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TOM TAT

Robot Delta song song la mot hé thong co khi phirc tap véi nhiéu wu diém vuot tréi nhue toc
do cao, do chinh xac va kha nang tai trong lon, nhung viéc moé hinh hoa dong luc hoc nghich cua
né van la mot thach thirc Iém do cau tric rang bugc holomon va sy hién dién cua cac yéu 16 bat
dinh. Nghién citu nay dé xudat mét phwong phdp méi ting dung tri tué nhén tao (AI), cu thé la mang
no-ron thong tin vdt ly (PINN), dé mé hinh héa dong luc hoc nghich cua robot Delta 3 bac tu do.
Phuwong phdp két hop cdc rang budc vt Iy vao qud trinh hoc ciia mang no-ron, khdac phuc han ché
ciia cdc phwong phdp truyén thong nhie Newton-Euler, Cong do hay Lagrange-Euler trong viéc xir
Iy nhiéu va cdc hiéu irng phi tuyén. Két qua thue nghiém cho thay mé hinh dé xudt dat @6 chinh xdc
cao trong viéc dw doan mo-men xodn, phu hop voi dir liéu thuc 1é trén cdc quy dao da dang, mo ra
tiém néng g dung trong diéu khién va téi vu héa robot Delta.

Tw khéa: Delta Robot;, Pong luc hoc nghich; PINN.
ABSTRACT

Parallel Delta robots are complex mechanical systems offering superior advantages such
as high speed, precision, and load capacity; however, modeling their inverse dynamics remains a
significant challenge due to holonomic constraints and the presence of uncertainties. This study
proposes a novel approach utilizing artificial intelligence (Al), specifically Physics-Informed
Neural Networks (PINNs), to model the inverse dynamics of a 3-DoF Delta robot. The method
integrates physical constraints into the neural network learning process, overcoming limitations
of traditional approaches like Newton-Euler, Virtual Work, or Lagrange-Euler in handling noise
and nonlinear effects. Experimental results demonstrate that the proposed model achieves high
accuracy in predicting torque, closely aligning with real-world data across diverse trajectories,
thus paving the way for enhanced control and optimization of Delta robots.

Keywords: Delta Robot, Inverse Dynamic; PINN.
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1. GIOI THIEU

Trong do, robot song song, mot co h¢
ma khau chap hanh cudi dugc két ndi toi dé
bang nhiéu hon 1 chudi dong hoc, di ndi 1én
nhu mot lua chon vuot trdi so véi robot ndi tiép
truyén théng. Loai robot méi nay c6 nhiing wu
diém nhu: tdc do cao, do ghi tdt, dd chinh xac
cao, d6 lap lai cao, kha ning tai niang, dé dang
lap dat va giam thiéu anh huéng cua rung dong.
Nhitng nghién ctru gan day tip trung hau hét
vao giai mdi quan hé dong hoc. Trong khi do,
vi su phuc tap cua két ciu song song, dong luc
hoc cua robot song song luon la mot bai toan
nan giai vi chi 3 trong tong thé c6 9 khép 1a co
thé diéu khién duoc, va két ciu bi rang budc
boi rang budc ho-16-mon.

Viéc xac dinh chinh xac cac hé théng
dong luc hoc dong vai tro thiét yéu trong nhiéu
ung dung, dac bi¢t 1a trong linh vuc robot.
Trong giai doan thiét ké, hiéu biét chinh xac
vé diéu kién van hanh cta hé thong cho phép
Iwa chon cac thanh ph'?ln t6i wu, dam bao hiéu
suat va do tin cay cao. Khi cong nghé robot
phat trién, nhu cdu vé phan hoi c6 do chinh
xac va tbc do cao ngiy cang gia tang, diéu nay
doi hoi viéc ap dung cac chién luoc diéu khién
tién tién dya trén Model-based Control. Céc ki
thuat diéu khién hién dai nady mang lai loi thé
dang ké vé do chinh xac va toc do so voi cac
phuong phap diéu khién robot chi dua trén van
tdc hodc vi tri. Hon nira, mot md hinh dong luc
hoc chinh xé4c c6 thé dugc sir dung dé cai thién
bd quan sat nhidu, gitip phat hién su thay doi
cua luc va moé-men tac dong lén cac khdp va
dau cubi cua robot. Chéng han, c6 thé xay dung
mot cam bién lyc nham wée luong luc tiép xtic
thong qua mo hinh dong luc hoc nghich cua
robot ma khong can sir dung cac cam bién luc
hodc md-men dit do, tuong tu nhu mot bd udce
luong luc, mo-men va tai trong bén ngoai.

