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Lap ké hoach chuyén ddng théng minh cho robot di dong ba banh bang diéu khién
du bao theo mé hinh phi tuyéen
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Abstract

This study proposes an intelligent, safe, and efficient motion planning strategy for a Three-Wheeled Mobile Robots, based on the integration
of Nonlinear Model Predictive Control (NMPC) and Control Barrier Functions (CBF), collectively referred to as NMPC-CBF. The approach
is implemented in MATLAB R2023b using the CasADi toolkit and the IPOPT solver, and evaluated through two challenging simulation
scenarios involving both static and dynamic obstacles. The results demonstrate that NMPC-CBF not only enables effective collision avoid-
ance but also generates shorter trajectories, smaller position and orientation errors, and smoother, more stable control signals compared to
conventional NMPC. Thanks to its flexible response and consistent control performance in highly dynamic environments, the proposed
method shows promising potential for practical applications in robotic systems operating under complex conditions.

Keywords: Nonlinear Model Predictive Control, Control Barrier Functions, Motion Planning, Mobile robots, CasADi toolkit

Cic chir viét tit

3WMRs Three-Wheeled Mobile Robots
NMPC Nonlinear Model Predictive Control
GP Global Planning

LC Local Planning

RRT Rapidly-exploring Random Tree
APF Artificial Potential Field

DRL Deep Reinforcement Learning
DWA Dynamic Window Approach

TEB Timed Elastic Band

ROS Robot Operating System

MPC Model Predictive Control

NMPC Nonlinear Model Predictive Control
RK4 Fourth Order Runge-Kutta

OCP Optimal Control Problem

CBF Control Barrier Function

BT Bug-Type

IPOPT Interior Point OPTimizer
NLP Nonlinear Programming Problem
Tém tat

Nghién ctru nay dé xuit mot chién luoc 1ap ké hoach chuyén dong
thong minh, an toan va hiéu qua cho robot di dong ba banh, dya trén
su tich hop giita phuong phap diéu khién du bao theo md hinh phi
tuyén (NMPC) va ham rao diéu khién (CBF), goi chung la NMPC-

CBF. Phuong phép duoc trién khai trong MATLAB R2023b sir dung
cong cu CasADi va bo giai IPOPT, va dugc danh gia qua hai kich
ban md phong dy thach thirc lién quan dén ca cac vat can ¢ dinh
va vt can chuyén dong. Cac két qua thu dugc cho thdy ring NMPC-
CBF khéng chi cho phép robot tranh va cham hiéu qua ma con tao ra
céc quy dao ngén hon, cAc sai s6 vi tri va huéng nho hon, cling cac
tin hiéu diéu khién muot ma, va én dinh hon so v6i phuong phép
NMPC truyén théng. Nho kha nang phan tng linh hoat va duy tri
hiéu sut didu khién cao trong méi truong cé nhiéu bién dong,
phuong phap duge dé xuét cho thiy tiém ning ddy hitu hen cho cac
{rng dung thuc tién trong cac hé thdng robot hoat dong duéi cac diéu
kién van hanh phac tap.

1. Giéi thi¢u

Trong nhimg nam gan day, robot di dong ngay cang the
hién dugc tim quan trong trong nhiéu linh vuc cua doi séng
hién dai. Nho vao kha ning di chuyén linh hoat va thuc hién
cac nhiém vu tw dong, chung da dugc tng dung rong réi trong
cong nghiép, dich vy théng minh, va an ninh va quéc phong.
Boi vay, robot di dong da tré thanh chu dé thu hat sy quan
tam I6n tir cong ddng cac nha khoa hoc va k¥ su, dic biét la
trong cac nghién ctru vé robot va tu dong hda [1]. Trong boi
canh ndy, céc robot di ddng dang ba banh (3WMRs) dugc xem
la mét lya chon hoan hao cho nghién ciru va trién khai thuc té
nho thiét ké don gian, chi phi thip, nhung van dam bao du do
linh hoat ¢&& md phong hanh vi cua cac hé théng robot phuc
tap. Chinh vi vay, 3WMRs rat phu hop dé nghién ctru va kiém
thir cac thuat toan diéu khién va lap ké hoach quy dao.
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Dé gitp 3WMRs c6 thé van hanh dang tin cay trong moi
truong thuc dia, viéc phat trién cac phuong phéap 1ap ké hoach
duong di thong minh 1a v cung quan trong. Bai todn nay
khong chi dung lai ¢ viéc tim mot duong di kha thi tir vi tri
ban dau dén vi tri myc tiéu, ma con bao gom céc yéu cau quan
trong nhur tranh va cham véi vat can, tdi uu hoa quang duong
di chuyén, dam bao sy tron tru trong chuyén dong, va tuan thu
cac rang budc dong hoc cua hé théng.

Trong nhirng nim qua, nhiéu giai phap diéu huéng chuyén
dong da dugc nghién cau va dé xuat, nham giai quyét cac yéu
cau nhiém vu khat khe d6i véi 3SWMRs. Céc thuat toan lap ké
hoach chuyén dong cho robot c6 thé dugc phan chia theo
nguyén ly hoat dong thanh hai nhém chinh bao gém céc thuat
toan truyén thong va cac thuat toan dua trén hoc may [2].
Ngoai ra, n6 ciing c6 thé dugc phan loai theo pham vi hoat
dong thanh hai nhém bao gom cac giai thuat lap ké hoach
dudng di toan cuc (GP), va céc giai thuat 1ap ké hoach duong
di cuc bo (LP) [3].

Trong nhém thuat todn phuc vu lap ké hoach toan cuc, cac
phuong phéap tim kiém dua trén do thi nhu A* [4] va Dijkstra
[5] da dugc ung dung rong rdi, nho kha nang cung cAp céc loi
giai t6i wu vé mat hinh hoc, giup tim duong di ngan nhét trén
dd thi c6 trong sé. Pac biét, A* 1a thuat toan mé rong cua
Dijkstra khi két hop thém thong tin Heuristic dé dan hudng
tim kiém, giGp cai thién dang ké thoi gian tinh toan. Tuy
nhién, cic phuong phap nay khong xét dén rang bude dong
hoc va @ong luc hoc cua robot, va khong tinh tgi kha nang
tranh vat can dong. Ngoai ra, khi &p dung cac phuong phap
tim kiém duya trén d thi, viéc mé rong kich thude ludi co thé
anh huong t6i hi¢u qua tinh toan. Pi v6i nhom phuong phap
dva trén lay mau, phuong phap cay ngau nhién (RRT) [6] la
mot lya chon dién hinh nho cau tric don gian va toc do xir ly
nhanh, dwoc (ng dung rong rdi trong diéu hudng robot di
dong. Tuy nhién, thuat toan nay van ton tai mot sé han ché
nhu hiéu suét 1ap ké hoach thap, tinh ngiu nhién cao va chat
lwong dudng di chua téi wu. Dac biét, RRT gap han ché vé
kha nang xur ly hiéu qua cac chudng ngai vat dong, khién né
khé dwoc ap dung tryuc tiép trong cac hé thdng robot hoat dong
trong moi trudng thyc té.

