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TOM TAT

Nghién ciru nay trinh bay viéc mé hinh héa va mé phéng diéu khién phan cdp cho robot hai
chdn gan banh xe (WBR). Hé théng dwoc mé hinh héa nhwe mét con ldc ngwoc c6 banh véi dong luc
hoc phu thudc cau hinh. Mot cdu triic diéu khién phan cdp dwoc xdy dung, trong dé LOR dwoc sir
dung dé on dinh can bcing, trong khi cac bo diéu khién PID diéu chinh chiéu dai chan do, goc roll
va géc yaw. Ngodi ra, Virtual Model Control dwgc sir dung dé anh xa luc trong khéng gian nhiém
vu sang mé-men khép. Két qua mé phong cho thdy phwong phép dé xudt givip hé duy tri on dinh trén
dia hinh thay doi, bam sdt van toc mong mudn va diéu khién hiéu qua cdc goéc nghiéng ciia thin xe
ciing nhw goc yaw.

Tw khéa: Robot hai chdn co banh xe; Phdn tich dong luc hoc;, Bo diéu khién LOR; Piéu
khién mé hinh do (VMC).

ABSTRACT

This study presents the modeling and hierarchical control simulation of a wheeled-bipedal
robot (WBR). The system is modeled as a wheel-based inverted pendulum with configuration-
dependent dynamics. A hierarchical control structure is developed, in which LOR is employed for
balance stabilization, while PID controllers regulate the virtual leg length, roll, and yaw motions.
In addition, Virtual Model Control is used to map task-space forces into joint torques. Simulation
results demonstrate that the proposed approach maintains system stability under varying terrain
conditions, ensures accurate tracking of desired velocity, and effectively regulates body inclination

and yaw angle.

Keywords: Wheeled-bipedal robot; Dynamic analysis; LOR; Virtual Model Control (VMC).
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1. TONG QUAN

Trong nhiing nim gan déy, robot hai
chan gin banh xe (WBRs) di tré thanh mot nén
tang robot di dong tiém ning [1]. So Vi robot
banh tmyén théng bi han ché kha nang vuot dia
hinh va robot chén tiéu ton nhiéu nang lugng
[1], WBRs két hop hiéu qua chuyén dong lin
v6i1 kha nang thich nghi dia hinh [1, 2, 3], cho
phép thuc hién céac ché d6 nhu di chuyén nhanh,
thay ddi chiéu cao va vuot chudng ngai [1, 4].
Nho su phat trién cua co cdu chap hanh va hé
nhing, WBR ngay cang dugc tng dung rong
rai trong nhiéu linh vuc [1, 2].

Tuy nhién, cac nén tang hién dai c6 xu
huéng st dung cac phuong phap diéu khién
phitc tap nhu WBC [5, 6] hay MPC [4], dan
dén yéu cau cao vé tinh toan va phan cimg [5].
Diéu nay gay kho khin cho viéc trién khai trén
céc hé thong chi phi thap va lam giam tinh thuc
tién. Bén canh d6, hién twong nghiéng than
(CTA) do dic tinh con lic nguoc ciing anh
huéng dén d6 6n dinh va do can bang [4], trong
khi cac giai phap hién dang con twong dbi phirc
tap.

Trong nghién ctu nay, mét phuong
phap diéu khién t6i gian dya trén phan tach
dong luc hoc theo thang thoi gian. Hé can bang
banh—than dugc diéu khién bang LQR, trong
khi hé chan duoc xir Iy nhu mot b diéu chinh
trang thai str dung PID két hop Virtual Model
Control [2]. Cach tiép can nay loai bé nhu cau
t61 wu truc tuyén nhung van dam bao kha ning
van hanh thoi gian thuc trén phan cing han
ché. Cac dong gop chinh bao gom thiét ké chi
phi thap, kién trac diéu khién gon nhe va thuc
nghiém xac nhan hiéu qua hé thong.

Hinh 1. M6 hinh WBR trong mdt phing doc va cdc
so do vat t do cua no.
(a) M6 hinh 3D vit Iy ciia WBR; (b) Biéu dién day
du cia WBR da duoc don gian hoa. Phan tich vat
tw do cua (c) cum than, (d) chan do, va (e) banh xe.

2.MO TA HE THONG VA MO HINH HOA
2.1. Céu tao ciia robot hai chin c¢é banh xe

WBR dugc xét trong nghién clru nay
dugc minh hoa trong Hinh 1(a), gdbm ba mo-
dun chinh: than ndi, hai chan lién két song song
dbi xtng, va hai moé-to doc lap dan dong banh
xe. Than xe va banh xe dugc ndi boi cac chan
tao thanh co cdu nim khdp phang kin, banh xe
duoc dan dong truc tiép boi dong co dat tai dau
xa cua lién két.