Tuy nhién, qua trinh m6 hinh héa chiu
anh huong cua nhiéu yéu td, lam giam do chinh
xac cua mo hinh. Mot trong nhitng thach thirc
16n nhat 13 su ton tai cua cac yéu t6 bat dinh
trong nhiéu tham sb dong luc hoc, dac biét
trong cac hoat dong toc do cao, noi ma nhiing
bat dinh nay cang tré nén nghiém trong hon.
Bén canh do, su sai 1éch gitra cac thong sb ky
thuat trén datasheet va dic tinh thuc té cta cac
thanh phan, ciing véi chat luong san xudt linh
kién kém, ciing gop phan lam gia ting sai s6
trong md hinh hoéa. Cac phuong phdp nhan
dang hé théng truyén théng thudng phan tich
hé théng trong diéu kién siéu hinh, trong mot
moi truong cd 1ap, bé qua cac hién tugng phi
tuyén bén ngoai va cac tiép xuc chua dugc mo
hinh hoéa, cling nhu anh hudng cua céc thanh
phan dong phi tinh nhu ma sat,... Diéu nay din
dén nhing sai khac dang ké gitra mo hinh va
hanh vi thuc té ctia hé théng, gay suy giam hiéu
suét, tang mac do hao mon cua cac bg phan co
khi.

Phuong phap Newton — Euler tinh toan
tat ca cac lyc bén trong va bén ngoai tic dong
1én timg phan tir trong hé théng. Khi ap dung
cho hé théng song song, phuwong phap nay
trudc tién phan ra hé thong thanh mit dé va tap
hop cac chudi khop ndi tiép. Sau do, dap ung
ctia hé thong dugc tinh toan thong qua forward
pass, trong d6 dong luc hoc cua cac chan robot
duoc xé4c dinh trude, roi tiép tuc tmyén dén co
cAu chip hanh cudi [1], trong khi [2] sir dung
qua trinh truyén nguoc (backward pass). Tuy
nhién, phuwong phap nay tao ra mot hé rat nhiéu
phuong trinh bac cao, khién qua trinh giai tiéu
tén nhiéu tai nguyén tinh toan, dé gip bat 6n
s6 hoc (numerical instability) va khong cung
cép c4i nhin sau sic vé dinh luét bao toan nang
luong.
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Nguoc lai, phuong phap Cong 4o [3],
[4], cung cAp mot cach tiép can dé quy dé giai
quyét bai toan dong luc hoc. Phuong phap nay
phat biéu rang tong do chénh léch cong, xuat
phat tir lyc do tac dong Ién mot dich chuyén
thuc hoac luc thuc tdc dong lén mot dich chuyén
40, bang khong. Do dic tinh nay, phuong phap
Cong 40 yéu cau tinh toan toan bo trang thai
d6ng hoc cua tat ca cac khdp - bao gdm vén tdc
va gia toc - dé xac dinh phuong trinh dong luc
hoc nghich. Diéu nay lam ting déng ké do phirc
tap tinh toan va tai nguyén tinh toan. Hon nira,
viéc tich hop cac nhiéu chua duoc mo hinh hoa
va cac hiéu g dong luc phi tinh, chéng han
nhu ma sat va luc Coriolis, dat ra nhiéu thach
thirc dang ké.

