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Tom tit:

Mot trong nhitng nhiém vy quan trong nhét cua robot di dong 1a bam quy dao. Nhiém vu nay
nham duy tri sy 6n dinh cia huéng di chuyén dé dam bao dat duoc mot qui dao chinh xéac. Bo
diéu khién dya trén hinh hoc tuong ddi pho bién va duoc trién khai trén robot di dong va xe tu
hanh, tiéu biéu c6 giai thuat Pure Pursuit. Trong bai bdo nay nhém téc gia tap trung vao nghién
cttu mo hinh dong hoc va trién khai gidi thuat Pure Pursuit thich nghi 1én mo6 hinh robot di
dong hai banh doc lap. Giai thuat dugc md phdng biang phan mém MATLAB/Simulink dé
déanh gia hiéu suat bam quy dao thong qua céc truong hop khi thay déi gia tri do dai tiéu diém
va van téc. Két qua md phéng duoc tong hop va danh gia dé lam co sé dé dé xuat bo diéu
khién Pure Pursuit thich nghi van t6c nhdm nang cao hiéu suét cta bo diéu khién. Sau dé
nhom tac gia trién khai thiét k& va ché tao mot robot di dong dé danh gia hiéu suat bam quy
dao ctia robot & moi truong thuc té.

Tt khéa: robot di dong, Pure Pursuit thich nghi, dong hoc, bo diéu khién dya trén hinh hoc, bam quy dao
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Research and Implement of Mobile Robot Using
the Adaptive Pure Pursuit Algorithm
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Nguyen Van Toan¢, Nguyén Xuan Vinhf

Abstract:

One of the most important tasks of a mobile robot is trajectory tracking. This task is to maintain
the stability of the movement direction to ensure a precise trajectory is achieved. Geometric-
based controllers are relatively common and are deployed on mobile robots and autonomous
vehicles, typically with the Pure Pursuit algorithm. In this paper, we focus on studying
kinematics and deploying the adaptive Pure Pursuit algorithm on an independent two-wheeled
mobile robot model. The algorithm is simulated using MATLAB/Simulink software to
evaluate the trajectory tracking performance through the cases when changing the focal distance
and velocity values. Simulation results are synthesized and evaluated to serve as a basis to
propose a velocity-adaptive Pure Pursuit controller to improve the controller's performance.
Then, design and build a mobile robot to evaluate the robot’s trajectory tracking performance

in the real environment.

Key words: mobile robot; adaptive Pure Pursuit; kinematics; geometric-based controllers; trajectory
tracking
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Téng quan

Robot di dong duoc da dugc st dung rong rai trong cac tng dung ky thuat, cong
nghiép va gido duc (O. Yaseen Ismael, and J. Hedley, 2016). M6t trong nhiing yéu cau chinh
ctia robot di dong la kha nang tu di chuyén trong khong gian hoat dong, tranh chuéng ngai
vat va tim duong dén vi tri tiép theo dé thuc hién nhiém vu (T. T. Pham et al., 2021). Dé di
chuyén linh hoat va 6n dinh robot can c6 kha ning co dong t6t, nhitng kha niang nay phu
thudc chi yéu vao thiét ké bo diéu khién (Y. Liu et al., 2008). Trong nhimg ndm gan day, do
tAm quan trong trong thyc t& ctia robot di dong, van dé diéu khién bam quy dao da thu hit
rat nhiéu nghién ctu, tiéu biéu trong tai liéu (J. E. Normey-Rico et al., 2001) da st dung bo
diéu khién PID bén vimg dé diéu khién robot bAm quy dao dua trén mo hinh robot di dong
cho phép diéu chinh bo diéu khién PID don gian. O tai liéu (A. E. S. B. Ibrahim, 2016) da
st dung bo diéu khién truot dua trén viéc chon do 1gi hdi tiép SMC cho timg diéu kién dau
vao khéc nhau. O nghién ctru (M. R. H. Al-Dahhan & M. M. Ali, 2016) da str dung bo diéu
khién Fuzzy logic dé diéu khién robot bam quy dao. Cac nghién ctru chu yéu diéu khién tin
hiéu dau vao dua trén tin hiéu sai s6 ¢ dau ra va xem robot nhu “mét hip den” ma bé qua
cac quy luat chuyén dong ctia robot. Cac b diéu khién nay thi it bi anh huéng bdi mo hinh
va c6 thé dap tng nhanh véi sai léch tuy nhién viéc diéu khién sé tré nén phic tap va dé
mat 6n dinh (Y. Chen et al., 2018). Nghién ctru nay dé xudt mot bo diéu khién Pure Pursuit
(PP) thich nghi, phuong phép nay st dung mo hinh chuyén dong don gian cta robot dé
tao ra moi quan hé hinh hoc gitta robot va quy dao. Phuong phap hinh hoc c6 uu diém dé
dang két hgp va déng tin cay hon (J. Morales et al,. 2009).