Dé khic phuc nhitng han ché cua cac phuong phap 1ap ké
hoach duong di toan cuc, cac thuat toan lap ké hoach duong
di cuc bo da dugc nghién ctru, giup robot phan (tng nhanh véi
cac chuéng ngai vat chwa duoc biét trudc. Nghién cau [7] da
dé xuat sir dung thuat toan truong tiém niang nhan tao (APF)
dé tranh vat can cho robot. Phuong phap nay duoc xay dung
dua trén co sé vat 1y, cac chudng ngai vat trong méi truong
tao ra luc ddy ddi vai robot, trong khi cac diém muc tiéu tao
ra luc hap dan kéo robot, va robot di chuyén theo huéng cé
nang luong tidm nang nho nhat dudi tac dong cua luc tong
hop. Uu diém cua APF 1a dé trién khai trong thoi gian thuc va
tinh todn nhanh. Tuy nhién, theo nghién cuu [8], ky thuat APF
boc 16 han Che khi d& roi vao cac diém tdi thiéu cuc bo, khién
APF chii yéu duoc sir dung cho lap ké hoach duong di trong
moi truong tinh va khong ap dung dugc khi gap chudng ngai
vat dong. Mot céch tiép can khéc tai nghién ciru [9] da dé xuat
sir dung logic mo Mamdani dé tranh chudng ngai vat véi chi
phi thap, két qua cho thiy robot thanh cong téi muc tiéu ma
khdng va phai chuéng ngai vat nao xung quanh. Tuy nhién,
theo nghién ctu [10], viéc sir dung logic mo dé diéu khién
trong thoi gian thuc doi hoi phai thiét ké luat mot cach ti mi,
va diéu nay phu thudc nhiéu vao kinh nghiém cua nguoi thiét

ké. Céc luat mo dugc tinh chinh khong tét c6 thé anh huong
tiéu cuc dén hiéu suat diéu khién, dic biét trong cac tinh
huéng van hanh phic tap. Nghién ctru [11] sir dung hoc tang
cuong sdu (DRL) dé diéu huéng ty dong robot trong moi
truong chua biét truée, két qua cho thay robot c6 thé diéu
huéng muot ma va co tiém nang mé rong sang cac ung dung
thuc té. Tuy nhién, DRL phu thudc vao dit liéu huan luyén dé
hinh thanh cac chinh sach diéu khién téi wu, do d6 néu dit liu
chwa du tot thi s& anh huong téi kha ning phan ang ciia robot
khi gap céc tinh hudng chua ting thay trong qué trinh huan
luyén. Mot cach tiép can lap ké hoach duong di cuc bo khac
la st dung phuong phép tiép can cira s6 dong (DWA) [12],
dwa trén viéc lay mau cac van toc kha thi cua robot di dong
trong mot khoang thoi gian ngan. Tuy nhién, theo nghién ciru
[13], khi robot phai déi mit véi cac chudng ngai vat di
chuyén, thuat toan DWA c6 thé khong phan tng kip thoi néu
van tdc cta chudng ngai vat qua cao, tir d6 1am ting nguy co
va cham. Mot s6 phuong phép cuc bo tién tién hon 1a dya trén
dai dan hoi thoi gian (TEB) [14,15], trong d6 quy dao diéu
huéng duoc tdi uu héa theo thoi gian thuc bang cach bién doi
thanh mot bai toan téi uu hoa phi tuyén nhiéu rang budc. Hién
nay, TEB da dugc tich hop sin trong hé diéu hanh robot
(ROS) va dugc (ng dung rong réi trong cac hé thng robot di
dong thuc té. Tuy nhién, TEB thuong can duoc két hop Véi
mot thuat toan 1ap ké hoach duong di toan cuc, nhu A* dugc
dé& xuat trong [15], dé dam bao kha nang diéu huéng hiéu qua.
Viéc tich hop véi A* hodc cac thuat toan 1ap ké hoach toan
cuc dua trén do thi noi chung doi hoi phai co san ban d6 moi
truong hoat dong, diéu nay 1am han ché kha nang ung dung
trong cac tinh huéng moi truong xuat hién nhiéu vét can ngau
nhién c6 dinh hoic di chuyén chua biét trugc.

Trong nhitng ndm gan day, cac phuong phap diéu khién
dua trén diéu khién mé hinh dyu b4o (MPC) da tro thanh mot
xu huéng ndi bat trong linh vuc diéu huéng robot, nho kha
nang xu |y truc tiép va hiéu qua cac rang budc vat ly, dong
thoi t6i wu hoa cac chi tiéu chat lwong cua hé théng. Theo
nghién ctru [16], MPC dugc xem & mot trong nhitng ky thuat
diéu khién tién tién, khi cho phép du doan hanh vi tuong lai
cua hé théng thong qua mé hinh, tir d6 tdi wu hoa didu khién
theo thoi gian thuc. So voi cac bo didu khién truyén thdng,
MPC c6 uu thé vuot troi trong viéc dam bao ca hiéu sut, cac
rang budc, va an toan van hanh. Hién nay, nho su phét trién
ctia c&c thiét bi nhang gi ré nhung c6 hiéu nang cao, ciing vai
ngudn tai liéu vé cac mo hinh vat ly cua ddi twong ngay cang
chinh xé&c va phong phu, khién rao can ky thuat trong viéc ng
dung MPC vao céc hé théng robot thuc té da duoc giam thiéu
dang ké. Nghién ctru [17] da trién khai diéu khién dy doan
theo md hinh phi tuyén (NMPC) cho bai toan Iap ké hoach
dudng di thong minh, nham gitp robot di déng tranh vat can
dong trong qué trinh di chuyén. Két qua thuc nghiém duoc
trinh bay tai nghién ctru [18] da ching minh rang NMPC c6
kha nang diéu hudng robot mot cach mugt ma, chinh xac va
an toan trong thoi gian thuc. Tuy nhién, cac thir nghiém nay
chi yéu tap trung vao céc tinh hudng don gian, trong d6 robot
chi gap mét vat can ngau nhién va cé dinh trén duong téi muc
tiéu. Vé mat k¥ thuat tai [17,18], mé hinh dong hoc cia robot
duoc roi rac héa bang phuong phap Runge-Kutta bac 4 (RK4),
tir d6 thiét 1ap thanh mot bai toan diéu khién téi uu (OCP) c6
rang budc. Ham muc tiéu trong OCP dugc xay dung bao gdbm
chi phi chay doc theo thoi gian, phan énh sai Iéch gitia trang
thai hién tai va tham chiéu, va chi phi diém cudi, nhim dam
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bao 6n dinh va hoi tu vé dich. Trong nghién citu nay, viéc
tranh va cham dugc thuc hién thong qua rang budc khoang
céch hinh hoc giira robot va vat can tai timg budc tdi wu. Mic
du céch tiép can nay don gian va d& tich hop vao bai toan téi
wu, song né ¢ thé chua du hiéu qua trong cac méi truong c6
yéu té vat can phuc tap, chang han nhu khi robot phai ddi mat
véi nhiéu vat can ¢ dinh, vat can di dong, hoic cac tinh hudng
két hop ca hai loai chuéng ngai vat. Nghién ctu [19, 20] da
ap dung NMPC cho bai toan bam quy dao két hop tranh vat
can cho robot di dong va da chirng minh dugc tinh hiéu qua
clia cac phuong phap. Cu thé, nghién ctru [19] d& xuat mot
khung diéu khién NMPC nhim bam theo quy dao toan cuc
duoc tao ra boi thuat toan A*, va cho thay hiéu nang vuot troi
S0 véi thudt toan TEB trong moi trudng ¢ vt can tinh. Tuy
nhién, céch tiép can nay chwa phit hop véi bai toan diéu hudng
trong moi trudng ¢ vat can dong, do chua tich hop céac rang
budc hozc thanh phan chi phi lién quan dén viéc tranh va cham
véi vat can di chuyén. Ngoai ra, viéc ap dung NMPC két hop
V61 A* doi hoi phai ¢ sin ban d6 méi truong hoat dong, diéu
nay lam giam tinh linh hoat caa hé thdng trong cac tinh hudng
thay ddi hodc chua biét trude moi truong van hanh.

Mot s6 nghién ciu gan day [20, 21] da dé xuat céach tiép
can khac véi cac phuong phap truyén théng [17,18] sir dung
rang bugc cing dé tranh va cham, bang cach chuyén diéu kién
tranh va cham thanh rang buéc mém thong qua viéc dua céac
ham phat vao ham muyc tiéu cua bai toan t6i wu. Phuong phép
nay gitip tang kha nang tim dugc nghiém kha thi cho bai toan
t6i uu trong cac moi trudng phuc tap hoac khi robot bi gioi
han diéu khién nghiém ngat. Tuy nhién, so v&i phuong phap
str dung ham rao (CBF) [22], rang bugc mém khong dam bao
tuyét d6i an toan trong moi tinh hudng, dic biét khi hé sé phat
khong duoc lya chon phu hop. V& mit ly thuyét, CBF ¢ thé
dam bao chit ché tinh khéng xam pham nho vao viéc biéu
dién diéu kién tranh va cham duéi dang rang budc bt ding
thirc nghiém ngat, 4p dung truc tiép 1én tin hiéu diéu khién
theo thoi gian thyc. Tuy nhién, trong thuc té md phong va
trién khai, CBF van c6 thé xay ra xam pham nhe do anh huong
cua sai s tinh toan, rang budc diéu khién gisi han, hoidc nhidu
cam bién, khién robot tam thoi vuot qua bién an toan trong
mét sé tinh hubng ngan han.

