu boi vécto don vi u;;

—[00-1]" vei (i=1,2.3).
Chuyén dong cta mat di dong dugc biéu dién thong qua cac bién khop dau vao va cac vi tri
duoc biéu dién dudi dang vécto:
0=[0, 0, 65]" (1)
Cac vi tri khop dau vao dugc coi la cac goc gilra cac mat phang trung tdm cua cac lién két gan
tai cAu hinh gbc va tai bat ky cdu hinh nao khac cua co ciu song song dong truc. O ciu hinh gbc
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(6=10, 0, 0]"), huéng quay theo chiéu kim dong hd duoc chon 13 hudng dwong (Hinh 1b), cac
truc khop trung glan cua co cdu dong truc duoc biéu dién nhu biéu thuc (2):

a. Hé toa dé trong robot b. Chiéu duwong cua cdc khép diéu khién
Hinh 1. M6 hinh co cdu song song dong truc dang cau trong phan mém SOLIDWORKS
cos(ni - Gi)sinal
Wi= sin(ni — 0;)sina, | (i=1,2,3) @
—Cos0,
Trong d6 goc n.= 2(1; —1)/3, (=1, 2, 3) 1a khoang cach bu géc giita mdi canh va giir nguyén
nhu mot gia tri khong doi cho moi canh thur i.
2.2. Dong hoc thugn
ﬂDé xac dinh bai toan dong hoc thuan, mot hé gc;)m‘chin phuong trinh ddc 1ap véi chin an s6 co
thé dugc suy ra tir cac rang budc hinh hoc cua SPM dong truc:
W/ .V] = W5 .V,=W3 .V3=COS 85°
V| .Vy =V, .V3=V3.V|=CO0S 120° (3)
Ivi I=1va [1=vs (I=1
Trong do, o3 = 2sin™! (schos ) 1a goc gitta truc cua khép ndi mat di dong thir i va thi j.
Vi 0,,0,,05 14 gbc quay cua 3 khdp cua 3 bién dau vao. Tir biéu thic (2), ta tinh duoc:

2m . 4n .
cos(—0,)sina, cos (5 — 0, ) sina, cos (5 — 65 ) sina,
wi=|sin(— 1 CWH= . 2n . CWa=| . 4n . 4
1= | sin(=0)sinay |s wo= | (— — 62) sina; |" 73 |sin (— — 63) sino, “)
—Cosa, 3 3
—Ccosa, —Cosa,

Cac vécto trén mat phang cong tac: Vi = Viy,Viy,Viy; Vo = Vax,VaysVa, 5 V3 = V3y,V3y,V3, duoc
xac dinh theo phuong trinh (5):
Wiy VixTWiy ViytWy, vy, =cos 90°
PN
Wox V2x+w2y V2y+w22 Vo= 90 5 5 5
le—i_vly—i_vlz:l

Wiy V3, TW3y V3, TW3, V3, = c0s 90° sy
0 va Vax +V2y+VZZ: 1 (5)
Vix VoxtViy .VoytVy,.Vo,=cos 120
Ix «V2x " V1y - V2y " V1z:V2z™ > b 5
n n 120° t VitV tvs, =l
Vox -Vix sz .V3y V5,.V3,= COS

Vix -VaxHViy V3, Hvy,.v3,=cos 120°

2.3. bgng hgc nghich

Dé giai bai toan dong hoc nghich dao cua co ciu song song déng truc dang hinh cau, ta can
tim cac bién khép dau vao 0 (voii=1,2,3)dédam bao rang mat dé di dong co thé dat dugc cac
vi tri va huéng mong mudn. Phuong trmh tach roi cho mdi bién khop dau vao 6; duoc tinh tir
phuong trinh (6):

AT? +2BT; + C;=0, (i=1, 2, 3) (6)

Trong do:
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0\ 11 1. s 2 sl s At hid L
+ T, =tan (51) la ham chuyén doi tir gboc 8 sang mot bien mai T;;
+ Céc hé s6 A, B; va C;, dugc tinh tir cac thanh phan cua vécto don vi vj;
Véi
Aj= — cosn;sina, vj, — sinm,sina; vi, — €S0, Vi, — COSQ,
B;=sinn;sina,; vj, — cosn sina; vy; @)
Ci=cosn,sina, vj, +sinn sina; vj, — COSa,; Vi, — COSQ,

Thay n,= 0; n,= 2n/3; n,= 4n/3; ;= 60°; 0= 90° vao (7), ta duogc:

Ai Vix
Bi :Hi' [vin (1 :19 2a 3)
Ci Viz (8)
Trong do:
_ o ! V3 3 1 V3 301
O T e N
= — ﬁ " = i 2 . = _z ﬁ
Hl—lo > 0|,H2 |4 ; o|.r[3 |4 ; o|
V3 1 3033 1 V3 3 1
13 0 = - & -3 -5 -3 -3
Céc gdc xoay can diéu khién dugc xac dinh thong qua phuong trinh (9):
0,=2tan"'T,
62=2tan_ ! T2 (9)
63=2tan_1T3

2.4. Xdy dwng moi truong mé phong

Mo phong thuc a0 duoc xdy dung dé kiém tra hiéu suét cia hé thong diéu khién, cho phép
phat trién cac (mg dung phirc tap két hop giita phan thuc v6i thanh phan ao trong qua trinh diéu
khién. Trong nghién ciru nay, md phong thuc ao dugc xdy dung nhu Hinh 2, bao gdm ba thanh
phan chinh: may tinh, bo diéu khién, va phan cting thuc té.

