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TOM TAT

Trong bai bdo nay, mét phirong phdp diéu khién dw bdo mé hinh
phi tuyén (NMPC) cho robot di dong hai banh vi sai di duoc dé
xudt nham bdo dam bam quy dao va tranh vt can dong. Khung duw
bdo phi tuyén givp xir Iy tinh phi tuyén ciia mé hinh robot, ning
cao dp chinh xdc quy dao va dé on dinh diéu huéng. Bang cdch
tich hop cdc rang budc van toc tuyén tinh va vin toc géc, phwong
phdp mang lai chuyén dong muwot ma va dang tin cdy hon. Cdc
rang budc khodang cich an toan dwge dwa vao bdi todn toi wu
NMPC dé dam bdo di chuyén an toan, khéng va cham trong méi
truong dong. Cdac mo phong trén mo hinh robot 3D trong Gazebo
(ROS) va thi nghiém trén robot hai banh thiee té dwoc tién hanh va
so sanh voi phirong phap DWA. Két qua cho thdy NMPC vurot tréi
hon vé do chinh xdc bam quy dao, do muwot cua chuyén dong va
hiéu qua tranh vdt can.

Tir khéa: Bam quy dgo, diéu khién du béo mé hinh (MPC), diéu
khién dw bdo phi tuyen (NMPC), moi triecong dong, robot di dong
ldi vi sai, tranh va cham

ABSTRACT

This paper presents a nonlinear model predictive control (NMPC)
scheme for differential-drive mobile robots to achieve trajectory
tracking and dynamic obstacle avoidance. The nonlinear
predictive  framework effectively addresses robot model
nonlinearities, enhancing trajectory accuracy and navigation
stability. By integrating input constraints on linear velocity and
angular velocity, the method ensures smoother and more reliable
motion. Safety distance constraints are embedded into the NMPC
optimization to guarantee collision-free navigation in dynamic
environments. Simulations on a 3D robot model in Gazebo under
ROS, combined with experiments on a real two-wheeled robot, are
conducted and compared with the Dynamic Window Approach
(DWA). Results confirm that NMPC outperforms DWA in
trajectory tracking accuracy, motion smoothness, and obstacle
avoidance effectiveness.

Keywords: Collision avoidance, differential-drive mobile robot,
dynamic environments, model predictive control (MPC), nonlinear
MPC, trajectory tracking
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1. GIOI THIEU

Trong nhiing nim gan day, robot di dong hai
banh lai vi sai (di chuyén bang cich quay hai banh
v6i van toc khac nhau) da dugc mg dung rong rai
trong cac nhiém vu ty dong, bao gdbm véan chuyén,
khao sat va ctiru hg. Tuy nhién, viéc duy tri bam quy
dao 6n dinh va tranh vat can dong trong moi truong
phirc tap van 1a mot thach thirc 16n doi véi cac hé
thdng diéu khién robot nay. Cac phuwong phap diéu
khién truyén théng nhu DWA (Dynamic Window
Approach), APFC (Advanced Potential Field
Controller), Q-learning (Quality learning), PID
(Proportional Integral Derivative) da chung minh
duogc hi€u qua trong viéc tranh va cham, nhung
chiing van gip kho khin trong viéc duy tri d6 chinh
xac cao khi bam quy dao, dam bao thoi gian thuc
trong qua trinh hoat dong, dic biét 1a trong moi
treong dong (Konar et al., 2013; Li et al., 2017;
Malone et al., 2017; Martins et al., 2020).

Dé giai quyét cac van dé nay, diéu khién dy béao
m6 hinh (MPC) (Berlin et al., 2021; Pham et al.,
2024) va dac biét la diéu khlen du bao phi tuyen
(NMPC) (Ismael, Almaged, & Abdulla, 2024; Lee,
Chung, Kim, & Kim, 2023) d&@ mé ra m¢t hudng di
moi v6i kha ning tinh toan va diéu khién trong cac
hé thong phi tuyén. NMPC sir dung mé hinh dy bao
dé t6i wru hoa cac 1énh diéu khién dua trén cac trang
thai va rang budc cua hé théng, giup cai thién do 6n
dinh va tinh chinh xac trong cac diéu kién van hanh
phuc tap. Tuy nhién, viéc ap dung NMPC cho robot
di dong hai banh vi sai trong moéi truong dong voi
céc rang budc an toan va tranh va cham van chua
dugc nghién ctru day di.

Ttr cac phén tich bén trén, nghién ctru nay dugc
thyc hién tap trung vao viéc phat trién mot phuong
phap diéu khién dy bao phi tuyen (NMPC) cho robot
di dong hai banh vi sai nham giai quyét van dé bam
quy dao 6n dinh va tranh vat can dong bic biét, cac
rang budc van toc tuyen tinh, vén toc goc va gia toc
vao bai toan tdi wu hoa di dugc tich hop trong
nghién ctru, dong thoi cac rang budce khoang cach an
toan da duoc dua ra dé dam bao di chuyén an toan
trong moi trudng thay doi.