Tir nhitng phan tich chi tiét da trinh bay, bai bao dé& xuat
céch tiép can két hop gitra diéu khién du doan mo hinh phi
tuyén (NMPC) va ham rao diéu khién (CBF), goi 1a NMPC-
CBF, nham giai quyét bai toan lap ké hoach duong di thong
minh cho robot di dong ba banh. Khac véi cac phuong phap
NMPC truyén thdng vén sir dung rang budc cing hoic rang
buoc mém thdng qua cac ham phat, cach tiép can caa ching
t6i tan dung vu diém cua CBF dé dam bao rang cac rang bugc
an toan ludn dwoc thoa man tai moi thoi diém lay mau. Trong
khi d6, NMPC dam nhiém vai tro toi wu hda quy dao di chuyén
cua robot thdng qua viéc cyc tiéu hda mot ham muc tiéu bao
gom chi phi theo thoi gian, chi phi tai diém cubi va d¢ muot
cua tin hiéu diéu khién dau ra, dong thai tuan thi chat ché cac
rang budc dong hoc va gigi han vat Iy cia hé thong. Khac véi
céc thuat toan 1ap ké hoach chuyén dong toan cuc nhu A* [4],
Dijkstra [5] va RRT [6], NMPC-CBF khéng phu thudc vao
kich thudc luéi va xt ly hiéu qua cac chuéng ngai vat déng.
So véi mot s thuat toan 1ap ké hoach chuyén dong cuc bo nhu
APF [7], logic mo Mamdani [9], DRL [11], NMPC-CBF
khong yéu cau thiét ké luat thi cong dua trén kinh nghiém nhu
trong logic mo, khdng phu thudc vao dit liéu hun luyén nhu

DRL, va dic biét ¢6 thé hoat dong 6n dinh ca trong méi truong
dong thay vi chi phu hgp trong méi truong tinh nhu APF. So
VGi céc céch tiép can sir dung NMPC trong [19-21], NMPC-
CBF uu diém hon [19] khi vira phl hop véi ca vat can tinh 13n
vat can dong, vé mat ly thuyét nd vira dam bao tinh an toan du
nghiém ngat théng qua rang budc sir dung CBF, thay vi sir
dung rang buéc mém nhu trong [20], [21].

Dé danh gia hiéu qua cua chién luoc diéu khién NMPC-
CBF duogc dé xuat, chung t6i da thiét lap hai kich ban mo
phong riéng biét trén phan mém MATLAB R2023b, bao gom
mdi trudng c6 vat can cb dinh va méi truong co vat can
chuyén dong véi do phirc tap cao. Trong ca hai tinh hudng,
robot déu phai d6i mat véi nhiéu vat can dugc bé tri gan nhau,
tham chi di chuyén vai téc do khac nhau, nham md phong
nhiing thach thuc thuc té. Két qua cho thidy NMPC-CBF gitip
robot tao ra quy dao ngan hon, muot ma va an toan hon, vdi
tin hiéu diéu khién 6n dinh va phan tng linh hoat truéc cac
thay d6i ctia méi trudng. So véi phuong phap NMPC truyén
thong tai [17,18], chién lugc NMPC-CBF duy tri dugc khoang
cach an toan tét hon va tranh dwgc va cham trong céc tinh
hudng phtc tap - diéu dic biét quan trong khi trién khai trong
mdi truong thuce, noi ma nguy co xay ra va cham cé thé xuat
hién bat ky ltc nao trong qua trinh di chuyén.

Ngoai ra, so v&i nghién ctru [23], chung t6i dd bd sung
thém d6 min cua tin hiéu diéu khién vao ham muc tiéu trong
OCP nham lam min chudi diéu khién dau ra. Viéc nay gilp
giam cac thay d6i dot ngot trong tin higu diéu khién, nang cao
d6 6n dinh va d6 bén cua hé thong co khi khi trién khai trong
thuc té do dau vao diéu khién duoc 1am min. Pang chu ¥, cac
nghién ctru [17,18] déu da trién khai NMPC trén hé thong ro-
bot thyc va chitng minh dugc kha nang van hanh trong thoi
gian thyc. Do d6, véi dic diém tuong ddng vé ciu trdc bai
toan gitra phuong phap ctia ching toi va nghién ctu [17,18],
c6 thé khang dinh ring phwong phap NMPC-CBF do chiing
t6i dé xuét ciing hoan toan phu hop dé trién khai trén hé thong
thuc té, vai tiém ning cai thién hon nita vé do an toan va do
chinh xac trong céc tinh hudng phurc tap hon. Trong twong lai,
céc két qua thir nghiém thuc té s& dwoc trién khai dé khing
dinh thém tinh hiéu qua cua chién lwoc NMPC-CBF do chling
t61 d& Xuat.

Céc ndi dung con lai caa nghién ctiu dugc sap xép nhu
sau: Phan 2 trinh bay mé hinh déng hoc cua robot di dong ba
banh; Phan 3 trinh bay chi tiét chién luoc 1ap ké hoach duong
di théng minh do nhom tac gia dé xuat. Két qua mé phong va
phan tich dinh luong duoc trinh bay rd trong Phan 4. Cudi
cling, Phan 5 néu cac két luan rat ra tir nghién ciru va dé xuét
dinh hudng phat trién trong tuong lai.

2. MO0 hinh dong hoc ciia robot di dong 3 banh

M® hinh ciia mot robot di dong vi sai 3 banh nhu dugc thé
hién trén Hinh 1, bao gém hai banh day phia sau dwoc diéu
khién boi hai dong co mot chiéu doc 1ap va mot banh ty lra
huéng phia trude. Trong truong hop tong quat, gia sir tam cua
robottai C cach trung diém P cua hai bAnh mét khoang céch
d . Trong bai béo nay, ching t6i gia thiét rang trong tam cua
robot dugc thiét ké tring voi diém P, tac 1am cho khoang
cach d =0. Ngoai ra, r 1a ban kinh cua mdi banh xe va R
biéu thi mot nira khoang céach giira 2 banh dang sau.
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Banh I trii / ung robo
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Banh da huéng
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Hinh 1: Robot di dong 3 banh di chuyén trong khong gian 2 chiéu

Banh lai phai

Trang thai cua mot robot di dong vi sai ba banh trong
khong gian hai chiéu duoc xdc dinh boi véc to

=[x y,H]T eR*, trong d6 (x,y) la toa do vi tri cua robot
dugc tinh theo don vi mét (m) , va @ 1a goc dinh hudng cua
robot dugc tinh theo don vi radian (rad). Pau vao diéu khién
trong mo6 hinh dong hoc dugc ching tdi md ta boi véc to
u=[v,@] eR** véi v (m/s) 1a van tc tuyén tinh cua robot,
va o (rad/s) 1a van téc g6c cua robot. Theo nghién cau
[23,24], trong trudng hop 1y twdng khi robot khong chiu anh
hudng cua cac bat dinh tham 0, md hinh dong hoc cua mot
robot di dong ba banh dugc thiét 1ap nhu sau:

cos(6) 0 y
A=t (ru)=| ®=|sin(9) o{ } 1)

w
0 1

Bén canh do, phuong trinh thé hién rang bugc cua robot
lién quan téi diéu kién khéng bi trugt ngang duoc thiet lap
nhu sau:

#%in (0) - ¥eos(0) =0 )

Nhan xét 1: M6 hinh dong hoc (1) véi cac didu kién rang buoc
(2), d3 m6 ta mdi quan hé giira diu vao diéu khién u=[v,0]
va trang thai z=[x,y,6] cua robot di dong ba bénh, ddng
thoi phan anh ré ban chét phi tuyén cia hé théng. DGi véi céc
Muc ti€u dieu khién ¢ mirc cao nhu 18p ke hoach chuyén dong
thong minh, mé hinh dong hoc 1a du dé trién khai. Trong khi
do, ‘md 'hinh’ dong luc hoc th}rérng ghi can thiét ¢ tang diéu
khien cap thap, noi n6 gitip dicu khién robot bam theo sat quy
dao da duogc thiét 1ap tu b diéu khién cap cao.