My tinh: 1a may tinh di dugc cai dat phan mém thiét ké co khi SOLIDWORKS,
MATLAB/Simscape Multibody, Real-time workshop, C/C++ compiler, CCS. Simscape Multibody
cho phép tham sé hoa cac mé hinh thuce té bang cac bién va biéu thirc trong MATLAB, giup thiét ké
thay d6i hé thong dé dang. Tir d6, hé thong c6 thé tich hop hé thdng thuy lyc, dién, khi nén va ca hé
thong vat Iy khac vao mé hinh dang xay dung bang cac khéi c6 trong thu vién.

[ Cam bién goc nghiéng ]— May tinh B;\)F
i 1 Matlab/Simscape '

4
mls® ¢
1
) down1 int1 1 intd
Multibody, C/C++ ° o * o
Compiler, Realtime kernel,

SolidWork, Code Y\ \‘,s
Composer Studio S i i
I down2 join2 up2 joints

A p !
_ReaI—Tlme 8 :’Y F B ?’ F

L Microcontroller one

 S—— TMS32F28379D cownd - ond - ued

. Matlab/Simscape Multibody
Motor Driver (CPU: 200Mhz, ADC,
DAC, PWM, SPI, 12C....)
Hinh 2. Cdc thanh phan ciia mé phéng Hinh 3. M6 hinh CAD va Simulink

B¢ diéu khién: 13 board vi diéu khién TMS320F28379D thu thap tin hiéu tir cam bién gia tdc
MPU9250, diéu khién hoat dong ciia co cau théng qua md dun diéu khién dong co budc A4988
két hop stepper motor NEMA23 va truyén thong v6i may tinh chu qua chudn truyén Ethernet.

Phan cieng thue té: 1 co ciu robot song song dong truc dang hinh cau c6 ba bac tu do, tich
hop cam bién gia tbc MPU9250, cho phép do dugc cac théng so thay doi (Roll — Pitch — Yaw)
clia mit phing cong tac trong khong gian.
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Mo hinh CAD duoc thiét ké bang phin mém SOLIDWORKS véi kich thudc, vat liéu va cau
trac duoc thue hién gidng voi mé hinh thyc té. Simscape Multibody hd tro bién dich céc chi tiét sau
khi thiét ké, lip rap thanh file c¢6 dinh dang (xml) tuong Ung va duoc mo bang
MATLAB/Simulink. Trong méi trudng Simulink, thu vién Simscape hd trg nhiéu khdi khac nhau,
trong d6 ¢6 cac khdi co ban nhu: Rotational mé ta khép xoay ctia robot, khdi Body mé ta cac khau,
khéi Frame twong g v6i hé toa dg cua robot nhu Hinh 3. Tir cac khéi Simulink nay, cho phép ta
thay doi cac thong s6 vat ly cua chi tiét giéng thuc té nhu: kich thude, khdi luong, momen quan
tinh. Trong khéi Rotational, ta c6 thé cai dit cac gia tri cho khép nhu: goc, van tde goc, gia toe goc,
momen. Ngoai ra, thudc tinh sensing con cho phép ta do nguoc lai cac gia tri do.

Properties

nt Frame World

|Properti
=

State Targets ‘““’R T L
—B V Internal Mechanics - Transform1
8 F Limits
>

I+ Actuation 1 ¥ '/{ J
o
Rotational1 Sensing 7 .

ReferenceFrame Transform
Hinh 4. Thudc tinh ciia cdc khoi trong Simscape
Khéi Transform thuong duogc lién két voi khdi body nhu Hinh 4, va duoc hiéu nhu mot hé toa
dd gan 1én mot khau cua robot, néu truy cdp vao thudc tinh cuia khoi nay, ta c¢6 thé do dugc cac
thong s vat 1y cua khau nhu: do dich chuyén tinh tién, cac goc quay Roll — Pitch — Yaw.

3. Két qua nghién ciru

Mo hinh thyc nghiém dugc xay dung nhu minh hoa trong Hinh 5. Phan mém mé phéng dugc
thiét 1ap dé chay trong 32(s), thuc hién 16 dong tac (PT) khac nhau. Mdi dong tac twong g véi
mot tap hop gia tri gobc 6 =160, 6, 93] thay ddi theo mot diy tir nho dén lon. Trong qua trinh
md phong trén may tinh, phan mem MATLAB lién tuc gii tin hiéu xudng vi diéu khién
TMS320F28379D véi thoi gian 14y mAu 0,1ms dé diéu chinh goc quay cua cac khop trén robot
thuc té. Dong thoi, hé thdng thu thap dir liéu goc nghiéng tr cam bién va truyen vé MATLAB.
Phan mém mo phong Simulink/MATLAB tiép nhén tin hiéu tir bo diéu khién va so sanh voi dir
lidu thu duoc tir mé hinh md phong dé danh gia d6 chinh xac cta hé thong.