Mot trong nhitng phuong phap phd
bién nhét dé xac dinh m6 hinh dong lyc hoc
la phuong phdp Lagrange — Euler. Phuong
phéap nay dya trén phuong trinh chuyén dong
Lagrange, gitp tranh vi¢c tinh toan céac luc bén
trong, do d6 giam thiéu tai nguyén tinh toan va
két hop cac rang budc holonomic vé do cing
clia co ciu song song dé thiét 1ap phuong trinh
chuyén dong. [5] st dung mot phién ban don
gian hoa, trong do cac Upper Arm dugc coi la
thanh dong nhat, con cac Lower Arm dugc mo
hinh hoéa nhu su két hop cta khéi luong diém.
Trong khi do, [6] phan tich hé théng mot cach
tong thé. Ca hai phuwong phap déu cung cip kha
nang xéac dinh chinh xac hé thong, nhung dénh
d6i bang do phirc tap cao va van bo qua anh
huong cia cac nhiéu chua dugec md hinh hoa
cling nhu cac hién tugng phi tinh cta cac thanh
phan dong luc hoc, chiang han nhu ma sat.

Viéc tng dung cac md hinh hoc sau (Deep
Learning) c6 thé khic phuc nhiing han ché ciia
cac phuong phap ¢ dién bang cach sir dung mod
hinh sau dé hoc cac phuong trinh dong luc hoc an
ctia hé théng. [7] d4 4p dung phuong phap Binh

phuong tdi thiéu (Least Square) dé giam thiéu sai
s6 binh phuong gitra dit liéu thu thap duoc va gia
tri dy doan ttr mo hinh dong luc hoc don gidn hoa
¢6 trong sO. Tuy nhién, phuong phép niy ¢ xu
hudng gan trong sd cao hon cho cac sai léch 16n
(outliers), diéu nay co thé dan dén két qua bi léch
va lam giam d9 tin cay cia mo hinh, dac bi¢t khi
6 sy xuét hién cta cac thanh phén dong luc hoc
chura dugc mo hinh hoa.

Phuong phap dé& xuit cia ching toi
khic phuc nhiéu han ché quan trong cua cac
cach tiép can hi¢n co, mang lai nhiing loi thé
dang ké trong vi¢c mod hinh hoa hé¢ théng dong
luc hoc, dac biét trong cac trng dung robot nhu
Delta robot. Khong giéng nhu cac mang no-
ron sau (DNNs) thong thuong, von thuong hoi
tu vé cuc tiéu cuc bo, phuong phép cia chiung
t6i tich hop kién thire vat Iy, cho phép dat duoc
cuc tiéu toan cuc. Piéu nay dam bao rang két
qua thu dugc vira chinh xac vura c6 dg tin cdy
cao, tao nén tang ving chic hon cho viéc mo
hinh héa va diéu khién hé thong.

Mot thanh phin quan trong trong
phuong phéap cua chung t61 1a PINN (Physics
— Informed Neural Network), von mé héa cac
rang budc cam ung manh, gitp chiing vuot trdi
hon cic mé hinh khac trong viéc ndm bat dong
luc hoc cua hé thong vat 1y. Khong gidng nhu
Mang no-ron Hamilton (HNNs), PINNs khong
yéu cau toa do chuan tic, khién chung tré nén
linh hoat hon trong cic tinh hudng ma dong
luong chuén tic chua duoc xac dinh hodc kho
tinh toan. Tinh linh hoat nay dac biét c6 1gi cho
cac hé thdng phuc tap nhu Delta robot. Ngoai
ra, phuong phap ctia chung t6i con tich hgp cac
rang budc h6lomoén. Bing cach xir Iy cac yéu tb
nay, phuong phép cia chung toi cung cip mot
khung 1y thuyét toan dién va dang tin cay dé mo
hinh héa va téi uvu hoa hé thdng dong luc hoc
trong cac tinh hudng thuc té.
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2.CO SO LY THUYET