Nhan xét 2: Mo hinh dong hoc (1) don gian va dé xac dinh
trong thuc té hon so véi md hinh dong luc hoc, béi cac bién
nhu van tdc tuyén tinh, van tc géc, va goc dinh huéng déu
c6 thé do tryc tiép hozc gian tiép, bang cac cam bién duoc st
dung rong rai trong cdng nghiép nhu bé ma héa Encoder cé
d6 phan giai cao va IMU d6 troi thap. Biéu nay giip md hinh
dong hoc phi hop cho céc (ng dung didu khién sir dung
NMPC.

3. Chién lwge l1ap ké hoach dwong di thong
minh deé xuat

Hinh 2 minh hoa ciu triic tong thé cua chién lugc lap ké
hoach duong di thong minh NMPC-CBF cho robot di dong ba
banh. Trong c4u tric nay, md hinh tham chiéu dong vai tro 1a
khéi du doan, sir dung mé hinh dong hoc cua robot dé du doan
trang thai twong lai y trong mét khoang thoi gian httu han
dua trén chudi diéu khién &ng vién. Trong d6, chudi diéu
khién ting vién la tap hop céc tin hi¢u diéu khién kha thi dugc
tao ra d¢ md phong trugc hanh vi cia robot trong tuong lai.
Tir d6, bo ti wu hoa st dung thong tin nay dé tim ra tin hiéu
diéu khién téi vu u”=u"(0), 1a phan tir dau tién trong chudi
tin hiéu diéu khién téi uu duoc tao ra sau khi giai bai toan tdi
uu hoa, sao cho robot bam sét vi tri muc tiéu y,, dong thoi
thoa mén cac rang budc vat Iy va rang budc an toan dugc biéu
dién bang CBF. Pay la tin hiéu duy nhat dugc ap dung ngay
cho robot & mdi chu ky ldy mau diéu khién, con cac tin hiéu
con lai s& bi bo qua va tinh toén lai ¢ budc thoi gian tiép theo
dé thich Gng véi cac trang thai méi thuc té. Tin hi¢u u”(0)
sau khi dugc ap dung cho robot di dong ba banh sé tao ra phan
hdi, trang thai thuc té ciia robot dwoc cap nhat va gui lai vé bo
diéu khién NMPC-CBF thong qua cam bién dé thyc hién chu
trinh tiép theo.

NMPC-CBF
R I e :
can | Mo hinh tham i
I chiéu !
i i :
: 1
1 1
Ari % w =u (0) .
£h o Téivuhéa () ] Robotai | %
i ' dong 3 bianh
i| Cacring Cicrang ||
: 1
' :

budc viit ly budc an toan

X

Cic trang thai thuc té

Cim bién

Hinh 2: So d6 c4u tric caa chién lvgc NMPC-CBF
3.1 Piéu khién du bao md hinh phi tuyén

Thong thudng cac trang théi tiép theo cua robot duoc tinh
toan st dung phuong phap roi rac hda Euler &p dung cho md
hinh dong hoc tai phuong trinh (1) nhu sau:

v(k)cos(0(k))

x(k+1)| | x(k)
y(k+1)|=|y(k)|+A; v(k)sin(@(k)) 3)
o(k+1)| |6(k) (k)

Trong do: x(k), y(k)va 6(k) lan luot 12 toa do vi tri hién tai
cuia robot va goc dinh huéng cua robot tai thoi diém k . v(k)
va o(k) biéu thi van toc tuyén tinh va van téc goc ciia robot
tai thoi diém k . A, 1a budc thoi gian roi rac tirc khoang thoi
gian gita hai 1an ldy mau lién tiép. Cudi ciing, x(k+1),
y(k+1), va (k+1) Ia c4c trang thai du doan tiép theo cua
robot tai thoi diém k +1.
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Phuong trinh (3) ¢6 thé duoc biéu dién twong dwong nhu
sau:

X1 = Xk +ATf(Zkak) 4

Nhan xét 3: Theo nghién ctru [17], tuy phuong phap Euler tai
phuong trinh (3) mang lai uu diém 1a don gian va rat dé trién
khai, nhung lai chi str dung mot do déc duy nhat, nén phuong
phap nay khéng cung cp nghiém xap xi tt cho cac phuong
trinh vi phan phi tuyén khi thoi gian lay mau A, 16n. Chinh
vi vay trong nghién ciru nay, thay vi st dung phuong phap
Euler chang t6i sir dung RK4. Phuong phap RK4 sir dung bon
wde luong do déc tai cac diém khac nhau trong khoang lay
mau dé dua ra du doan chinh xac hon vé trang théi tiép theo
cua hé thong, dac biét phi hop véi cac hé phi tuyén nhu
3WMRs.

Theo nghién ctu [19], trang thai g, ,, cta robot dugc tinh

toan theo RK4 nhu sau:
A
;(k+1=;(k+?T(R1+2R2+2R3+R4) (5)

Trong d6: R (i=1...,4) 1a udc luong d¢ déc tai cac diém khac
nhau trong mot budc lay mau, dung dé tinh trang thai tiép theo
cua hé phi tuyen. )

Cu thé, theo [19] céc gid tri udc lugng d6 doc trong
phuong trinh (5) dugc xac dinh nhu sau:

R =f(xu)
, = f(lk +ﬁRl,ukj

6
() K
R, =f(x +AR,U,)

Phuong trinh (5) ¢6 thé dugc viét thanh:
=T (Zkruk) (7)
Sau khi xay dung md hinh rai rac héa bang phuong phap
RK4, chljng toi tien h{}lnh thiét 1ap bai toan NMPC nham tim
ra chudi dieu khicn toi wu cho robot di dong ba bénh trong
mot khoang thoi gian du doan hitu han N. Cu thé, véi mé
hinh rgi rac thu dugc tir RK4 tai phuong trinh (5), chiing toi
xay dyng bai toan diéu khién toi uu nhu sau:
muin(JN(;(o,u)) (8)
Céc rang budc dang thirc va bit dang thie ban dau dugc
xay dyng nhu sau:
X (0) =Xo
Tia= 1T (Zkvuk);Vk :|:0, N _1]
X min < X < lmax’Vk :I:O‘ N:I
vk =[0,N -1]

©)

U, <u <u_;
Trong d6: y,., 1& gigi han duédi cua trang thai, y,.. 12 gioi
han trén ciia trang théi, u,,, 1a gioi han dudi cia tin hiéu diéu
khién, u,,, 1a gisi han trén cua tin hiéu diéu khién,

Cu thé, trong phuong trinh (8):

N-1

I (o) = X (=l =l + o)+~ 1 (20)

k=0
Trong do: y, la trang théi cua robot tai thoi diém k , u,
4 tin hiéu didu khién cua robot tai thoi diém k, z, 1 trang

thai tham chiéu, u, 1a tin higu diéu khién tham chiéu, va
Au, =u, —u,_, dai dién cho d6 bién thién tin higu diéu khién.
Cac gia tri QeR*®,K eR*?,SeR*? PecR* la cadc ma tran
trong s6 phan &nh mitc d¢ wu tién gitta bam diém tham chiéu
de giam sai so trang thai, giam sai léch dicu khién dé tiet kiém
nang luong, va lam min tin hiéu diéu khién dé lam muogt
chuyén dong cua robot. ]

Ngoai ra, cac thanh phan cu thé trong phuong trinh (10)
duoc tinh nhu sau:

|z =2l = (- 2) Q- x.)
Ju —ueff = —u) R(u, -u,)

vt an
lau, [ = (au,) S(Au,)

lw =2l = (2w = 2) P(2w - 1)

Nhan xét 4: Bai toan diéu khién t6i uu trong phuong trinh (8),
va cac rang budc dang thic, bat dang thirc trong phuong trinh
(9) chua bao gom kha ning tranh vat can cho robot. Noi dung
bén dudi trinh bay thuat toan dam bao an toan cho robot sir
dung CBF.