Hé théng c6 sau bac tu do diéu khién,
bao gdom bdn khép hong va hai dong co banh
xe. Chuyén dong cia xe dugc md ta qua: hé
quy chiéu quan tinh {W} gin v6i mat dat (truc
X theo hudng chuyén dong, truc Z hudng 1én
trén) va hé quy chiéu than {B} gin véi tam khoi
luong cuia than. Pinh hudng twong ddi giita hai
hé nay xac dinh goc nghiéng ¢ cua than.

Do dong lyc hoc ctia robot WBR ¢6 tinh

phi tuyén va lién két phuc tap, viéc xdy dung &
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mo hinh diy du dé diéu khién truc tiép 1a kho
khan va tén kém tinh toan. Vi vay, nghién ctu
su dung phuong phap Virtual Model Control
(VMC), trong d6 hé duoc biéu dién théng qua
cac luc/mdé-men do trong khong gian nhi€ém
vu va sau d6 chuyén d6i thanh mé-men khép.
Céch tiép can nay giup don gian hoa bai toan
diéu khién va vin dam bao kha nang thuc thi
thoi gian thuc

Ap dung dinh luat II Newton va phuong
trinh quay Euler cho ting hé con mot cach doc
1ap thu dugc ba phuong trinh chuyén dong phi
tuyén lién két véi nhau, trong d6 cac luc rang
budc ndi tai tai truc banh xe va khop hong duoc
giit & dang tong quat:

P Thanhxe — Fbx
I;'%x + Mpy. T
1]r(:hcm-'{::’i = [sz.L.T,f + Ft;Z'L' (1 - 7?)] sinf — Thanhxe (1)
+ Tehan — [Fox- L.+ Fexe. L.(1 —1)].cos 6
Lingn-® = — Tenan — Fex-d.cos ¢ + Fep.d.sing

Trong d6, ¥ 1a gia téc theo phuong x
truc banh xe; 6,8 1an lugt 13 goc nghiéng va
gia tdc gdc cua goc nghiéng than xe so véi
phuong thang dung; ¢, ¢ lan luot 1a goc quay
tuyét dbi ciia than va gia toc quay tong thé cua
than trong khong gian; m_ lan luot 1a trong
luong cua than xe, chan va banh xe; 1, , 1,
L, lan luot 13 mé-men quan tinh quay cua than
xe, chén va banh xe; F,_, F,_lan lugt 12 lyc
tuong tac theo phuong x va phuong z tai khép
hong; F , F lan luot 1a luyc twong tac theo
phuong x va phuong z tai khép banh xe; , ,
Ty e lan luot 14 md-men diéu khién tai khép
hong va mo-men kéo cta banh xe; d 1a khoang
cach tir trong tdm than xe t6i duong ndi tm
quay 2 dong co hong; 1 1a hé s6 phan bb trong
lugng cua chan; L 1a chiéu dai chan; var la
ban kinh béanh xe.

2.2. Tuyén tinh hoéa va biéu dién khong gian
trang thai

He¢ duoc tuyén tinh héa quanh diém can
bang x = 0. Do khong c6 truyén thang tryuc tiép
tir dau vao ra dau ra nén ma tran [D] duoc dat
bang 0.

] 0 1 0 0 0 049 0 o0
B8l |A,, 0 0 0 A, 0]|8] [By B
¥|_[0o o o0 1 o oflx| |0 o[rd,a,,]
& Ay 0 0 0 Ag 0f|*]| " |Bsar BazlThankxe
] 0 o o0 o0 0 1fl¢ 0 0 (2)
b e 0 0 0 A; ollp) LB, B
9% (i=24,6
A”—T\_]\I—O j=1,5)
9%, [i=2,4,6
B*'_u.“o(;=1.2)

3. CAU TRUC PIEU KHIEN
3.1. B diéu khién PID

Mo hinh sir dung 3 bd diéu khién PID
& vong ngoai dé diéu khién cac thong s6: Goc
1& (Yaw), goc nghiéng ngang (roll) va chiéu dai
chan L. So d0 diéu khién ctia bo diéu khién PID
cho goc yaw dugce thé hién trong Hinh 2, twong
tu v6i bo didu khién goc roll va chidu dai chan
L.