Phuong phép nay c6 tinh méi so véi cac nghién
ctru trude d6 nho viée két hop du bao phi tuyén voi
cac rang bugc vat Iy chat ch€ hon, nang cao d¢ chinh
xac quy dao va cai thi¢n khé nang tranh vat can trong
diéu kién thyc té. Két qua & cac thi nghiém thyc té
va viéc mo phong trong Gazebo da cho thay phuong
phap NMPC mang lai két qua vuot troi vé do chinh
xac va hiéu qua so voi phuong phap DWA. Muc tiéu
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cua nghién ctru la phat trién va danh gia mot phuong
phép diéu khién dy bao phi tuyén hi¢u qua, c6 kha
nang bam quy dao chinh xac va tranh vét can dong
trong cac tinh huong thyc té vdi robot di dong hai
banh vi sai.

2. MO HINH HOA VA LAP KE HOACH

QUY bAO
2.1. M hinh héa hé théng
2.1.1. M6 hinh dong hoc

Robot hai banh 14i vi sai trong Hinh 1 c6 céc
thong sé dwoc chi giai nhu sau: a 1a khoang cach
tam xe dén thm banh xe chu dong, r 1a ban kinh banh
xe, v, 14 van tde dai banh phai, v, 1a véan tde dai banh
trai, 6, 1a van toc goc banh phai, 6, van toc goc banh
trai, @ goc danh 14i robot theo truc x, (xq, o) toa do
cua robot trong h¢ toa do Oxy va v, la van tde cua
robot.

N

>
(0] X X
Hinh 1. Robot hai banh l4i vi sai trong hé toa
do Oxy

2.1.2. Dong hoc thudn

Phuong trinh dong hoc thuan cua robot 2 banh
lai vi sai (Tzafestas, 2013) trong Hinh 1 duogc trinh
bay dudi dang phuong trinh nhu sau :

Xqg =vgcos0
Yo = Vg sing
9=w

Trong do: x4,y va @ 1a van toc dai theo truc
x,y va van tdc danh lai twong tng.

)

Cong thic (1) dugce viét dudi dang ma tran
nhu sau:
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Xq cosp O
[ (2)

. v
Yo sin® 0][ Q]
) 0 1

2.1.3. Dong hoc nghich

Phuong trinh dong hoc nghich cua robot 2 banh
lai vi sai (Tzafestas, 2013) trong Hinh 1 duogc trinh
bay dudi dang phuong trinh nhu sau:

Xq

0, =1[cos(2) sin® a ¥ 3)
0, rlcos® sin® -—a (2)0

2.2. Lap ké hoach quy dao

2.2.1. Téng quan quy trinh diéu huong

Kién trac téng quan ctia mot hé théng didu
hudng trong robot di dong da dugc mo ta trong Hinh
2, bao gdm cac thanh phan chinh nhu Global
Planner, Local Planner, va cic giai thuat hd trg nhur
Dijkstra, NMPC va AMCL.

Kho Ba‘}n Dir liéu Cé’m Cé’m Cé’m
ban P do cam bién bién bién
do tinh bién laze IMU || encoder
e ——F————J——————————==
I t Khéi diéu hwéng }
[, /S
I
| | Giai thuat Dijkstra 11 Gidi thuat NMPC | |
| I Chiphi | ' [ Chi phi 1
} : toan cuc | 11| cucbd H
iy HE
Lap ke - 1 Lap ké | N
|
MAu N —bl || hoach [ QL}y dao HH—{ hoach ! }: Quy dgio
tiéu s toan cuc ||| | cuc bd
| 1| toan cuc 1 cuc bd 11
! T ___ A ___ 1
LZ ,I ,,,,,,, f ,,,,,,,,,,,,
Gidi thudt | | He quy chiéu Dir ligu
AMCL cam bién chuyén dong

Hinh 2. Téng quan kién tric diéu huéng

Dir lidu tir cac cam bién di dugc sir dung trong
hé thong nhu RPLidar, IMU va Encoder, dé xdy
dung ban dd tinh va tinh toan 16 trinh. Cac thanh
phan nay duoc sir dung phdi hgp véi nhau trong vige
tinh toan 10 trinh tir diém xuét phat dén muc tiéu,
nham dam bao tinh chinh xac va hiéu qua cho qua
trinh di chuyén cua robot.