3.2 Thuit toan dam bao an toan cho robot

Cac nghién ciru [17,18] da thiét 1ap bai toan tranh va cham
cho robot, dugc thuc hién théng qua viéc bo sung rang buoc
khoang cach vao phuong trinh (9) da trén moi quan hé hinh
hoc gitra robot va vt can tai ting buéc t6i vu nhu sau:

2 2
\/(X(k) - Xobs) +(y(k)_ yobs) 2 (robs + r-roh)
Trong d6: (X, Ya, ) 1 Vi tri cua vat can, r,,
,» 12 ban kinh cua robot.

12)
la ban kinh cua
vatcan, va r,
Nhan xét 5: C6 thé thay rang rang budc bt dang thuc (12)
thuéc nhém céc thuat toan BT, vén dac biét phu hop véi
NMPC [23] trong cé4c bai toan tranh vat can. Cu thé, phuong
phap nay yéu cau robot di chuyén tiép tuyén theo chu vi vat
can va sau d6 quay lai 16 trinh ban dau sau khi hoan tat viéc
di vong qua vat can. Tuy nhién, céch tiép can nay chu yéu
mang tinh hinh hoc va khong d¢am bao duoc tinh bat bién tién
ctia tap an toan trong sudt qua trinh diéu khién. Hon nira, viéc
xu 1y c¢in bac hai trong rang budc (12) gy ra kho khin cho
nghién ctru nay, chung t6i dugc truyén cam hing tir cac cong
trinh tai [22,23] dé 4p dung CBF cho viéc dam bao an toan
cho robot trong bai toan t6i wu NMPC. Phuong phap CBF
khong chi dam bao tinh kha thi cua rang budc an toan trong
mién lién tuc va roi rac, ma con duy tri sy 6n dinh va kha ning
ma& rong cho nhidu vat can trong méi trudng dong. Do do,
CBF duoc tich hgp nhu mét rang bugc bé sung trong khung
NMPC ciia chling tdi thiét ké, nham d¢am bao tinh an toan toan
cuc cua hé thdng. Tir do6 tao ra chién luoc lap ké hoach duong
di thong minh NMPC-CBF cho 3WMRs.

Thuit toan nay dam bao vi tri z,, =[x,y] eR** trong

khong gian cua robot luén nam trong mot tap an toan C e R**
2 tap bét bién tién. Theo cac nghién ciru [22,23], tap C dugc
dinh nghia nhu sau:
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C :{Zw € Rm:h(

ZX‘Y)ZO}
oc ={;(va e R¥: h(;(w)zo}

nt(C) = {z., € R*:h(z,,)>0}

Trong do: oC la bién cua tap an toan, va Int(C)la tap cac vi
tri caa robot nam hoan toan bén trong ving an toan, cach xa
bién.

C6 thé thay rang CBF cho phép xac dinh mot tap hop cac
trang thai an toan théa mén céc rang bugc khoang céch:
C= {;(va e R*; h(;(x,y) > 0}

Néu ton tai mot tin hiéu didu khién thoa man [22,23]:
I‘I%}(va,u)2—7h(;(xvy);Vy/e(0,1:| (15)

Tuy nhién, trong mién khdng gian roi rac bat phuong trinh
(15) c6 the duoc viét lai thanh:

A7,y (K).u )= =h( 2, (K)); vy € (0] (16)

Trong d6: Ah(z,,(K).u):=h(z.,(k+1))-h(z,, (k). va »
la héng sb dé diéu chinh muc do mérp cua rélng budc an toan.

Bat phuong trinh (16) ciing c6 thé dugc viét lai nhu sau:
h( 2., (k+1))=(1-7)h(x,, (k)); vy €(0.1] (17)

CBF c6 thé tich hop tryc tiép vao bai toan i wu trong
NMPC, gilp xay dung rang budc an toan mém déo nhung van
dam bao tinh chat ch&. Trong bé}i toan tranh vat can, cac vat
can dugc mo hinh hda la ving cam, con khu vuc xung quanh
robot la ving an toan. Luc nay, rang bugc dang thic tai (17)
dugc b6 sung vao (9) trong bai toan NMPC-CBF cua ching
t6i nhu sau:

(13)

(14)

X (0) =X
X = f(ﬂ(kl 'VK:[O N_]-]
m|n—Zk<ZmaX'Vk I:O N:I
min SU <UL Vk=[0,N 1]
h(;(x‘y(k +1)) > (1—}/)h(;(x‘y(k));‘v’y IS (0,1]

Két hop cd ¥ tuong cia nghién cau [17,18] tai phuong
trinh (12), ham rao CBF duoc chlng tdi thiét ké dua trén
khoang céch gitra robot va vat can nhu sau:

2
h(lx‘y(k)):(x(k)_xobs) +(y(k) yobs) ( obs+rrob) (19)
Trong truong hop la cac vat can dong, vi tri cua chang tai

mdi budc thoi gian k s& thay do6i va thu duoc théng qua cac
hé thong cam bién. Khi d6, phuong trinh (20) duge dieu chinh
lai @& mang dang tong quét cho ca vat can ¢6 dinh va di chuyén
nhu sau:

h( %y ()
= (%(K) = Xege (K)) + (Y (K) = Y (K))” (T + o)’

Trong d6: (X, (k). Yo (K)) 12 vi tri ctia vat can tai cac bude

(18)
u

(20)

thoi gian ldy mau k dugc thu thap thong qua cac hé thong
cam bién.

C6 thé thdy, 10i giai chung cua bai toan didu khién téi uu
tai phuong trinh (8) 13 mot chudi tin hiéu diéu khién ti wu co
dang [17]:

(N-1))

u’ =(u*(0),u*(1),...,u*

(21)

Trong khudn khé caa phuong phap NMPC-CBF, chi phan
tir dau tién u” =u"(0) duoc ap dung dé diéu khién robot, trong
khi cac phan tir (;c‘)nrlai bi loai b6 va s& duoc tinh toan lai tai
buac thoi gian ke tiep.

Nhin xét 6 (tong két bai toan NMPC-CBF): Tong két lai,
phuong phap 1ap ké hoach duong di thong minh NMPC-CBF
cta ching t6i dugc nhu sau: “Sau khi xay dung mé hinh roi
rac thu duoc tai phuong trinh (5) st dung RK4, chiing t6i xay
dung bai toan dicu khién ti wu tai (8) véi ham muyc tiéu dugc
md ta trong (10), két hop véi cac rang budc vat 1y va rang
budc an toan dya trén ham rao CBF nhu di trinh bay trong
(20). Phuong phap NMPC-CBF tao ra chudi tin hiéu diéu
khién t6i wu trong (21), ap dung phan tir dau tién trong chudi
nay dé diéu khién robot, cho phép robot di chuyén tir vi tri ban
dau dén muc tiéu, déng thoi dam bao duy tri an toan trudc cac
vat can, ké ca trong méi truong dong.”

4. Cac két qua md phéng va phén tich

4.1 Thiét 1ap md phéng

Céc chuong trinh mé phong dugc ching toi viét va trién
khai trén cling mot may tinh ¢6 cu hinh Intel® Core™ i7-
11850H (8 nhan, 2.50 GHz), RAM 32 GB, chay phan mém
MATLAB R2023b, dam bao chuong trinh hoat dong 6n dinh.
Trong nghién ctu nay, chién lugc NMPC-CBF duoc thuc
hién thong qua viéc xay dung va giai bai toan diéu khién toi
uu bang cong cu ma ngudn mé CasADi [25], duoc tich hop
dudi dang thu vién vao moi truong MATLAB R2023b.
Tuong tu nhu trong [17], bai toan diéu khién t6i wu (OCP)
duoc chuyén thanh mot bai toan 1ap trinh phi tuyén (NLP) six
dung phuong phép Multiple Shooting [26], trong d6 cd trang
thai va cac bién diéu khién deu duoc coi la cac tham s6 i wu
hoa CasADl sau do dugc ket nol v6i bo giai IPOPT [27] nham

Trong nghién ciru nay, mot sb gia dinh ky thuat dwoc
chung t6i dat ra nham don gian héa qué trinh mé phong trong
viéc danh gia hiéu qua cia NMPC-CBF. Cu thé, robot duoc
gia dinh di chuyén trén mat phang hai chiéu, khéng cé hién
tugng trugt banh va khong chiu anh huong bai nhiéu moi
truong hay sai s6 do luong. Pay 1a cac gia dinh phd bién
thuong thay tai cac nghién ctru trong giai doan danh gia hiéu
qua cua thuat toan diéu khién, dac biét khi tap trung vao kha
nang 1ap ké hoach chuyén dong va tranh va cham. Céc vt can
trong m6 phong dugc mé hinh hoa dudi dang hinh tron véi
ban kinh khong ddi, giap don gian héa qua trinh tinh toan va
cham ma van phan anh tuong ddi chinh xac céc tinh hubng
trong thuc té nhu nguoi di bo, ot try hay chuéng ngai vat
dang tron. Van téc cua cac vat can chuyén dong duoc gia dinh
la khong dol trong timg budc ldy mau va khdng bi anh huong
bai cac yéu to bén ngoai. Ngoai ra, vi tri muc tiéu cua robot
dugc gia dinh 1a ¢d dinh va da biét trudc, phi hop véi cac tng
dung phé bién nhu dinh vi t6i tram sac, diém giao hang hay
khu vuc muyc tiéu da dinh truéc trong hé thong diéu huéng tu
dong.