Dé danh gia hiéu qua cua giai thuat PP thich nghi, trong nghién ctru nay tac gia khai
thac mo hinh dong hoc ctia robot di dong hai banh chu dong. Trén co s& d6 trién khai giai
thuat PP thich nghi 1én m6 hinh thyc té dé danh gia hiéu suat ctia bo diéu khién thong qua
tiéu chi do vot 16 va do on dinh ctia quy dao robot. Nghién ctru dugc trinh bay 1an lugt
thong qua cac phan:

* Cau hinh va dong hoc cta robot di dong hai banh

* Trién khai giai thuat Pure Pursuit

* Déanh gia hiéu sudt cta thuat toan thong qua mo hinh thyuc nghiém

M6 hinh héa robot
Cdu hinh robot

Trong bai bdo nay st dung cdu trac robot di dong hai banh chu dong dugc mo ta nhu
Hinh 1. Robot duoc trang bi hai banh véi hai dong co doc lap, cau tric robot gdm khung
xe voi hai banh xe dan dong dugc lép vao khung va mét banh xe da huéng tu do dugc Iép
vao dé lam diém tua.



X
Hinh 1. C4u hinh robot véi hai banh chu dong

M6 hinh dong hoc

M6 hinh héa dong hoc 1a nghién ctu vé chuyén dong ctia cac hé théng co hoc ma
khong tinh dén céc luc anh hudng dén chuyén dong (B. Sandeep Kumar Maluy, et al,. 2014).
D6i v6i robot di dong hai banh, muc dich chinh cda moé hinh dong hoc la biéu dién van toc
cua robot dudi dang ham van t6c ctia banh xe dan dong cung vai cac thong s6 hinh hoc ctia
robot. Van toc¢ banh xe 1a tuyén tinh, do d6 van téc tuyén tinh ctia robot chinh 1a trung binh
van toc tuyén tinh cua hai banh xe.

Ur+0 Rt ¢
v RTYUL o PRTOL (1)
2 2

va van toc goc cua robot la:

Vg + 0 oR* ¢
w=CR"YL _ o PRTIL )
2L 2L

Van t6c c6 thé dugce biéu dién theo van toc ctia diém A trong khung robot nhu sau:
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Van tdc robot cting thu duoc trong khung quén tinh nhu sau:
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Phuong trinh (5) trinh bay mo6 hinh dong hoc thuan cta robot. M6 hinh dong hoc
cling c6 thé viét dudi dang biéu dién van téc theo van téc dai va van téc goc ctia robot.
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0 0 1

Trién khai gidi thudt Pure Pursuit thich nghi

Bo diéu khién Pure Pursuit la phuwong phap bam quy dao phd bién ctia robot ty hanh,
thuat toan nay trién khai phuong phap tinh toan vong cung can thiét dé dua robot tré lai
quy dao dang. Bo diéu khién Pure Pursuit tinh toan do cong sé di chuyén cta phuong tién
tr vi tri cta robot dén vi tri muc tiéu (A. AbdElmoniem, et al., 2022). Trong tam cua thuat
toan 1a chon cac diém muc tiéu trén quy dao duong di ctia robot va thuat toan sé lap lai lién
tuc véi cac diém muc tieu ké tiép nhau trén quy dao. Bo diéu khién Pure Pursuit duoc trinh
bay ¢ Hinh 2 v6i quy dao cdn bam (bén phai) va tinh todn d¢ cong (bén trai).
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x,y)
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Hinh 2. M6 hinh hinh hoc cua giai thuat Pure Pursuit



Goi diém (x, y) la tiéu diém cach diém géc mot khodng 1 va nam trén quy dao dinh
truede. Muc tiéu cta thuat toan Pure Pursuit la tim do cong cung néi tir diém goc dén tiéu
diém. Tt Hinh 2 suy ra:

X+y=r (7)
Téng hai doan théng trén truc x, ta c6:
x+d=r (8)

Phuong trinh (7) mo ta duong tron ban kinh 1 tir gbc toa do. Pay 1a quy tich cta cac
diém muc tiéu phtt hgp cho robot.