2.1. Tong quan vé két ciu robot Delta song
song 3 bac tu do

Robot Delta c6 cdu tric song song bao
gdm 3 chudi dong hoc. Mdi chudi xuét phat tir
mit dé cd (?inh — ¢0 dang tam giac déu (f, -1,
— 13) noi tiép du’c‘mg tron ban kinh r,. ,Trén moi
canh cua mat d€, mot motor dugc co dinh va
truc duoc ndi véi mot khau dang thanh déng
nhat chiéu dai 1, thong qua hop giam toc di

kém. Khau d6 goi 1a Upper Arm (f.].), gié tri
goc tao thanh gitta khau va mat phang ngang 0,
dugc do bang encoder. Tai diém cudi cua Upper
Arm, mot h¢ 4 thanh song song duoc ga“in vao,
goi lé’Lower Arm, c6 cl}iéu dai L. ChuSi dong
hoc két thuc tai khau chap hanh cu6i — ¢6 dang
tam giac déu (e, —e,—¢€,) ndi tiép dudng tron
ban kinh r_.

Hinh 1. Két cau robot Delta

Toa do cua khau chép hanh cubi trong
khong gian va goc cua Upper Arm tao dugc so
vo1 mat phang ngang:

s=[x y 2
0= [91 0, es]T

Dé khao sat dong luc cua h¢, trang thai
ctia hé c6 thé biéu dién 3 thong s vi hé c6 3 bac
tu do. Tuy vy, vi cdu trac vong kin phtc tap
va rang budc vé dong hoc nén phai kém theo
3 thong sb vé toa do cua khau chap hanh cudi
trong khong gian. Toa dd suy rong cua hé tro
thanh:

q=[s 0]"
q=[X ¥y z 8; 6, Bs]T

Dé thuan tién cho viéc m6 ta mo hinh
toan hoc, chiing ta don gian héa hé¢ 4 thanh
Lower Arm thanh 2 khéi lwong diém khoi
luong m, /2 dat tai hai dau Lower Arm. Ngoai
ra, thu nho khau chap hanh cu6i thanh mét khoi
lugng diém tai khdi tAm cta no, déng thoi 1a
tam duong tron ngoai tiép, qua do khién ban
kinh mat dé tro thanh r = r,—r.

Tiép theo, chung ta s& ap dung cac gia
thiét sau 1én cac thong ) dong luc hoc cua h¢:

Upper Arm 1a thanh dong nhat c6 khéi
luong m, khdi tam dat tai trung diém thanh
1/2.

Khau chip hanh cubi c6 khéi lugng m,.
Céu trac dong hoc phai thoa méan phuong trinh
rang budc holomon sau:

Flq@) =& —(r +1;08,)cay)* — l%
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Hinh 2. Mt cat theo mat phang yOz

2.2. M6 hinh dong luc hoc nghich robot Delta
song song 3 bac tu do

Dé m6 hinh hoa so bd dong luc hoc cua
robot Delta, nghién ctru s€ ap dung phuong
phap Euler-Lagrange. S6 hang Lagrange la
hiéu cua tong dong ning va tong thé niang cla
hé:

L=T-7T
N Phuong trinh Euler — Lagrange biéu
dien dong luc hog cﬁa~hé c6 tinh t61 rang budce
h6lomon duoc biéu dién nhu sau:
d /0L 0L dF
@t (a—q) “3q "%

Voi T= [fext Tetr]T 12 vecto chua gi4
tri ngoai luc tdc dung 1én khau chép hanh cudi
va mo-men xoan diéu khién cua cac Motor tac
dung lén Upper Arm.

A=[(A, A, A]"lavéc-to chira gia tri cac thira
s0 Lagrange. SO luong gia tri thira sO Lagrage
phu thudc vao so bac tu do doc 1ap cua hé.

Téng dong ning cua hé 1a tong cla cac
dong ning cac khau di chuyén trong hé, bao
gdm ba thanh phan chinh 1a dong ning Upper
Arm, Lower Arm va khau chip hanh cudi.