2.2.2. Quy dao toan cuc (Dijkstra )

Thuét toan tim dudng quy dao toan cyc trong
Hinh 3 bat du tir diém xuat phat va tiép tuc tim kiém
diém dich thong qua viéc lua chon cac diém gin nhét
chua dugc kham pha.
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223 Chon diém ) Chon diém gan Cap nhat khoang
xut phat nhat chua thim i cach ngin hon
. v
Kt Hoan o lere/ Con diém Bénh dau diem da
thiic chua tham? tham

Hinh 3. So db thuit toan Dijkstra

Qué trinh bét dau véi viéc chon diém xuat phat,
tir d6 hé thong lya chon diém c6 khoang cach ngan
nhit ma chua duoc kham pha. Sau khi chon diém
gﬁn nhat, thuat toan cap nhat lai khoang cach ngin
nhat dén cac diém khac, nham tdi uvu hoa duong di.
MG&i lan thyc hién, thuat toan klem tra xem con diém
nao chua dugc kham pha va néu co, tiép tuc chon
diém gan nhat tiép theo. Sau khi mot diém duoc xir
1y, n6 dwoc danh dau 1a da kham pha dé tranh bi xir
ly lai. Quy trinh nay tiép tuc cho dén khi tat ca cac
diém d3 duoc kham pha hoic khi duong di dén diém
dich dugc xac dinh, két thic qua trinh tim kiém.
Thuét toan nay gitap dam bao viéc tim kiém duong
di tir diém xuét phat dén dich mét cach toi wu va
higu qua.

2.2.3. Quy dao cuc b (NMPC)

Giai thuat NMPC 1a mét phuong phap diéu
khién robot str dung mo hinh dy doan dé t6i uu hoa
hanh vi cua robot trong tuong lai.

B¢ diéu khién NMPC

1
1 1
1 1
! . . Ham chi 1
1 Rangbudc phi !
1 1
I 1
: 1
- 1

Qu dao | 1kt i (k) ! | Robot 2 banh l4i vi

ham chiéu Eojtor uu > sai
tham chiC |y y. 0 & ! ! )
1 1
ym(keH) [ 1 i y(kti)| x,y,0

Mo hinh dy doan | |
: <«
1 1

Hinh 4. So d diéu khién giai thuat NMPC

Trong Hinh 4, NMPC tinh toan mot chudi diéu
khién t&i wu nhim gitp robot di chuyén theo mot
quy dao tham chiéu, dong thoi giam thiéu sai so gitra
vi tri thuc t& va muc tleu mong mudn. Cac yéu td da
dugc sir dung cho bo tdi wu hoa nhu rang budc vé
vén tdc, vét can (7) (8), cing nhu ham chi phi (6) dé
dam bao rang cac lénh diéu khién dugc tao ra khong
vuot qua cac gioi han vat ly va dong hoc cua robot,
nhu toc d6 di chuyén t6i da, gia toc toi da, va kha
ning thay doi hudng ciia robot. Didu nay giup dam
bao rang robot khong bi yéu cau thyc hién cac thao
tac vuot qua kha nang cua nd, chang han nhu di
chuyén qua nhanh, thay ddi van téc dot ngot hodc
vuot qua do 6n dinh trong qua trinh diéu khién. Qua
trinh nay duoc thuc hién lap di lap lai, véi mdi vong
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lap robot cap nhat trang thai va tinh toan diéu khién
t6i wu cho cac budc tiép theo, gitip robot duy tri quy
dao tham chiéu mot cach chinh xac. Duéi day la
trinh ty thyc hién cia giai thuat NMPC:

Xac dinh mdé hinh dong hoc cia hé théng
(Tzafestas, 2013):

X =

vcosP cosp O
vsm(b] [sm(?) Olu “4)

Trongdéu = [v  w]” 1a vector diéu khién.
Roi rac mé hinh dong hoc cuia hé théng
(Lafmejani & Berman, 2021):
Xp+1 = Xg + vicos (B )T

Vi1 = Vi + visin (9, )T
Dis1 = O + @i T

(©))

Trong d6 T 1a thoi gian 1iy mau.

Ham muc tiéu hé thong dugc xac dinh theo cong
thirc (Lafmejani & Berman, 2021):

J=3¥3 ((xk - xf)TQ(xk —x5) + u,T‘Ruk)(6)

Trong d6: Q € R3*3 va R € R¥*2 lan luot 14 cac
ma tran trong s6 13i vi tri va ma trén trong s6 diéu
khién. x;, 1a trang thai ctia hé thong tai thoi diém k
bao gdm céc bién s6 vi tri va tu thé (xx, yy, Di)". Xy
1 quy dao tham chiéu duoc biéu dién boi tham sd
(%, ¥y, D,)T dugc minh hoa trong Hinh 4. u;, 1a tin
hiéu diéu khién tai thoi diém k bao gém céc bién sb
vé van toc dai va van toe goc [k @k]T. N 1a sb
budc dy doan cuia hé thong.