Phuong trinh (8) m6 td m6i quan hé tuong d6i gitta cac diém cta cung ndi diém goc
t6i diém muc tiéu va do léch x cda diém muc tiéu so véi robot. Ban kinh cung tron va do
léch x 1a doc lap va cach nhau mot khoang d.

Mit khéc, tir Hinh 2 suy ra dugc méi quan hé gitta d6 cong cung va tiéu diém:
#ry=r ©)
Bién déi tir phuong trinh (8)

d=r-x (10)
Thay phuong trinh (8) vao phuong trinh (9)

(r-x);+y =r (11)

X+ Y =2rx (12)
D6 cong ctia cung "y":

y=— (13)
Két hop phuong trinh (7) va (12)

2rx :lz P (14)

2x (15)

Heé thtic tinh d6 cong cua cung

y=2£ (16)

Cong thtc ¢6 lién quan dén do léch x tir diém goc dén diém muc tiéu bang binh
phuong nghich dao cia do dai tiéu diém. Va giai thuat Pure Pursuit 1a mot bo diéu khién
ty 1é hoat dong dua trén sai 1éch (0err) gitta hudng cta robot hién tai dén diém muc tiéu

trén quy dao.



Tir Hinh 2, ¢6 thé suy ra sai léch dugc tinh bang phuong trinh:

. X
sin(Gerr) = T (17)
Vi vay, d6i voi cac sai léch huéng nho, 6,,, = Tx, va do cong ctuia cung dugc tinh:
2
v = l‘9err (18)

Theo phuong trinh (18) phuong sai duy nhat cua d cong la d6 dai tiéu diém. Viéc chi
c6 mot phuong sai gitp thuét toan trién khai thuan tién va diéu chinh hon. Hiéu suit bam
clia giai thuat dugc danh gia thong qua mo6 phong bang phan mém MATLAB Simulink
dugc trinh bay ¢ Hinh 3.

ose y
2 Pose -....---——~LinVel
00 :
- Ref wheelS - heelS| =

3 0 1 i v_ B VRef VRl s wheelSpeeds Whasiced: om0 pose

33 » Waypoints ~ AngVel

03

00 3 Robot

Pure Pursuit Differential Drive Differential Drive Simulation Visualizer
Inverse Kinematics
Waypoints L .
rres—— waypoints

Robot Visualizer

Hinh 3. M6 phong thuat toan Pure Pursuit

Mo phéng duoc trién khai voi thong s6 do dai tieu diém va thay déi, két qua dugc
trinh bay ¢ Hinh 4. M6 phdng dugc danh gia dya trén cac thong so6 nhu sau:

+ D0 vot 16: khoang cach quy dao robot thuc t€ vuot khoi quy dao tham chiéu

+ Do cat goc: khoang cach 16n nhat gitta quy dao thuc t& dén goc vudng ctia quy dao
tham chiéu.

Thong qua viéc danh két qua & Hinh 4a, Hinh 4b, Hinh 4c nhan thay rang: v6i do dai
tieu diém nho (Hinh 4a) gitp robot dat dén diém muc tiéu da dinh truéc nhung lai gy mat
6n dinh khi gap quy dao cong véi bién do sai léch cuc dai 16n (vuot qua quy dao 0,12 m).
Nguoc lai d6i voi do dai tieu diém 16n (Hinh 4c) giap robot vuot qua cac quy dao cong 6n
dinh hon. Tuy nhién lai gay ra hién tuong “ cit goc”, bién d¢ sai léch cuc dai la 0,108 m. Do
dé, yéu t& chon duogc khoang tiéu diém thich hop (Hinh 4b) nhdm can bang gitta do n dinh
va do bam quy dao (bién do sai léch cyc dai 0,04 m) sé giap robot c6 hiéu suat bam quy
dao t6t nhat. Song, do dai tiéu diém khong dnh hudng quéa nhiéu dén thoi gian hoan thanh
quy dao (chénh léch xap xi 1 gidy gitra cac truong hgp). Bén canh yéu t6 do dai tieu diém,