2
Tzziﬁ
0

Trong d?:
T = >mo 311

1 ; 1 ¥
7, = 115367 = Im B 5167

1 . "
7, = 2m, D351 + 1262)

Tuong tu, tong thé ning cua hé 1a:

Trong do:
Vo = mygz

1
V= gmlgllﬁ s0;

V, = émz gZ?(Z +1;0;)

Tinh toan cac dao ham can thiét, ta co
duogc céc gia tri nhu sau:

d oLy 3 .
(35 = (mo+3ma)s
dL oL
—_— T — 0
dx dy
aL

3
= —(mo+5my)e

aL 1 1 .

3, (3ms +3m: )26
Dé tim gid tri cua cac thira s6 Lagrange,
thay vi ta xét lay dao ham cua phuong trinh
dong luc hoc nghich so vdi cac thong so trong

ISSN 2615 - 9910 (ban in), ISSN 2815 - 5505 (online)
TAP CHI CO KHI VIET NAM, S6 327, thang 4 nim 2025 WEEE
cokhivietnam.vn / tapchicokhi.com.vn



NGHIEN CUU - TRAO DOI

khong gian khop thi phuong phdp nay xét so
v6i khong gian Dé-Cac vi it tham s6 chua xéc
dinh hon so vdi cach ti€p can trén.

daL ac (a:r(q) )T
— T _ T =A
ds

Tur do, ta co:
A= ! A1B
2

Trong do:

d11 dq2 d43
AF(q) \T
A= = |[dz1 dzz da3

ds
d3; dzz 4dzz
a;; = x+reo; — l;00;c04
ay; =y +rse; — 1,050

doL 0L
dtox ox
dal d~L
B=|——1__"—
dtdy dy
daL 9L
Ldtdz  dz -

Lay dao ham cia phuong trinh dong
luc hoc Lagrange — Euler so v&i thong sb trong
khong gian khép, ta c6 dugc phuong trinh dong
luc hoc cta hé robot Delta song song 3 bac tu
do:

10 +G(q) — 2K(g)A=t

Trong do:
% +m, 0 0
1= 0 4+ m, 0
0 0 %+ m,

é:[él 92 éa]T

G(q)=[81 &2 g3]*
kyy O 0
K(q) = \ 0 kyp; O ]

Gid tri cac sO hang dugc cho nhu sau:

8i = (% + mz)gllcﬂi

k;; = (xca; + ysa; + r)s6; — zch;

3. PHUONG PHAP NGHIEN CUU

Viéc xac thyc cac gia tri uwoc lugng co
thé duoc thuc hién béng tudn tu cac phuong
phap sau: (1) Thyc hién thi nghiém bo sung voi
mot quy dao xac thuc khac, so sinh mé-men
xo0édn do duoc véi mo-men xoan ude tinh tir mo
hinh st dung di li¢u vi tri thu thap dugce. (2)
Tién hanh qué trinh nhan dang bang mo hinh
nang luong, sau do 1ap lai voi mo hinh dong
luc hoc va so sanh céc gia tri thu duoc dé danh
gia do chinh x4c. (3) Xac thyc truc tiép trén quy
dao nhan dang, thong qua tinh toan va phan tich
véc-to sai s6 dé danh gia mirc d6 phu hop giita
mo hinh va dir 1iéu thyc nghi¢m.

Tu phuong trinh, ta rat ra dugc phuong
trinh dong lyc hoc nghich ctua h¢ nhu sau:

8 =1"'(t - G(q) + 2K(q)A)

Tap Dataset D = [qy, i, G Tl K€ {0, ..., n}]
bao gém dit liéu vé toa do, van tdc, gia toc suy
rong va mo-men xoan sinh ra bai Motor ciia hé
tai cc thoi diém t,.
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Gia tr1i cia cac ma trdn
I(q; p), G(q; V), B(G, n)dugc tinh toan tir 3 mang
No-ron thanh phﬁn, lan luot 1a, I NN, G NN
va B_NN. p, v, u 1an lugt biéu thi cho thong sb
clia cac mang thanh phan.

