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TOM TAT
Bai bdo trinh bay vé van dé diéu khién UAV canh bang bam theo dwong dan phic tap. Pé dan
duwong cho UAV bam theo dwong phirc tap, bai bao dp dyung khung Serret-Frenet dé mo ta dwong

dan mong muén va dé xuat mot thudt toan dan dwong. Tinh 6n dinh cia thudt toan dan dwoc chung
minh bang tiéu chudn Lyapulov, cdac thudt toan dé xuat dwoc kiém ching bang mo phong.

Tir khoa: Diéu khién UAV; Bam duodng; Serret-Frenet.
1. MO PAU

Bam theo quy dao va bam theo dudng din 1 hai bai toan diéu khién chuyén dong dién hinh cua
UAV trong khong gian. Cac thut toan dan UAV bam theo dudng dan (trong do khong cé rang
bugc vé thoi gian va do do UAV ¢6 thé di chuyén véi toc do tiy chon), duge phan loai tuy theo cach
tiép can dé giai bai toan, tir Iy thuyet hinh hoc hodc 1y thuyét diéu khién [4]. Céc thuat toan tiép can
tir ly thuyét hinh hoc ¢6 uu diém 1a truc quan, it phtc tap va dé thuc hién do viéce tinh toan céc sai
sO goc va céc sai s6 vi tri nhanh chong. Cac phuong phap nay co thé ké dén nhu: din duong trén co
s& truong vector; bam theo dudng ngam, ... Cac thuat toan dan duong tir Iy thuyét diéu khién, dic
biét 1 cac ky thuat diéu khién phi tuyén, cung cp cho cac bo diéu khién mot mirc do chic chin
nhét dinh trude sy nhidu loan cta gio. Tuy nhién, ching thuong phirc tap va doi hoi nhidu thoi gian
dé phan tich, danh gia va tong hop [4]. Cac thuat toan niy c6 thé ké dén nhu: diéu chinh bac hai
tuyén tinh (LQR), diéu khién ché do truot, diéu khién du doan mé hinh, ... hodc mot sb thuét toan
g dung mang no-ron, tri tué nhan tao nhu: diéu khién dya trén hoc tap ting cudng [9],...

Theo cach tiép can tir Iy thuyét hinh hoc, viéc diéu khién UAV bam theo mot dudng hinh hoc
khong gian xac dinh tru6c (bao gom diéu khién dong thoi dong thoi ca vi tri va hudng), cb thé dat
duoc béng cach so sanh su sai 1éch vi tri va goc, gitra mot hé toa do (khung toa dé) dugc chi dinh
lién két véi phuong tién va mot khung mé ta duong dan, tuong g voi moi diém can dat téi. Vi
cach giai quyét nhu vy, theo [2], thuit toan bam theo dudng dan s& giam sy phirc tap, tranh gap
phai cac diém ky di (khi UA V nam diing tam ciia duong quy dao) dong thoi s& duoc gidi quyét nhu
bai toan bam quy dao voi tbe dd UAV dugc thay ddi.

Trong phan ndi dung dudi day, bai bao s€ trinh bay viéc ap dung h¢ toa do Serret Frenet dé mo
ta duong dan phirc tap ciia UAV, tirc 1a duong dan c6 do cong va do xoan thay doi theo tham sd
md ta (tham sé dg dai cung), va gia dinh rang dudng dan d6 thoa man cac gidi han khi dong hoc
cua UAV, tr d6 xay dung mo hinh dong hoc va dé xuat mot luat dan cho UAV. Tinh 6n dinh cta
thuét toan dan dugc ching minh bang tiéu chuan Lyapulov va kiém chimg bang mé phong.

Bai bao to chirc gom 5 phan: Phan 1: M& déu; Phan 2: M6 hinh dong hoc ctia UAV canh bang
trong hé toa do Serret — Frenet; Phan 3: Thuat toan dan duong va tinh on dinh theo tiéu chuén
Lyapunov; Phan 4: M6 phong kiém chimg; Phan 5: Két lun.

*Ky hi¢u: R 1a ma tran quay tir Hé toa do {4} sang Hé toa do {B}; sé)(z)lé dai luong €
(toa do, van tdc dai, van toc goc,...) cua dbi twong (1) so véi dbi twong (2) biéu dién trong hé
toa do {4}.
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2. MO HINH PONG HQC CUA UAV TRONG HE TQA PQ SERRET- FRENET

Theo [7], dong hoc ciia UAV mé ta trong hé toa do dan dudng {I} xac dinh bang hé phuong trinh:
X = V,.cosf cosy
y =V,.cos 8 siny
z=—V,sin@ Q)
Y=w= %tanqb

Vi

-qhay=[* ¥ Z]T latoa do cua UAV trong {I};

- ¢,6,1, ,V, lan lugt 1a géc nghiéng, goc chic — ngéc, goc hudng, toe do goc huong va téc
d6 doi khdng cua UAV;,

- g 1a gia tdc trong truong.