néu xét yéu t6 dong luc hoc robot con bi anh hudng bdi yéu t6 van téc. Do d6, can c6 mot
van téc thich hgp khi robot di chuyén ¢ nhiing quy dao, xét két qua md phéng & Hinh 4d,
Hinh 4e, Hinh 4f nhan thdy rang khi robot di chuyén & van tdc cang nhé sé cang 6n dinh
(Hinh 4d), bién d6 sai léch cuc dai nhé 0,04 m tuy nhién robot lai mat dén 29 giay dé hoan
thanh quy dao. Nguoc lai, néu robot di chuyén & van téc 16n (Hinh 4f) sé gay ra bién d¢ sai
léch 16n 0,21 m va mat 6n dinh khi qua cac quy dao cong tuy nhién thoi gian hoan thanh
quy dao nhanh chéng (8,5 gidy). Tuong tu nhu yéu t6 d¢ dai tiéu diém, viéc lga chon mot
toc do thich hop (Hinh 4e) sé gitp robot c6 hiéu suat bam quy dao tot hon voi bién do sai
s0 cyc dai nhd (0,045 m). Yéu t6 van toc c6 anh hudng truc ti€p dén khoang thoi gian hoan
thanh quy dao.

Robot Visualization Robot Visualization

| 1t x

0.8
0.8

0.6
0.6

041
0.4

0.2F
02

0 X

0. X

02

021

0 0‘2 0.‘4 0.6 0‘8 1‘ 1.‘2 1.4 1‘6 1‘8 2‘ 0 02 04 06 08 1 1.2 1’4 1.6 1.8 2
Hinh 4a. D6 dai tiéu diém [ = 0,1 (m); Van técv = 0,3 (m/s)

Thdi gian hoan thanh quy dao: 10,5 (gidy)
Bién d0 sai léch cuc dai: 0,12 (m)

Hinh 4b. D6 dai tiéu diém | = 0,2 (m); Van técv=0,3 (m/s)
Thai gian hoan thanh quy dao: 9,8 (giay)
Bién d0 sai léch cuc dai: 0,04 (m)

Robot Visualization

Robot Visualization
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Hinh 4¢. D9 dai tiéu diém | = 0,3 (m); Van técv=0,3 (m/s)
Thi gian hoan thanh quy dao: 9,3 (gidy)
Bién dd sai léch cuc dai: 0,018 (m)

Hinh 4d. D9 dai tiéu diém | = 0,1 (m); Van técv=0,1 (m/s)
Thai gian hoan thanh quy dao: 29 (giay)
Bién d0 sai léch cuc dai: 0,04 (m)
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Robot Visualization Robot Visualization
1 1 VAN
Hinh 4e. D9 dai tiéu diém | = 0,1 (m); Van técv = 0,2 (m/s) Hinh 4f. D6 dai tiéu diém | =0,1 (m); Van técv = 0,4 (m/s)
Thai gian hoan thanh quy dao: 15 (giay) Thai gian hoan thanh quy dao: 8.5 (gidy)
Bién dd sai léch cuc dai: 0,045 (m) Bién d6 sai léch cuc dai: 0,21 (m)

Hinh 4. Két qua m6 phdng cac truong hop cua thuat toan Pure Pursuit

Do dai tiéu diém va van toc chinh la hai yéu t6 chinh tac dong dén hiéu suat bam quy
dao ctia robot. Trong qua trinh di chuyén, do dai tiéu diém la khong déi tuy nhién yéu t6&
van tdc c6 thé thay ddi dé thich nghi theo timg doan quy dao (quy dao cang cong thi van
toc cang gidm). Do d6 dé ting hiéu suat bAm quy dao cling nhu ddm bao vé mit thoi gian
hoan thanh quy dao, robot can c6 van toc thich nghi véi ting doan quy dao.

Goi van téc & moi doan quy dao 1a van tdc muc tiéu ma robot phai dat dugc. Van toc
toi da tai cac diém sé phu thudc vao do cong ctia doan cac diém muc tiéu, do cong cang
nhiéu thi van tdc cang gidm nham dam bao tinh &n dinh ctia robot khi di chuyén.