Rang budc cua hé théng duoc xac dinh theo
cong thuc:

Xmin < X < Xmax
Usnin < Uy < Umnax

X = [, uy)
{ )

Trong d6 f(xk,uk) 1a mo hinh dong hoc cta hé
thong xe hai banh lai vi sai.

Dua vao Hinh 5, rang budc vat can dugc xéc
dinh theo cong thuc:

dsafe + ri?o -
LG ® = 22©) + (50— y2®) <0 ®)

Trong d6: dg, . 1a khodng cach an toan tir robot
dén vat can, Xp, ()5 Vp, (t) 12 h€ toa do thu k cua
robot theo thoi gian t chuyén dong trong hé toa do
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X0y, x,'(t) va y,i(t) 1a hé toa do ciia vat can thi i
theo thoi gian t trong hé toa dd xOy, r*° 1a ban kinh

cua vat can thur 1.

Moi trueng

0y (x°,¥1%)

Hinh 5. Robot di chuyén trong méi truong c6
vat can
Dé giai bai toan t6i wu (6) thoa man cac rémg
budc (7) va (8) cong cu IPOPT dugc dé xuat
Wichter and Biegler (2006) va da dugc s dung dé

tim ra nghiém t6i uu cho ham chi phi. Luat diéu
khién tbi wu duoc xéac dinh theo biéu thuc:

u* =argmin]j 9
Uk

Trong d6 u* 1a luat diéu khién t6i wu cho hé
thdng voi day tin hiéu diéu khién uj), ..., ujy_;.

Ngoai ra, trong phan niy, ctra s6 du doan dugc
thiét 1ap voi s6 bude N = 20, cung khoang thoi gian
giita cac budc du doan 1a 0,3 gidy. C4u hinh nay
nhim cén bang giita d¢ chi tiét cua quy dao diéu
khién va kha ning xtr 1y cua bo giai, dam bao hé
thong phan hoi hiéu qua trong qua trinh diéu hudéng.

Thuc hién diéu khién tin hiéu ug dau tién va sau
d6 cap nhat trang thai va lap lai quy trinh. Cudi cung
viéc chay md phong va tinh chinh cac ma tran trong
) Q va R da duogc tién hanh sao cho dam béao d6
muot ma quy dao va dam bao tranh vat can an toan.

2.2.4. Phwong phap xdc dinh vi tri (AMCL)

AMCL dugc xem nhu mot bude cai tién quan
trong so v&i phuong phap Monte Carlo Localization
(MCL) truyén thong. Day 1a hé thong dinh vi hoat
dong trong khong gian hai chiéu (2D), dua trén b
loc hat nham xéc dinh vi tri va hudng di chuyén (tu
thé) cua robot. Trong d6, mdi hat dugc coi 1a mot
gia thuyét vé tu thé ciia robot va duoc gan mot trong
s6 phan 4nh mirc d6 phu hop cua gia thuyét nay véi
dir lidu thu thap tir cac cam bién.

Diém uu viét cua AMCL nim ¢ kha ning tu
dong dicu chinh so lugng hat trong qué trinh tinh
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toan. Pidu nay gitp giam thiéu chi phi tinh toan
nhung van dam bao do chinh x4c cao trong dinh vi.
Nho vay, AMCL khéng chi ting cudng higu sut xir
ly thoi gian thuc ma con tro thanh mét trong nhiing
k§ thuat c6t 16i, dugc sir dung phd bién trong cac hé
thong robot di dong hién dai. Thuat toan dugc thuc
hién theo trinh ty cac bude sau (Chung & Lin, 2021;
Lauttia, 2022):

Khoi tao s6 lwong hat x{m] va trong s6 wEm] voi

tap hop M hat va khai tao tap hop cac hat ban déau 1a
rong:

Xt=Xt=¢ (10)

Trang thai cta timg hat dugc du doan dya trén
md hinh chuyén ddng cuia robot:

xEm] =motion_update(t,, xg'ﬂ) (11)
Trong 6 cuia mdi hat duogc tinh toan dua trén
thong tin cam bién theo cong thuc:

[m]

w{™ =sensor_update(z,, xﬁ"‘]) (12)

Viée tai ldy mau da duoc tién hanh dé loai bo
nhitng hat c6 trong s6 thap va tang cudng nhiing hat
c6 trong so cao, voi cong thirc:

X, =X, + ™ wi™)y (13)

Qua trinh trén dugc thuc hién lién tuc theo thoi
gian thuc, dua vao dir liéu cam bién cap nhat cho
dén khi thuat toan hoi tu va xac dinh chinh xac vi tri
ctia robot trén ban do.