Gocyaw y - Tthans —\ Tbinn triir
tham chiéu B diéu Fipan | Dicukhién | Thann phai
khién PID mé hinh a0
Yaw (goc r&) (VMC)

Goc yaw ¥

Hinh 2. So' do diéu khién PID Yaw (géc ré)

tw cAn bing
(WBR)

3.2. Diéu khién mé hinh o

Véc-to luc do tuong Ung tac dung lén
than dugc dinh nghia la:

F
F— [ than] (3)
Tthan

Céc bién 40 nay dong vai trd nhu tin
hi¢u diéu khién duoc thiét ké dé khién robot
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phan ing nhu thé c6 mot hé treo vt 1y tdc dong
1én than. Sau do, phép anh xa tir luc khong gian
tdc vu sang mo-men dong co trong khong gian
khép dugc thuc hién thong qua quan hé dong
hoc—tinh hoc co ban:

T=]TF (4)

3.3. Piéu khién can bang LQR

Luat diéu khién duoc thiét ké duéi dang
phan hoi trang thai tuyén tinh:

u=—Kx

banhxe

0

s

Tthan Ki; Kz Kiz K Kis Ky x) (5
1T _ ;

=] F[T ] Ky Kz Ky Kpy Ky Kzs] [‘; ( )

P
Bo diéu khién Linear Quadratic
Regulator (LQR) dugc sir dung dé tinh toan ma
tran hé sb K. Ham chi phi J dugc dinh nghia
nhu sau:

J= J‘ (xTQx + uTRu) dt (6)
0
Dé tbi thiéu hoa ham chi phi J, tin hiéu
diéu khién u phai thoa mén:
u=—R1BTPx (7)
Khi d6, ma tran hé sb phan hoi trang
thai dugc xac dinh boi:
K=R'BTP )
V61 ma tran P 1a nghiém cua phuong
trinh Riccati dai sb:

ATP+ PA—PBRIBTP+Q =0 (9)
4. KET QUA MO PHONG

Trong md phong, cac gia tri dugc lua
chon lan Iuotla: L=0.1m; m, , m

than’ chan’ banhxe

lan luot 1a 3,5kg, 0,4kg va 0,3kg; Ban kinh
banh xe r = 0.035m; chiéu dai cac khau co khi
lan luot 1a: khoang cach giira truc 2 dong co
hong 13 0.12m; chiéu dai khau trén 1a 0.06m;
chiéu dai khau dudi 1a 0.12m. Xe dugc khao sat
trong hai truong hop chinh: truong hop 1én doc
va tha roi voi doc dai 1m, cao 20cm va trudng
hop di thang va ré hudng theo yéu cau véi tin
hiéu ré huéng tham chiéu 14 tin hiéu hinh sin c6
dinh 12 30 d6 va chu ky ~1.57s. Cac két qua mo
phong thu dugc thé hién trong cac do thi dudi
day:

4.1. Truong hop 1én déc va tha roi

Hinh 3 mo ta dap tmg cua hé thong khi
robot di chuyén qua dia hinh bién d6i, gdm hai
giai doan: 1én ddc va tha roi.

- Giai doan 1én déc (t = 5.6 — 7.7 s):
Xe di chuyén 1én ving dia hinh cao hon véi
quy dao thay ddi tron (Hinh 3(a)). Goc chan
a0 dugc diéu chinh dé duy tri can bang. Cac
gbc than dao dong nho, vdi pitch trong khoang
[-0.15; 0.1]°, va yaw dao dong qua lai quanh vi
tri can bang véi bién d giam dan, cho thiy hé
6n dinh tot du c6 su phan b tai khong déu.

- Giai doan tha roi (t = 9.7 s): Khi xe
tiép dat sau mép dbc, nhidu 16n xuat hién lam
cac gbc than dao dong 1o rét, dac biét 1a roll véi
bién d6 khoang [-0.223; 0.282]° & thoi diém
tiép dat sau do giam dan. Pitch va yaw ciing
dao dong nhung van nam trong gidi han véi gia
tri 1an luot 1a: 0.34° va 0.17°. Cac dao dong bi
dap tat dan, thé hién kha nang can bang cta hé.
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Hinh 3. Quy dao va goc nghiéng than xe trong
truong hop lén doc va tha roi

() Vb el s e o b v
Ei{ T

(1) Qu o vim ol thidn 12

—_— "___/"*-\.\___,._,. _________

8 12 !
Thii gim i)

Hinh 4. M6-men bdnh xe va vin toc than xe trong
truong hop lén doc va tha roi

Mo-men banh xe duy tri lién tuc trong
khoang [0.170; 0.233]Nm (thé hién trong hinh
4b) trong giai doan xe 1én dbc. Khi tha roi xe,
dd chénh 1éch cuc dai 1a 0.12 Nm gifra hai banh
xe dé bu nhiu. Van tdc xe bam sat gia tri dat,
sai 1éch cuc dai 0.07 m/s va hdi phuc nhanh
cho thay kha ning diéu khién manh mé ciia hé
thong.