Van t6c cta robot phu thudc vao van téc cta hai banh xe, do d6 d6 cong di chuyén
cta robot dugc diéu chinh thong qua viéc diéu chinh t6c d6 banh xe trai va phai caa robot.
Pé tinh toan t6c d6 muc tiéu ctia banh xe trai va banh xe phai dé robot bam duoc d6 cong
chinh xéc. Van téc muc tiéu ctia banh xe dugc xac dinh thong qua cac hé thic v6i V 1a van
toc muc tiéu cua robot, V| 1a van téc banh xe trai, V, 1a van téc banh xe phai, 4 1a d cong
cung, u la géc quay caa robot, T la d6 rong khung robot.

Phuong trinh dong hoc ctia robot 2 banh cht dong;:

VL +V
v= LK (19)
2
VL + Vg
W= ——
- (20)
w
V== (21)

Két hop phuong trinh (19), (20) va (21), thu dugc phuong trinh tinh van t6c muc tiéu
moi banh xe:
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vy 2 )
Vg 27D (22+ ) (23)

DPé dam bao robot hoat dong ding véi van téc muc tiéu dit ra, quang duong di
Chuyén va xac dinh huéng. Toa d¢ tuong d6i ctia robot duoc ndi suy tir tin hiéu encoder tai
modi dong co cua banh xe va dugce tinh nhu sau:

_ (Er + EZ)
D= — (24)
X +=D *cos (w) (25)
Y+=D *sin (w) (26)

Trong do:

D la khoang cach robot di chuyén

Er, El 1an luot 1a gia tri encoder phai va tréi

114 vén t6c xoay ctia robot

(X, Y) la toa do tuong doi cua robot so voi toa do ban dau Oxy

Vi tri, goc quay va cung di chuyén ctia robot duoc ndi suy thong qua tin hiéu hoi tiép
encoder tai mdi banh xe thong qua phuong trinh (24), (25). Bo diéu khién PID duoc st dung
dé diéu khién toc do 2 banh robot theo toc do tinh toan (V,, V,) cong thtc 22, 23. V6i tin
hiéu hdi tiép tir encoder va tin hi¢u ngd ra la tin hiéu PWM diéu khién cong suat dong co
duoc mé ta cu thé é Hinh 5.

\
( Khuéch dai Gidi han PWM |
Thiét 1ap )
thﬁng 56 :ﬁ A » % » 5 .P s ’ Board cong
SR _| IJ I. suat dong co
dauvao I +Van téc |
muc tiéu |
[rpm] 10ms |
| +Thong s6 Van téc <>
gie“Kkh;e)" hién tai |'| |'| B6 dém xung |
P | treml Tin toan Tin higu
I —— - VAR ECCELELE + asmEEsm d
| Toc do dong co Every encoder
10ms
N e e _,)

Hinh 5. So d6 diéu khién téc do dong co ding PID
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Két qua thuc nghiém va két luin

Dé danh gia tinh hiéu qua va chat lugng ctia thuat toéan, tac gia trién khai thuc nghiém
trén mo hinh robot di dong c6 kich thudce 40 x 30 x 30 cm. Diéu kién vé mit san 1a gia st
mgt san phang va c6 do bam ly tuédng. Thuc nghiém dugc bé tri dé thu thap quy dao thong
qua viéc 1dp mot bat 1ong mau dé bén dudi tim robot, khi robot di chuyén sé& vach nén qu§y
dao di chuyén. Quy dao ddt dugc trién khai bé’mg bang keo mau xanh dan ¢ san, véi do
rong 0.03 m. Chat luong cua thuét todn dugc danh gia thong qua thuc nghiém c6 thong s6
mo phong voi d6 dai quy dao 1a 3 (m), van toc t6i da: 0,2 (m/s), o dai tieu diém 1a 0,2 (m).