Céc thong s6 vat Iy cua 3WMRs bao gom: ve[-05,0.5]
=R=0.3 (m). Ngoai ra,

rob

(m/s), we[%ﬂ (rad/s), va r

trong tinh huéng mé phong nay vi tri cua robot bi gioi han
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trong pham vi: xe[-2,2] (m) va ye[-2,2] (m). Chu ky lay
mau trong chuong trinh mod phong duoc thiét lap 1a A, =0.2
(s). Robot dugc thiét lap dé xuat phat tai vi tri ban dau la
#,=[0,0,0] . Céc thong s6 caa NMPC-CBF dugc ching toi

lya chon ky ludng dya trén kinh nghiém va nhiéu lan thir sai,
dugc thé hién trén Bang 1.

Bing 1: Thong sé bo didu khién NMPC-CBF

Cac tham so

Q diag([1,5,0.1])

Cac gia tri

K diag ([0.5,0.001])
S diag ([0.01,0.001])
P diag ([150,150,150])
7 0.25

N 10

Trong ndi dung md phong nay, chung toi da thiét lap hai
kich ban riéng biét nham kiém tra kha nang van hanh cua ro-
bot di dong st dung chién lwoc NMPC-CBF trong nhitng tinh
hubng phic tap. Trong kich ban thir nhat, robot hoat dong
trong moi trudng c6 sy xuat hién cua cac vat can cb dinh. Doi
véi kich ban thi hai, robot phai di chuyén an toan gitra céc vat
can chuyén dong. O ca hai truong hop, téng cong bén vat can
v6i ban kinh khong dbi 1a r, =03 (m) dugc dua vio mo
phong. DAi véi kich ban cé cac vat can chuyén dong, cac vat
thé duoc thiét 1ap di chuyén voi tc do khéac nhau: vat can 1
di chuyén véi toc d6 t6i da 0.2 m/s, vat can 2 12 0.3 m/s, vat

Thosi gian: 0.4 5

can 3 12 0.35 m/s, va vat can 4 1a 0.15 m/s. Ngoai ra, dé tang
mirc do phuc tap cho bai toan diéu khién, mdi vat can dugc
gan mot quy dao chuyén dong riéng biét, phan anh nhitng tinh
hubng thuc té, noi robot phai ddi mat véi cac vat thé chuyén
dong theo nhitng hudng va toc d6 khong dong nhét nhu sau:
vat can 1 (x=02t,y=08)(mm), vat can 2

(x=1.5,y=0.5+0.3t) (m,m), vat can 3
(x=05,y =0.5+0.35t) (m,m), vat can 4
(x=0.8,y=18-0.15t) (mm). C6 thé thay, trong tinh hudng

céc vat can cb dinh thi vi tri cua ching d& dang duoc xac dinh
nhu sau: vat can 1 (x=00,y=08), vat can 2

(x=15,y=05), vat can 3 (x=05y=05), va vat can 4
(x =0.8,y=1.8). Vi tri myc tiéu cua robot duoc thiét lap nhu

sau: g, :[0.5,1.2,0]T. Bén canh do6, chung toi cling so sanh

phuong phap NMPC-CBF dé xuét véi thuat toan NMPC tai
[17] nham d4nh gia mirc d6 cai thién vé kha nang lap quy dao
va tranh va cham cuia robot trong cung diéu kién thi nghiém.
Pang chua ¥, trong tinh hudéng mé phong vat can cb dinh,
khoang cach giira vat can 1 va vat can 3 kha hep, gan xap xi
ban kinh ving an toan cua robot, day dugc xem la mét truong
hop hiém gap trong thuc té. Tuy nhién, tinh hudng nay dugc
dua vao mé phong nham kiém tra kha nang phan ng va gigi
han diéu khién cua h¢ thong lap ké hoach chuyén dong trong
diéu kién khong gian chat hep. Két qua cho thidy NMPC-CBF
van c6 thé diéu huéng qua khe hep do, chip nhan xam nhap
nhe vao viing an toan, thé hién kha ning can bang hop ly gitra
tinh an toan va hiéu qua quy dao trong moi trudng phic tap.
Céc két qua thu dugc va phan tich chi tiét hon dwoc thé hién
& ndi dung bén dudi.

This gian: 2.4's

Thi gian: 0.0 5
T T

v (m)

 (m) x (m)
Thei gian: 5.6 5

0.8

0.6 :
0.4

0.2 02

Y (m,
y (
s

=

0 ol

02b - B
o 0.5 1 L5 2 — n ns
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Hinh 4: NMPC trong trudng hop vét can cé dinh

4.2 Céc két qua thu dwoc va phan tich
4.2.1 Kich ban cdc vit cin cé dinh

Trong kich ban mé phong véi méi truong ¢6 nhiéu vat can
cb dinh, hai chién luge diéu khién NMPC-CBF va NMPC
duoc so sénh nham danh gia kha niang diéu huéng an toan va
hiéu qua cuia robot di dong. Cac két qua thu dugc cia NMPC-
CBF va NMPC duoc thé hién rd rang trén Hinh 3 va Hinh 4
twong &ng, cho thdy NMPC-CBF mang lai quy dao di cuyén
muot ma va tdi uu hon, nhd vao viéc tich hop cac rang busc
an toan dua trén CBF, gilp robot duy tri khoang cach an toan
Vi cac vat can trong sudt qué trinh van hanh. Miac du quy dao
cua NMPC-CBF cd xam nhap nhe vao vung an toan, song
mirc d6 xam nhap nay khong déng kéva khong gay ravacham,
phan anh sy cén bang hop ly giita yéu cau an toan va tdi uu
hda quy dao chuyen dong. Nguoc lai, NMPC thuan tay tao ra
quy dao diéu khién co xu huéng di sat mép vat can, dé tiém
an nguy co va cham va thé hién cac chuyén dong gip khc do
phai dleu chinh huéng dot ngot khi gap chudng ngai vat. Cu
thé, tong quéang duong di chuyén cua robot sir dung NMPC-
CBF la x4p xi 1.86 (m) trong khi d6 quang duong di chuyén
ctia robot khi sir dung NMPC 1a xap xi 2.42 (m), so sanh quy
dao dugc tao ra bai 2 phuong phap dugc thé hign rd trén Hinh
5 khang dinh rd su tdi vu hon cuia NMPC-CBF. Trong do,
phuong phap NMPC-CBF duoc thé hién bang duong nét lién
mau xanh duong, con ddi véi NMPC dugc thé hién béng duoc
nét dirt mau do. Vi tri ciia diém dich ma robot can tao dwong
di dén duogc thé hién bang hinh tron nhé mau xanh 14 cay.

y (m
s =

So sanh quy dao

——NMPC- CBF
== 'NMPC
15+ Dich

y (m)

057

0.5 0 0.5 1 L5 2
x (m)