Hinh 3. So' do mang

Céc rang budc vé vat 1y can phai duoc
dam bao khi cac mang No-ron nay hoc tir cac
dit liéu. Chi tiét hon, ma tran khdi lugng thu
duoc phai dam bdo 1a ma tran xac dinh duong
v6i moi gia tri phai luén dwong. Vi tinh chét
nay, ma tran I c6 thé ap dung phéan ra Cholesky
dé bién I tao thanh tir ma trin bac thang dudi
xéac dinh duong L, 4nh xa R®!' — R

I=LpLL

DPé dam bao cho ma tran LD xac dinh
duong, ta cho mang No-ron hoc bang cach éap
dung ham kich hoat nhu Softplus hay ReLU, nho
tinh chat dam bao ludn duong cua ching, & 16p
cudi. Ngoai ra, véi mdi gia tri thu dugce qua mang
No-ron ndy, s& cong thém s6 hang € dé dam bao
hon nira ma trdn du doan dugc ludn duong voi €
1 mot gia tri hang sb rt nho trong khoang (1e +
le?) dé dam bao diéu kién luén duong va khong
anh huong 16n dén két qua dau ra.

Mang No-ron G_ NN va B NN st dung
ciu trac mang No-ron két ndi day du (Fully
Connected Neural Network) véi dau ra G B

anh xa R®! — R*!, ham kich hoat la tanh va
khéi tao bang phuong phap Xavier.

Ham Loss duoc tinh dua trén su chénh
l1éch cua cac gia tri gia toc goc tinh todn va gia
tri twong ung thue te tai tirng thoi diem ¢,

1 - . 12
Loss = HZ(H%— dul[,)

ked

Tu d6, thong so cua cac mang No-ron
thanh phan dugc cdp nhat qua bicu dien sau:

* *

. 1 — . 2
AT argmax—Z(llqk— dil[)
pv.pe Il

keDd
4. KET QUA VA THAO LUAN

S6 liéu huin luyén cho cac mang No-
ron thanh phén trong Dataset dugc thu thap dya
trén viéc diéu khién robot Delta bam quy dao
nhu trén Hinh, véi cac thong s dugc 1dy mau ¢
tan s6 100Hz.

M6 hinh dugc xdy dung dua trén nén
tang ma nguén mo PyTorch véi cac thong
s6 mang nhu sau va st dung K-Fold Cross
Validation dé huan luyén cho mang;

Bang 1
Tén mang I NN G NN B NN
S6 16p 128x5 64x3 64x3
Ham kich tanh()
hoat softplus() tanh() tanh()
S6 mau 49997
Tap train 39995
Tap
Validation 9995
o Adam (Ir = le*,
Optimizer weight decay = le”)
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Hinh 4. Dap ung trén tap Validation

Hinh 4 biéu thi dap Gng cia mang No-
ron, sau khi hoan thanh huan luyén, trén tap
Validation bao gdm céc di liéu ma mang chua
dugc tiép xtc. Két qua cho thay cac dudng dy
doan (mau do) bam sat rat tot véi gia tri thuc
nghiém (mau xanh) & ca ba dong co, cho thiy
mo hinh c6 kha nang tai hién chinh xac dong
Iuc hoc cua hé théng. Dy doan cua mo hinh duy
tri sy tuong dé)ng voi dir licu thue nghiém trén
toan bo khoang mau, ké ca tai cac diém co sy
thay d6i dot ngdt vé mo-men xoén hay ¢ su tac
dong cua nhiéu véi tan s6 va mat do day dic.

Khong c6 su sai 1éch hé thong dang ké glua gia
tri thuc té va gia tri du doan, cho thay sai s6 clia
mo hinh 12 nhé va c6 tinh ngau nhién hon 1a sai
s6 ¢o hé thong Nhin chung, két ‘qua xac thuc
nay cho thdy mo hinh dugc dé xuat c6 hiéu suat
cao trong viéc mo phong dong luc hoc cua hé
théng, 1am co s¢ virng chic cho cac ing dung
diéu khién va toi uu héa robot. %
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