3. KET QUA VA THAO LUAN

Trong nghién ctru ndy, b didu khién du bao phi
tuyén (NMPC) dugc kiém chimng thong qua ca mod
phong trén Gazebo va thyc nghiém trén moé hinh
robot hai banh 1ai vi sai. O méi truong mo phong,
robot dugc xay dung trén SolidWorks va trién khai
trong Gazebo dé khao sat cac tinh hubng thay do6i
tam nhin cam bién, vén tdc, tai trong cling nhu khi
di chuyén trong méi trudng c6 vat can tinh va dong.
Dé c6 thé chimg minh tinh hiéu qua ctua phuong
phap d& xuat. Mot s6 mo phong diéu hudng tranh
vat cho robot trén gazebo va thyc nghiém trén mo
hinh thue té dugc trién khai. Tiép d6, mé hinh thyc
nghiém dugc ché tao va trién khai v6i cac cam bién
Lidar, IMU, Encoder va bo diéu khién nhung, tién
hanh thir nghiém trong cac kich ban thay d6i tai
trong va moi trudng dong. Céc két qua thuc nghiém
tiép tuc khang dinh tinh wu viét cia NMPC khi quy
dao di chuyén muot ma hon, sai s vi tri va gbc nhd
hon so voi DWA, ddng thoi cho thdy kha ning thich
g tot v6i su thay d6i méi truong. Tuy nhién, két
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qua nghién ctru ciing chi ra nhitng han ché nhat dinh

nhu d6 tré khi robot van hanh ¢ toc d6 cao, sy phu

thudc vao dd chinh xéac ctia mo hinh hé thong va yéu

cau phan cirng manh dé xu Iy trong thoi gian thyc.
3.1. Kiém chirng trén mé phéng Gazebo

Quy trinh téng quan minh hoa Hinh 6 trinh bay
tir khau thiét ké robot trén SolidWorks, chuyén d6i
sang URDF va xdy dung mé hinh trong ROS, dén
viéc tao moi truong mod phong bang Gazebo, thuc
hién SLAM, thiét ké bo diéu khién NMPC va kiém
chimg diéu hudng. Cac cong cu MATLAB, RViz va
Visual Studio Code hd trg viéc phan tich, truc quan
héa va g 161, ddm bao qua trinh md phong toan dién
va ¢6 hé thong.

| Thiét ké chi ige| _[Thwehiendat | [Chuyen file
I robot di dong [ |i1° VA Be 02 i
? 6 sang URD]
| Ao e e | =
—— L L == - ==
| Thyc hién [Xay dung moi XAy dung m6
I I I SLAM trrong Gazebo ﬁ;g(;&;bot trong
I I
[vean ]| et 3 ROS!
ét ké bo e
| | | ldidn khitn _’K‘k:ggglnen diéu —_
| Mattab ‘\l | mpc © RViz
L' _______ s T

Hinh 6. Téng quan quy trinh mé phéng

Bén canh d6, Hinh 7 minh hoa viéc chuyén do6i
mo hinh robot dugc thiét ké trén SolidWorks sang
dinh dang URDF va tich hop vao ROS - Gazebo.
Qua trinh nay giup tai hién moé hinh co khi trong moi
truong mo phong, tao didu kién kiém chimg cac
thuat toan SLAM, NMPC va diéu hudng trude khi
trién khai trén hé théng thuc nghiém.

2
DS SOLIDWORKS

::ROS &
Hinh 7. Robot chuyén tir SolidWorks sang ROS

Thém vao do, Bang 1 thé hién cac tham sb dong
luc hoc cua banh xe trong URDF, gém hé s6 ma sat,
d6 cimg va hé s6 giam chan tiép xtic. Cac thong sd
nay giip m6 hinh mé phdng phan anh chinh xac dac
tinh vat 1y, nang cao do tin cdy khi kiém chung
diéu khién.

Hon thé nita, Hinh 8 minh hoa 10 trinh md phéng
robot trong cac truong hop: khong c6 vat can, co vat
can tinh va cé vat can dong. Vi cac tiéu chi danh
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gia, bao gom: thoi gian, quang duong, van toc dap
ung va sai so vi tri, sai so goc.