Hinh 5: So sanh quy dao dugc tao bdi NMPC-CBF va NMPC

O thoi diém 0.0 s, ca hai phuong phap déu bat dau tir vi tri
ban dau tuong duong va cuing lap ké hoach di chuyén toi mot
vi tri dich. Tai 0.4 s, quy dao cia NMPC-CBF tao ra gilp ro-
bot IUi nhe lai dé tao da va thiét lap hudng di chuyén. Trong
khi d6, NMPC van giit huéng di kha truc dién va tiép tuc tién
st vat can phia trudc. Dén 2.4 s, NMPC-CBF thé hién kha
nang t6i wu rd rét khi robot da tién téi va chuan bi lach qua
khe hep gitra hai vat can trung tdm vai khoang cach da an toan
va tuyén dudng ngan, ‘hudng thang vé muc tiéu, trong khi do
NMPC bugc phai r& géc gap dé diéu chinh huéng di khi robot
tién qua gan vat can, tao nén mot doan quy dao gap khuc va
kéo dai quang duong di chuyén. Biéu nay tiép tuc duoc minh
chimng tai cAc thoi diém 4.2 s va 5.6 s, noi quy dao NMPC-
CBF da tiép can gan muc tiéu hon nhidu, Vi huéng di chuyén
6n dinh, trong khi NMPC van phai diéu chinh dé tranh céc vat
thé phia trén mau cam, khién robot bi léch ra khoi huéng di
t6i wu. Lac ndy, robot véi NMPC phai l0i lai dé dat duoc vi
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tri muc tiéu nhu thé hién tai 5.6 s. Cudi cung, & thoi diém 7.4
s, NMPC-CBF di dua robot téi gan muyc tiéu hon véi khoang
céch ngén va vi tri thuan loi dé chuan bi cho qua trinh 6n dinh
Vi sai s6 vi tri va goc hudng tiém can 0, rdi dung lai hoan
toan tai thoi diém xap xi 7.6 s nhu thé hién trén Hinh 6 dén
Hinh 9. Quy dao cia NMPC-CBF ngan hon va it thay ddi dot
ngot hon so voi NMPC. C6 thé thay, chién lugc NMPC-CBF
da giup tranh sém cac vat can c¢b dinh bang cach quy hoach
quy dao téi wu ngay tir dau thay vi chd dén gan méi diéu chinh
nhu phuong phap NMPC. Pang cht y, phuong phap NMPC-
CBF chip nhan mot mic xam nhap nhe vao ving an toan cé
kiém soat, nham duy tri quy dao ngan hon, va dam bao kha
nang di chuyén muot ma, khong lam mét di tinh an toan tong
thé caa hé thong.

15 So sanh sai sb vi tri theo thdi gian

Sai s6 vi tri

0 5 10 15 20
Then gian (s)

Hinh 6: So sénh sai s vi tri theo thoi gian

18 So sinh sai s géc hwrémg theo thii gian

——NMPC-CBF
= = ‘NMPC

i = >

—

goc huéng

o

10 15 20
Thén gian (s)

Hinh 7: So sénh sai s6 g6c huong theo thoi gian

Chi tiét vé sai s6 vi tri (tinh theo don vi mét) va sai s6 goc
hudng (tinh theo don vi radian) lan luot dwoc thé hién trong
Hinh 6 va Hinh 7. Cu thé, sai sb vi tri dugc xac dinh thong
qua chuan Norm-2 cua do léch gitra vi tri thuc té cua robot so
v6i diém muc tiéu. Qua cac két qua md phong, ¢ thé nhan
thay rang phuong phap NMPC-CBF khdng chi thé hién wu thé
rd rét trong viéc tranh vat can ma con mang lai hiéu qua vuot
troi vé do chinh xéc trong qué trinh hoi tu. Mic du, NMPC tao
ra quy dao di chuyén cho robot dat dwoc sai s6 goc hudng tiém
can vé 0 khi hé thong 6n dinh, thi van ton tai sai sb vi tri con
lai xap xi 0.02 m. Nguoc lai, NMPC-CBF cho thiy kha ning
diéu huéng téi wu hon, dua robot tién s&t muc tiéu véi sai s6
ca vé vi tri 1an goc hudng déu nho hon, tiém can gié tri 0.
Ngoai ra, biéu ¢6 Hinh 8 va Hinh 9 cho thay su khac biét 16
rang gitra hai phuong phap NMPC-CBF va NMPC théng qua
céc tin hiéu diéu khién dau ra, bao gdbm van téc tuyén tinh va
van téc goc - thuong dwoc sir dung lam tham chiéu cho bo
diéu khién cip thap cua robot. Viéc bdm theo cac tin hiéu tham
chiéu nay bang cac giai thuat diéu khiém bam gidp robot thyc
hién quy dao duoc t6i wu hoa boi mdi phuong phap. Can cir

vao céc két qua van toc tuyén tinh va van toc goc dugc hién
thi truc quan trén hinh, c6 thé thay rang ca hai phuong phap
NMPC-CBF va NMPC déu tao ra cac quy dao téi diém dich
ddng thoi giup dam bao cac rang budc vat 1y ddi véi van téc
tuyén tinh va van téc goc cua robot khi théa mén v [-0.5,0.5]
(M/s) va w e [%ﬂ (rad/s) nhu d3 trinh bay & phan thiét lap
mo phong. Bén canh do, khi robot tién sat dén vi tri muc tiéu,
ca hai phuong phap NMPC-CBF va NMPC déu cho thiy kha
nang didu chinh van téc tuyén tinh va van toc géc hoi tu vé
gi tri 0. Didu nay la can thiét nham dam bao robot dung lai
tiém can so vai vi tri dich ma khong phat sinh cac chuyén
dong du thira, tir d6 tang tinh 6n dinh va an toan cho hé théng,
dic biét trong cac tng dung yéu cau do chinh xac cao.

So sanh vin tée tuyén tinh
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Hinh 9: So sénh van téc géc theo thoi gian

Dé thuan tién cho viéc theo ddi va phan tich truc quan vé
hiéu sut gitra NMPC-CBF va NMPC, Bang 2 trinh bay cac
théng sé danh gia dinh lwong quan trong trong kich ban cac
vat can ¢ dinh, bao gém thoi gian tinh toan, téng quéng
duong di chuyén, va sai s6 trang thai cudi tai vi tri va géc
huéng. Can luu § rang thoi gian tinh toan dwoc théng ké 1a
két qua do bang cap lénh tic/toc trong méi truong MATLAB,
phan anh tong thoi gian CPU xir ly toan bo qué trinh mé phong,
tirc 1a khoang thoi gian tich liy tir khi bat ddu cho dén khi
robot hoan tat hanh trinh dén muc tiéu. So sanh céc chi sé
trong bang cho thay phuong phap NMPC-CBF thé hién wu thé
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rd rét. Mac du cd thoi gian tinh toan dai hon khoang 5.74 gidy
so véi NMPC thuan, NMPC-CBF lai gitip robot di chuyén
theo quy dao ngén hon | dang ké (giam khoang 23%), ddng thoi
dat dugc trang thai cudi véi sai s6 vi tri tiém can bang 0 va sai
s6 goc hudng bang 0. Trong khi d6, NMPC thuan du van dam
bdo dugc su on dinh ve goc hudng, nhung van ton tai sai s6
vi tri cudi xap xi 0.02 m, diéu nay c6 thé anh huong dén cac
tac vu yéu cau do chinh xac cao, dic biét trong médi truong
hep hoac khi can phéi hop nhiéu tac nhan. Viée ting thoi gian
tinh toan cuia NMPC-CBF la hoan toan hop Iy, do su bo sung
c4c rang bugc an toan dya trén CBF vao bai toan tdi vu, dan
dén bai toan tro nén phuc tap hon. Tuy nhién, phan chi phi
tinh toan tang thém nay van nam trong gisi han chap nhan
dugc, dac biét trong bdi canh cac hé thdng nhing hién dai
ngay cang manh mé va c6 kha nang xtr ly thoi gian thuc t6t
hon. Pidu ndy khang dinh ring NMPC-CBF khong chi dam
bao an toan ma con gép phan nang cao hiéu qua va do chinh
Xé&c cua hanh vi diéu hudng.