Tdng thé, hé thong dam bao on dinh va
bam quy dao tdt trong ca hai giai doan, du pha
tha roi gay dao dong 16n hon, thé hién rd rét o
tin hi€u goc roll.

4.2. Truomg hop di thang va ré huéng voi tin
hiéu yéu cau
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Hinh 5. Quy dao va goc nghiéng than xe trong
truong hop di thang va ré huong theo tin hiéu
yéu cau

Trong truong hop nay, hé thong dugc
danh gid dudi hai ché d6 chuyén dong: di thang
va r& hudng theo yéu cau.

O pha di thang, robot duy tri chuyén
dong on dinh vé&i van toc bam sat gia tri dat.
Céc goc than, dac biét 1a pitch va yaw, dao dong
trong bién do nho: 0.26° véi pitch va 0.55° voi
yaw, goc roll xdp xi 0 cho thdy kha nang giir
can bang tot theo phwong doc va han ché 1éch
ngang. Goc yaw gan nhu khong bién thién déng
ké, phan anh trang thai chuyén dong thang 6n
dinh va sai léch huéng nam trong khoang cho
phép.

gian ¢
(b G hamiong i ki v v

Hinh 6. M6-men diéu khién banh xe va so sanh tin
hiéu goc ré (vaw) trong truong hop di thang va ré
huwong theo tin hi¢u yéu cau

Khi chuyén sang pha r&, hé thong tao
chuyén dong quay thong qua mé-men vi sai
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giita hai banh xe. Do c6 diéu khién goc yaw,
goc roll va pitch bi anh hudng. Tuy nhién, bién
dd sai léch cac goc van dugce giit trong gidi han
[-0.16; 0.16]°, cho thay bo diéu khién dam bao
6n dinh trong qué trinh chuyén hudng.

O co cau chap hanh, mé-men banh xe
thay ddi co6 chu dich, véi dd chénh 1éch cuc dai
0.137 Nm giita hai banh dé tao mé-men quay
(dd thi 6a). Cac tin hiéu diéu khién duy tri tron
va lién tuc, khong xuét hién gian doan. Bién do
goc 1& bam sat v4i tin hiéu yéu cau 30° véi gia
tri do duoc 1 30,7°. Tuy nhién, xuat hién do tré
giita tin hiéu thyuc t& va tin hiéu diéu khién 1a
~0.1s, gié tri nay hoan toan nam trong pham vi
cho phép.

Tong thé, hé thong thé hién kha ning
chuyén déi linh hoat giira di thang va r& huéng,
dong thoi duy tri on dinh va do chinh xac diéu
khién cao.

5. KET LUAN

Véi nén tang 1a mo6 hinh dong luc hoc
duoc rit gon két hop ciing bo diéu khién phan
tang st dung két hop cac moé hinh diéu khién
LQR, PID va VMC, nghién ctru da mo phong
va danh gia kha ning giit thing bang, thich nghi
v6i didu kién dia hinh va dap tmg cac yéu ciu
vé trang thai. Cac két qua mo phong trén dia
hinh bién doi va trong cac kich ban di thang, r&
hudng, 1én dbc va tha roi da ching minh robot
duy tri on dinh dong luc hoc, bam quy dao
chinh xac va phan ung linh hoat véi tin hiéu
diéu khién. BO diéu khién phan cap cho thiy
kha ning thich ing véi cac dao dong va nhiéu,
ddng thoi dam bao lyc va mo-men banh xe nam
trong gidi han cho phép. Nhitng két qua nay
khang dinh hiéu qua va tinh kha thi ciia kién
trac diéu khién dé xuét cho trién khai thoi gian
thuc, dong thoi cung cip co sd khoa hoc cho
viéc phat trién cac hé thong diéu khién WBR

trong thuc té. Nghién ctru mé ra hudng phat
trién tiép theo bao gdm tdi wu hoa tham sb didu
khién, tich hop cam bién dia hinh va luc ngoai
dé nang cao kha nang van hanh trén dia hinh
phtrc tap va tang tinh linh hoat cuia robot. <*
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