Cam bién goc
nghiéng

M6 hinh
thuc nghiém

May tinh v6i phan

‘ mém mé phong

B6 didu khién
trung tam

Hinh 5. M6 hinh thuc nghiém thuc té

Két qua ¢ Bang 1 chirng minh duoc robot hoat dong linh hoat cé nhitng dong tac khac nhau
tuong ung véi cac goc xoay khac nhau, dong thoi mo hinh thuc té ciing hoat dong phu hop véi
két qua trén phan mém mé phong. Két qua mo phong duge thé hién & do thi Hinh 6.

D) thi trong Hinh 6 m6 ta két qua mo phong céac goc Roll-Pitch-Yaw cta mat phang cong tac
robot twong g voi cac goc xoay cac khop dau vao tuong ting vi 16 dong tac. Ta thay khi cac
goc thay doi tir 0° dén 30°, thi cac gi tri goc Roll-Pitch-Yaw ciia mit phing cong tac robot thay

dbi twong tng theo phu’O’ng trinh dong hoc thudn, voi gia tri 16n nhét va nhé nhét 1an luot khoang
22° va -38°.
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Bang 1. Két qua dap iimg goc nghiéng giita phan mém mé phéng
va mé hinh thuc té ¢ cac goc xoay khac nhau

Chuyén déng tir 1-8

Chuyén déng tir 9-16

Mo Thuc Mo Thue Mo Thue Mo Thuc
ph6ng nghiém phong nghiém phéng nghiém phéng nghiém
PT1 =[0%0° 1o° PT5 = [30° 100 10] DT9 =[10%20%30%] PT13 = [0%30° o°]

‘??

PT2 =[0%10%0°]

¥ X

bT3 =[10%0%07

Y ¥

DT4 =[10%10%0]

ﬁ"?

PT6 =[10%30%107]

v

PT7 =[10% 1o° 30]

n’\g

DTS [30%30%107]

v ¥

DPT10 = [30%20%10°]

3 ¥

DTll =120%30%107

¥ ¥

DT12 =[10%30%30°]

goc quay cua cac dong co diéu khién & cac khop.

time(s)

Hinh 6. Két qud mé phong
Két qua thuc nghiém trong Hinh 7 da chimg minh dap ing mé hinh thuc té hoat dong dong bo
véi md hinh moé phong, khi gia tri cac goc mat phang cong tac cling thay do6i phu thude vao cac

Experiment

time(s)

Hinh 7. Két qua thuc nghiém
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Két qua so sanh vé& murc d6 dong bo gitta moé phong va thuc nghiém duogc trinh bay trén Hinh
8 va Hinh 9.

Simulink(degree)

Experiment

time(s)
Hinh 8. So sdnh két qua mé phéng va thuc nghiém
Tir d6 thi trong Hinh 8, két qua mo phong va thuc nghiém dong bo V6i nhau tuong ung Voi
cac goéc Roll-Pitch-Yaw, tur dit liéu thu dugc trung binh binh phuong sai s6 tuong tng (MSE,q =
3,5% MSEpitch = 6,5%; MSEyaw = 6,03).
o 20F

Roll

5 :
£ D 500 ! ] | | Slmulatlon |
o @ -4ev) ! | L : b
S40 e — e — e e [ EXpe”ment,
0 5 10 15 20 25 30
— 20 - L L &; ,,,,,,,,,,,,,,, - J E—

simulation
—Experiment

30

Yaw

15
time(s)
Hinh 9. So sdnh cdc goc giira két qua mé phong va thuc nghiém

4. Két luan

Nghién ciru nay dé xay dung thanh cong m6 hinh mé6 phong thue do cho robot song song dang
cau. Hoat dong ctia robot dugc kiém ching bang cach thay d01 goc quay cua ba khop va 80 sanh
goc nghiéng do dugc tir cong cu md phong vai dir liéu thuce té thu tir cam bién gia téc gin trén
mit phing 1am viéc ctia robot nhu trinh bay trong Hinh 9. Két qua cho thay md hinh thyc nghiém
va md phong dat d6 dong bd cao. Trong twong lai, nhém nghién ctru sé tiép tuc phat trién va thir
nghiém cac ing dung diéu khién huéng dya trén md hinh dong hoc va dong luc hoc da thiét lap,
ddng thoi danh gia do ctng virng cla co ciu trong qua trinh chuyen dong c6 yéu cau cao vé do
chinh xéc va 46 tin cay nhu trong linh vuc 6 td, tén Iura va tau ngam.
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