Bang 2: So sanh hiéu suét gita NMPC-CBF va NMPC

Cic thong sb NMPC-CBF NMPC
Thoi gian tinh todn 16.82 (s) 11.08 (s)
Tong quang dudng 1.86 (m) 2.42 (m)

Sai s0 vi tri 0 (m) 0.02 (m)
Sai s6 goc hudng 0 (rad) 0 (rad)

4.2.2 Kich bdn cdc vit cin di chuyén

Trong kich ban mé phong vai cac vat can chuyén dong thé
hién trén Hinh 10 va Hinh 11, lan luot cho thiy su khac biét

Thii gian: 0.0 s

] 05 1 1.5 2 0 0.5

Hinh 10: NMPC-CBF trong truong hop cac vat can di chuyén

Thisi gian: 0.4 5

gitra hai phuong phap NMPC-CBF va NMPC dugc thé hign
rd rang qua kha ning didu huréng an toan va hiéu qua cua robot.
O phuong phdp NMPC-CBF (Hinh 10), robot chu dong lra
chon quy dao mém mai, ngin gon va an toan hon, khéo 1éo
lach qua cac vat can dang di chuyén ma van duy tri khoang
cach an toan ti thiéu, dong thoi nhanh chéng tiép can muc
tidu. Tai cac thoi diém 2.4s,4.2 s, va 5.6 s, robot di c6 nhitng
chuyén hudng hop 1y dé tranh va cham, chirng minh kha ning
thich wng nhay bén vai sy thay doi lién tuc cia méi truong.
Pang chu ¥, quy dao chuyén dong duoc thé hién trong Hinh
10 c6 d6 cong duoc diéu chinh hop 1y khi d6i mat vai cac tinh
huéng nguy hiém, minh ching cho qué trinh lap ké hoach
chuyén dong théng minh, noi cac rang budc an toan tir CBF
duoc tich hop hiéu qua. Khdng chi tranh dugc va cham, robot
con duy tri tinh muot ma trong chuyén dong, phan anh cht
lwong diéu khién toan dién ca vé& mat quy dao 1an hanh vi van
dong. O thoi diém 8.6 s, robot di tiép can thanh cong vi tri
muc tiéu, hoan tat qué trinh dan duong mot cach hiéu qua va
an toan. Nguoc lai, trong phuong phap NMPC (Hinh 11), ro-
bot duong nhu khong nhan thirc dwoc mie d6 nguy hiém cua
c4c vat can dang di chuyén, dan dén tinh hudng tién gan qué
murc dén chudéng ngai vat. Cu thé tai thoi diém 2.4 sva 3.8 s,
robot da va cham véi cac vat can mau do va mau cam. Quy
dao duoc tao ra tir NMPC cho thay hé théng lap ké hoach
chuyén dong khong du kha niang diéu chinh hop 1y truéc cac
tinh hudng phtrc tap, nhét 1a khi céc vat can thay doi vi tri lién
tuc. Nhitng két qua thu dwoc nay di nhan manh viéc tich hop
rang buéc CBF trong NMPC khong chi giap dam bao an toan
va cham ma con cai thién dang ké hiéu suat din duong va do
tin cay cua hé thong trong cac moi truong dong phuc tap.

Trong truong hop nay, viéc phan tich thém cac thong sb nhu
sai s6 vi tri hozc tin hiéu diéu khién la khdng can thiét, boi vi

Thi gian: 2.4 s
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Thisi gian: 0.0

z (m)
Thiri gian: 3.8 s

Hinh 11: NMPC trong trudng hop céc vét can di chuyén

hanh vi va cham truc dién da truc tiép ching minh s that bai
caa NMPC va 1am ndi bat vu diém vuot troi caa NMPC-CBF.

Ngoai ra, cac két qua dinh lwong dugc trinh bay trong
Bang 3 cho thldy NMPC-CBF khong chi gitip robot dam bao
an toan ma con dat hiéu suat dan duong cao, voi sai s6 vi tri
va goc hudng cubi bang 0. Tong quang duong chi 2.55 m,
phan anh qua trinh diéu huéng ngan gon va hiéu qua. Thoi
gian tinh toan dat 17.88 s, duoc do bang ham tic/toc, phan anh
toan bé thoi gian CPU xir ly qua trinh mé phong. So véi kich
ban vat can tinh véGi thoi gian tinh toan la 16.82 s, thoi gian
tinh toén trong kich ban nay tang 1én do hé théng phai lién tuc
cap nhat lai rang budc CBF theo vi tri tirc thoi ciia cac vat can
di chuyén, ddng thoi giai bai toan téi uu voi didu kién thay dol
lién tuc theo thoi gian. Tuy nhién, mic ting nay van nam
trong giGi han cho phép cua nhiéu hé théng nhang hién dai,
dac biét khi thuat toan c6 thé duoc t6i wu hoa va thuc thi trén
c4c nén tang phan ctng chuyén dung manh ma.

Bang 3: Hiéu sut cia NMPC-CBF

Céc thong sé NMPC-CBF
Thoi gian tinh toan 17.88 (s)
Tong quang duong 2.55 (m)

Sai s0 vi tri 0 (m)
Sai s0 goc hudng 0 (rad)

Cung vé6i do, Hinh 12 ciing cung cap tryc quan hon kha
nang hoi tu nhanh va chinh xac cua robot vé trang thai muc
tiéu khi &p dung giai thuat l1ap ké hoach chuyén dong thdng
minh NMPC-CBF. Cuy thé, quy dao dugc tinh toan boi
NMPC-CBF gilp sai s6 Vi tri va goc huéng cta robot giam vé
tiém can gia tri 0 trong vong xap xi 8.6 s, cho thiy NMPC-

Thiti gian: 0.4 5

Thiri gian: 2.4 3

CBF tao ra quy dao tdi wu khong chi dat 6 chinh xac cao vé
Vi tri ma con duy tri dung huéng. Két qua nay 1a co so viing
chic khang dinh kha ning 1ap ké hoach chuyén dong t6i uu va
dam bao an toan cua thuat toan NMPC-CBF ma chung t6i dé
XUAt. Téng két lai, tir goc do thiét ké hé théng lap ké hoach
chuyén dong, su két hop gitra NMPC va CBF c6 thé xem la
mot huéng tiép can hiéu qua dé dung hoa giita nhiéu muc tiéu
bao gém ti wu hoa hiéu suat din dudng, dam bao an toan van
hanh, va phi hop dé trién khai thyc té.

Sai s6 vi tri va gbc hwédng ciia NMPC-CBF theo thoi gian
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5. Cac két ludn va hwéng phat trién trong
twong lai

Phuong phap NMPC-CBF duoc d& xuat trong nghién ciru
nay da ching minh kha ning 1ap ké hoach chuyén dong hi¢u
qua va an toan cho robot di dong ba banh trong cac moi truong
phtrc tap ¢6 nhiéu vat can c¢b dinh va chuyén dong. Bang cach
két hop hai hoa gitta CBF nham dam bao céc rang bugc an
toan va NMPC d¢ tbi wu hoa ham muc tiéu, chién luge diéu
khién nay cho thay hiéu suit vuot troi so véi phuong phap
NMPC truyén thong. Két qua md phong cho thiy robot ¢ thé
di chuyén vai quy dao muot ma, on dinh, sai s6 nho va phan
ung nhanh, dac biét 1a kha nang tranh vat can hiéu qua ngay
ca trong nhiing tinh hudng khé xir ly. Trong nghién ciru nay,
cac md phong da dugc thiét 1ap trong truong hop ton tai khe
hep gitra hai vat can nhim danh gia gi6i han diéu khién, nhung
céc nghién ctu tiép theo ching t6i s& tap trung vao céc kich
ban thuc té hon, phan 4anh chinh xac hon méi truong van hanh
cua robot. Trong tuong lai, chién lugc NMPC-CBF ¢4 tiém
nang dugC maé rong de ap dung cho cac hé thong robot phtrc
tap hon, cling nhu trién khai truc tiép trén nén tang phan ctng
thue dé danh gia tinh kha thi va d¢ tin cay.

Loi cam on

CAc tac gia tran trong cam on sy hd tro tir Truong Pai hoc
Cong nghiép Ha Noi, Truong Pai hoc Mé dia chat, Pai hoc
Quéc gia Ha Noi, Pai hoc Phenikaa, va HTI Group trong qué
trinh thyuc hién nghién ctru. Ching t6i cling cam on Ban bién
tap va cac phan bién da dwa ra nhitng nhan xét hitu ich gilp
cai thién chit luong bai béo.
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