Bing 1. Bing tham s6 banh xe mé phéng

Théng s6 Trong URDF Gia tri
Huéng ma sat Fdirl (100)
Ma sat chinh mul 0,9

Ma sat phu mu2 0,9
Do cung ticp kp 5000000 N/m
~xuc )
H¢ s6 giam chan Kd 10 Ns/m

ti€p xuc

Két qua so sanh tir 10 1an 14y mAu duogc trinh bay
dudi dang biéu dd hop (Tukey, 1977) cho thdy bo
diéu khién dy bao (NMPC) vuot trdi so véi DWA &
hau hét cac tiéu chi danh gia.
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Hinh 8. K& hoach chuyén ddng robot trong mai
trwedng mé phong

DWA NMPC

e o 8 e=0oog

€
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Kich bin thi nghiém

Hinh 9. So sanh phan bd thoi gian giira gidi
thuat NMPC véi gidi thudt DWA trong moi
truong thay doi vat can

Thoi gian hoan thanh nhi¢m vy cia NMPC Hinh
9 luén ngan hon, véi trung vi thap hon 10 - 15 gidy
va dg phan tan nho, thé hién tinh 6n dinh cao. Quang
duong di chuyén Hinh 10 ctia NMPC thuong dai
hon, nhung dir li¢u tap trung quanh trung vi, dam
bao d¢ tin cdy va an toan trong moi trudng co vat
can.

T T
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Hinh 10. So sanh phan bd quéiing dwong giira
gidi thuit NMPC véi giai thudt DWA trong mdi
trwong thay doi vat can
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Kich ban thi nghiém

Hinh 11. So sanh phén b van tdc trung binh
gitra gidi thuat NMPC véi gidi thudt DWA trong
moi treong thay doi vat can

Van téc trung binh cia NMPC duoc thé hién tai
Hinh 11 n dinh hon, dao dong trong khoang 0,252
- 0,254 m/s, cao hon DWA (0,238 - 0,242 m/s). Sai
s vi tri cia NMPC Hinh 12 chi ¢ mtc 0,10 - 0,16
m, thip hon dang ké so voi DWA, trong khi sai s6
g6c duge minh hoa ¢ Hinh 13 cling nho va on dinh
hon.

T T
-
| o
S
S
T
P

Hinh 12. Panh gi4 sai s6 vi tri giira giai thuit
NMPC va DWA khi khong mang tai
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Kich ban thir nghiém

Hinh 13. Panh gia sai so goc giira giai thuit
NMPC va DWA khi khong mang tai
Nhin chung, NMPC khéng chi duy tri d¢ chinh
x4c va tde do tot ma con thé hién tinh thich nghi va
tin cdy cao hon khi diéu hudng trong madi trudng
dong phuc tap. Nhimng két qua nay khang dinh tinh

kha thi ciia phuong phap va tao nén tang ving chic
dé tiép tuc kiém chung trén mé hinh thyuc nghiém.

3.2. Kiém chimg trong méi truwong thue
nghiém

Sau khi hoan tat giai doan mo phong, nghién ciru
dugc trién khai trong moi truong thyc nghiém nham
danh gia tinh kha thi ctia bo diéu khién NMPC. Quy
trinh thuc nghiém duogc trinh bay tai Hinh 14 bao
gém: xay dung mo hinh robot, thuc hién SLAM
trong méi truong thue, kiém chimg b diéu khién dy
bao, thu thap va xir Iy dit liéu bing MATLAB, dong
thoi viée so sanh két qua gitra NMPC va DWA ciing
da duoc tién hanh. Cach tiép can nay cho phép kiém
ching toan dién, bao dam tinh khach quan va dé tin
cay trude khi ing dung vao thyc tién.

A Thyc hi¢én Kiém ching| |Thu thap dir| [Danh gia va
Xay dung o PP A o Z
méhinh Y SLAM mo6i b6 dicu R liéu va v& L) so sanh
thue nehiém truong thuc khién MPC d6 thi boi MPC véi
He nghie nghiém thuc nghiém Matlab DWA

Hinh 14. Téng quan quy trinh thue nghiém

Bén canh d6, mo hinh robot 1ai vi sai dugc trién
khai trong thuc nghiém c6 cdu trac va hinh dang
tuong dong voi phién ban thiét ké trong mé phong,
nhu minh hoa ¢ Hinh 15.

Hinh 15. Robot l4i vi sai thue nghiém
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Hon thé nita, bén trong robot hai banh 14i vi sai,
hé thdng nhung Jetson Orin NX 16GB véi hiéu suét
Al 100 TOPS va GPU 1024 16i Ampere dam nhan
viéc xu ly dit li¢u va tinh toan trong thoi gian thuc.
Bo vi xir Iy 8 nhan ARM Cortex-A78AE (t6i da
2GHz) va bo nhé 16GB LPDDRS (102,4GB/s) gitip
xtr Iy nhanh chéng céc tin higu tir cam bién nhu
LiDAR AIMS va IMU HWT901B. Hé thong hd trg
két ndi nhanh qua PCle Gen4 va USB 3.2, dong thoi
céc tac vu didu khién va tranh vat can duogc xir Iy
ddng thoi ma khong gip phai do tré dang ké, mang
lai hiéu suét én dinh trong moi truong dong.