MAP

Robot position: [eie, 0.0] a.
Robot angle: @.0 rid.
Witels speed: (0.109, 9.109) w/s.

| | Add node |

Hinh 6. Quy dao dung thuc nghiém: (a) Quy dao tinh toan; (b) Quy dao thuc t&

Thong qua thuc nghiém cho thay robot bam quy dao t6t va vuot qua quy dao vuong
goc 6n dinh. Quy dao tai thuc dia (Hinh 6b) bam sat véi quy dao da duoc lap & ban d6 s6
(Hinh 6a) va hoan thanh quy dao trong 27 giay. Bén canh d6, cac thong s6 vé van tdc ndi
suy (Hinh 7a) va van tdc thyc té (Hinh 7b) duogc tinh toan va déi sanh v6i nhau, két qua
thuyc t& dap tng v6i két qua noi suy. Robot di chuyén & cac do cong khéc nhau sé thich nghi
vGi van téc khac nhau tai mdi diém.



Do thi ndi suy vén téc quy dao Mobile robot

0.22 T
Van téc quy dao
0.2 fij r—\ Van toc can dap ing | |
o8} | \ { \ f 1
FARVEEN ) AN
7 016y \ | I /
\S/. 0.14 */ \ ! \ ( 1
%o 7 / \ i \ / 1
2 o \ | {
& j
. 0.08 1
0.06 1
0.04 4
5 16 1‘5 20 2‘5 3‘0
Node
a) Van toc robot ndi duy dua trén quy dao
D6 thi ndi suy do cong quy dao Mobile robot
8 D6 cong quydao |
71
. | A
g /\ /
=5 A A
4 A |
54 - -
g [ [\

w
T

[T

2k

[ [
/ \ A |
/ \ / \
} 5 10 15 20 25 30

Node

¢) Noi suy d6 cong clia qu dao

Van toc (m/s)

Sai s6 (m)

002

0,04 |

-0.06 -

P4 thi vin tdc thue té Mobile Robot

01}

0.08 |-

0.06

0.04

0.06

0.04

0.02

time

b) Van toc thuc té cia robot

D4 thi sai léch quy dao Mobile Robot

[

N

i i L
5 10 15 20

time

d) Sai Iéch quy dao robot

Hinh 7. Trinh bay két qua mo6 phong

T
Van téc
T

Saisd

1
25

13

Khi di chuyén quy dao théng robot 6n dinh va khong bi truot ra khoi bé rong cua
quy dao dit (bé rong bang keo xanh 0,03 m), bién do sai léch t6i da 1a 0,072 (m) (Hinh 7d)
khi di vao quy dao vuong goc. O quy dao cac goc vudng, robot néi suy sang quy dao cong

dé di chuyén (Hinh 7c). Robot dat quj dao bam 6n dinh va hiéu suat t6t la do c6 van téc

thich nghi v6i timg doan quy dao (Hinh 7). Trong tdm cta thuét toan la di chuyén theo céac

dudong quy dao cung tron, do d6 robot di chuyén qua cac quj dao vuong goéc bang hinh

vong cung. Thong qua thuc nghiém thuc t&€ danh giad dugc thuat toan c6 hiéu suét bam quy

dao tot va co do 6n dinh cao.

Trong bai bdo nay phan tich @6 6n dinh ctia bd diéu khién Pure Pursuit thich nghi.

Dua trén céc tiéu chi danh gia vé do vot 16, do cit goc va thoi gian hoan thanh quy dao;

thong qua danh gid nay nham dé xuat mot bo diéu khién Pure Pursuit c6 toc do thich nghi.
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T két qua mo6 phong, so véi bo diéu khién Pure Pursuit ban ddu, mo hinh thich nghi c6
thé gitt duoc sy 6n dinh ctia quy dao, gidm sai s6 va dam bao thoi gian hoan thanh quy
dao. Gidi thuat Pure Pursuit thich nghi gitp can bang gitta cac tiéu chi vé bién do sai léch,
thoi gian hoan thanh quy dao va do 6n dinh dé tao nén mot hiéu suat bam quy dao t6t nhat
cho robot.

Tuy c6 cai thién vé tdc dd nhung t6c dd van hanh cda robot van con han ché. Do d6
can nghién cau cai thién hon nita hiéu suét vé toc do cua robot thong qua viéc dé xuat mot
giai thuat thich nghi nang cao hon nita. Trong tuong lai, giai thuat c6 thé dugc két hop véi
cac bo diéu khién thong minh hon dé céi thién va nang cao hiéu suat vé do bam quy dao
va téc do cua robot.
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