Méi trudng thuc nghiém Hinh 16 duoc b tri tai
hanh lang véi kich thude 60,0 m x 13,2 m. Tai day,
robot thuc hién cac kich ban diéu huéng dé kiém
chirng va so sanh hi¢u qua gitta MPC va DWA trong
diéu kién thuc té.
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Hinh 16. Méi trwdomng thue nghiém

Qua trinh xay dung ban dd thuc nghiém duogc
tién hanh tir tap dir liéu cam bién duge thu thap trude
d6 dudi dang tép c6 dudi “bag” bang giai thuat
Cartographer tai tang 2, khu C, Truong Pai hoc Su
pham K§ thuat Thanh phé H6 Chi Minh. Quy trinh
thuc hién duge minh hoa tai Hinh 17. Ban do thu
duogc sau d6 dugc danh gia chét lwong thong qua
cong thue sau (Norzam et al., 2019):

Accuracy(%) = 3 x 100 (14)

Trong doé: x 1a chu vi cua ban dd thu thap dugc
vay la chu vi cta ban do thuc te.

May chu May C}’lu Khoi dong
T két ndi dung 1énh R 2
Roscore va
robot qua sshtruy [4 chay SLAM
wifi cap robot 2y
Batché do |Pung Bicu khién Batché do
oA robot bang | o ia
luu dir liu rROs [€% ghi dir liéu
vao file .bag . vao file .bag
mobile app
Sai
A
Chay goi Thuc hién
Cartographe luu ban
r SLAM do

Hinh 17. Quy trinh xiay dung ban dd thuc
nghiém
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Trong Béng 2, ba ban db tir Cartographer SLAM
dugc so sanh theo vén tdc, s6 vong quét, thoi gian,
goc nghiéng va do chinh xac. Ban d6 1 hoan thanh
nhanh nhat nhung d pha han ché va goc nghiéng
16n, gay sai léch quy dao. Ban d6 2 6n dinh hon song
d6 chinh xac thap nhit. Ban dd 3 mat nhiéu thoi gian
nhit do quét ba vong, nhung dat d6 phu khong gian
t6t, sai s6 nho va do chinh xac cao nhét (97,09%).

Bang 2. Bang so sanh danh gia cic trwong hop
Cartographer SLAM

Tiéu chi danh gia Béan do 1Ban d6 2 Ban d6 3

Van tdc dai (m/s) 0,2 0,2 0,2
Van téc goc (rad/s) 0,1 0,2 0,2
Thoi gian (gidy)  882,7 18844  2497,1
S6 vong (vong) 1 2 3
Goc nghiéng (d0) 4,21 0,77 0,82
Chiéu dai (mét) 59,2 59,2 59,3
Chiéu rong (mét) 10,6 10,6 10,6
Chu vi (mét) 139,6 1395 1398
Do chinh xdc (%) 96,95 96,88 97,09

Dp do, ban dd 3 minh hoa Hinh 1‘8 duoc danh
gia toi uu va lya chon cho giai doan diéu hudng.

Hinh 18. Ban db sau khi thyc hién SLAM

T T
BWA NMPC -
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Mie tai

Hinh 19. So sanh phan b thoi gian giira giai
thuat NMPC véi gidi thuit DWA trong moi
trwong tinh thay doi tai
Két qua thyc nghiém trong méi truong tinh thay

doi tai sau 5 lan ldy miu cho mdi truong hop bao
gom cdc tai trong 0 kg, 2 kg, 5 kg va 10 kg cho thay
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NMPC dat hiéu qua diéu huéng 6n dinh hon so véi
DWA.

Trude hét, trong Hinh 19 dé dang nhén thay
thuat toan DWA dao dong manh vé thoi gian hoan
thanh khi thay di tai, voi phuong sai va do léch
chuin cao (6 tai 5 kg, 6 ~ 60 s) va IQR rong (t6i 73
s), phan anh két qua thiéu 6n dinh. Nguoc lai,
NMPC 6n dinh vuot troi, phuong sai va do 1éch
chuan hau hét dudi 5 s, IQR gan nhu bang 0, cac gia
tri tdp trung sat trung vi. Viéc so sanh trung binh cho
thdy DWA thuong cham hon va phan tan 16n, trong
khi NMPC vira nhanh hon vira 6n dinh. Nhu vay,
khi tai ting, DWA kéo dai va bién dong nhiéu, con
NMPC van duy tri én dinh ca vé& tbc do 1an do
lap lai.

95

.
- 1
|
|
|
|
3 80
<4 = ; =1 I % =
— !
| .
. .

Hinh 20. So sanh phén bd quing dwong giira
gidi thuit NMPC véi giai thudt DWA trong mdi
truong tinh thay doi tai

Tiép theo, Hinh 20 cho thdy DWA dao dong
manh vé quing dudng khi thay déi tai. O tai 2 kg,
d6 léch chuén gﬁn 4 mvalQR 7,2 m; ¢ 5 kg, IQR
van cao t¢i 3,75 m, phan dnh su phan tan 16n va thiéu
6n dinh. Nguoc lai, NMPC duy tri 6n dinh vuot troi
véi do léch chuin va IQR déu dudi 1 m, cac gia tri
tap trung quanh trung vi va cé tinh 13p lai cao. Vé
quang duong trung binh, DWA thuong dai hon (=
89,3 m & 5 kg), trong khi NMPC 6n dinh quanh 80
m bt ké tai trong. Nhu vay, NMPC 6n dinh va hiéu
qué hon, con DWA c6 xu hudng tao 10 trinh dai va
bién dong khi tai tang.

Bén canh d6, Hinh 21 cho thiy NMPC luén dat
vén tdc cao va 6n dinh hon DWA ¢ moi mirc tai. O
tai 0 kg, NMPC dat 0,258 m/s véi ¢ chi 0,0036 m/s,
trong khi DWA chi 0,218 m/s va o t6i 0,028 m/s.
Tai 2 kg, DWA tiép tuc dao dong manh (c = 0,027
m/s, IQR = 0,013 m/s), con NMPC gﬁn nhu tuyét
dbi 6n dinh (6 < 0,001 m/s, IQR =0). O 10 kg, DWA
bién dong 16n véi nhidu gia tri 1éch trung vi, trong
khi NMPC van giir n dinh. Nhu vay, NMPC vira
dat van tdc trung binh cao hon, vira 6n dinh hon, con
DWA giam vén téc va dao dong manh khi tai ting.
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Hinh 21. So sanh phin b6 van tdc trung binh
gitra gidi thuat NMPC véi gidi thuiat DWA trong
méi trwong tinh thay doi tai
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Hinh 22. Panh gia sai sb vi tri gitra giai thuat
NMPC va DWA trong mdi trwong tinh thay
doi tai

Hon nira, Hinh 22 cho théy DWA ¢ sai s6 vj tri
trung binh 16n (0,37 — 0,45 m) & moi mtc tai, v6i do
thi hop phan bd rong, d6 1éch chudn cao va tinh 6n
dinh kém, dac biét ¢ tai 2 kg (0,377 m). Nguoc lai,
NMPC vuot trdi vé dd chinh xéac khi sai sb trung
binh chi 0,011 — 0,030 m, cac gia tri gin nhu tring
nhau, d6 thi hop hep va tap trung sat trung vi, chimg
to do lap lai cao. Nhu vy, DWA duy tri sai s6 16n
va bién dong manh, con NMPC luén on dinh voi sai
s6 cuc nho, cho thay kha ning diéu khién chinh xac
va thich trng vuot troi.
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Hinh 23. Panh gia sai so goc giira giai thuat

NMPC va DWA trong moi trwong tinh thay
doi tai
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Cudi cung, Hinh 23 cho thdy DWA cho sai s6
goc nho va on dinh hon NMPC. O tai 0 kg, sai so
trung binh cuia DWA 14 0,157 rad, thép hon nhiéu so
voi NMPC (0,287 rad); 6 2 kg, DWA chi con 0,022
rad trong khi NMPC van cao (~ 0,312 rad). Véi tai
5 - 10 kg, DWA dao dong 0,049 — 0,113 rad, con
NMPC cao hon (0,167 — 0,307 rad). D4 thi hop ciing
phan anh sy khac biét: DWA phan bd hep va tap
trung quanh trung vi, trong khi NMPC phéan tan rong
va sai s6 10n. Nhu vay, vé sai s6 goc tai dich 1, DWA
vuot trdi hon NMPC, trai ngugc véi céac tiéu chi
khac (quing duong, van toc, sai sd vi tri) noi NMPC
thuong wu thé.

) Két qua thyc nghiém trong moi truong dong cho
thay NMPC dat hi¢u qué dieu hudng 6n dinh hon so
véi DWA.

DWA NMPC i

Vitriy [m]

Vi tri x [m]

Hinh 24. Quy dao di chuyén ciia robot trong
méi truong dong

. .
_DWA  _ NMPC

Goc [rad]

L
400 500

Thoi gian [s]

Hinh 25. D6 thi goc @ trong mdi truwong dong
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Hinh 27. D6 thi van toc goc trong mdi truong
dong

Quy dao di chuyén ciia NMPC Hinh 24 bam sat
duong di, it dao dong va sai léch. Goc quay @ cua
NMPC Hinh 25 bién thién nho hon, gitup robot duy
tri hudng 6n dinh. Van tbc tuyén tinh tai Hinh 26 va
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