Mo hinh (1) ¢6 vector trang thi va vector diéu khién 1a:

{x=[x1 X2 X3 X]=[x y z Y]
u=[ur w]=1[60, @]

Trong hff: toa do Serret-Frenet {IF}, mot cach céch gan tuong tw, mo hinh dong hoc cua UAV sé&
thu duoc bang cach so sanh su sai khéc vi tri va goc gitra hé toa do Iiép két {B} cua UAV va hé
toa do Serret-Frenet {IF} c6 goc chuyén dong doc theo duong dan, cu thé nhu sau:

Gia sir duong dan 3D p(#) c6 Mo ta bang tham s6 do dai cung €. Goc Of cua hé toa do {IF}
chuyén dong doc p(¥) cb cac truc Opxp; Opyr; Orzp lan luot tring véi cac vector T, N, B xac

dinh tr phuong trinh:
. (T(#) 0 k(€) 0 | /1w
— N(f’)> =[—k(¥) 0 7(£) <N(f’)>
ar
B 0 —t(#) 0 B
Trong d6: k(£); T(£) lan lugt 13 d6 cong va d6 x0in cua duong dan va 1a ham cua £. Toa do
qhiay = [6x ey ez]T cua UAV trong {IF} dugc xac dinh bang cong thirc:
Qv = 1R@hav — () 2
Voi fR lama tran quay tir {I} sang {F}. Ky higu: {¢ 6 Y}va{pr 6r vr} lan luot 12 3
goc léch Euler cua {B} va {IF} so vai {II}. Lay dao ham theo thoi gian 2 vé (2), ta co:
ex
éy| = TR (ahay — (@) + TR (Ghav — P(®) 3)
éz

Puimg dan
mong mudn

Ky hieu sir dung:

{I}: Hé toa d6 dan duong:

{F}: Hé toa do Serret-Frenet;

{B}: Hé toa d6 lién két;

V,: Vector vén toe déi khéng ciia UAV.

D

Hinh 1. Toa do UAV trong cdc hé toa do.
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Trong do: 1R = R.S(wf;). Céc goc Yr V& Of twong ing voi thi tu quay cac truc Opzp —
Oy Vayp = £.k(£); 0 = £.7(£) nén toc do géc wk; vamatran S(w%;) xac dinh theo cong thuc:

0 cos O —sin 9,; 1,01: sin O
0 sin O 0 cos QF l/)p l/)F cos 9F
[ 0 —2.x(£).cos O b.t(¥)
S(wk) = |2.x(£).cos O 0 £.k(£).sin Oy 4
—4.7(9) —2.k($).sin 6, 0
Vi P
Do: gLy = BRT.l 0 [vap(®) = fRT.|o]|, v&i BR va {R xac dinh nhu (5), (6):
0l 0
cosf@cosyp cosfOsiny —sinf
BR=| —siny cosy 0 ] (5)
cosysind sinfsiny cos@
cosOg cosYr cosOgsinyp —sinbg
FR =] —sinyg cosp 0 ] (6)
cosYrsinfr sinfpsinyr cosOx

Nén két hop (4), (5), (6) va (3), ta thu duoc phwong trinh i vi tri cua UAV trong {FF}:
é, = V,.(cos@.cos B .cos(p — Pg) + sin 6 .sin O) + 2. (T(f). e, —Kk(£).cosbr.e, — 1)
éy = Vg.cos8.sin(y —Pp) + 2.1(¥).(cos O . e, + sinbp.e,) (7
=V,.(cos @ .sinBg.cos(y —Pg) —sinB cos Oz) — . (k(£).sin O . e, +T(£).e,)

Mt khac, ky higu: ¢, = 1 — P la sai Igch gitra 2 goc huong cua {B} so véi {[F} biéu dién
trong {I} va lay dao ham theo thoi gian, ta c6 phu’o’ng trinh 16 goc:

e =1 — ¢F=7tan¢ 2.x(2) (8)

Két hop (7) va (8) ta cO phwong trinh mé ta dpng hoc cia UAV trong hé toa do {F}:
é, =V,.(cos @ .cos B .cosp, + sinf.sinOg) + 4. (T({’). e, —Kk(f).cosbp.e, — 1)
éy, =V,.cos6.siny, + £.1(¥).(cos O .e, + sinbg.e,)
= V,.(cos @ .sin @ .cosyp, — sin 6 cos B) — 7. (K({’). sin 6. ey, + T(£). ex) ©)

o = gtang‘b — Pxe(8) (W6i p # i‘g)

Trong (9), # thé hién téc do di chuyén gdc toa do O doc dudng dan, va do khéng cé cac rang
budc giita thoi gian va vi tri trong bai toan bam duong din, nén goc toa dé O cua hé toa do {IF}
c6 thé dugc diéu chinh thong qua viéc diéu chinh 2. Tuc 1a v& mit hinh thic, c6 thé coi te do bién
doi £ ctia goc toa do {IF} 1a mot thanh phan cia vector diéu khlen (1a hinh thizc do £ chi 1a mét dai
lwong toén hoc, khong phaz la dai lwong Vat Iy ciia doi twong diéu khlen) véi muc dich dua toa do
cua UAV trong {IF} tién vé gié tri “0”. Trong mat phang ngang [2], £ dwoc diéu chinh sao cho Oy
1a hinh chiéu tryc giao cia UAV trén duong dan, dé sai léch trén truc Opxy e, — 0. Trong khong
gian 3D, bai bao lya chon O sao cho mit phing (Opyrzp) chira trong tam cua UAV, tuc la sai so
e, — 0, ldc nay sai s6 khoang cach chinh 1a sai sb trén 2 truc Opyr Va Opzp Va sai s6 giira goc
huong i cua UAV va goc huéng iy cua vector tiép tuyén T. Tir (9), chon vector trang thai va
vector diéu khién la:

{X = [xl Xy X3 X4 [ex ey ez 1/)3 - 61,[) (ey)]T (10)
u=[U U uzl=[9 ¢ ¥
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Trong (,ié’ thay vi gdc 1, bai bao str dung 1, — &y, (ey) (Helmsman behavior) 8], dé dinh hinh
cac gac tiép can voi duong dan, véi 8, (ey) 1a mot ham bat ky, ty 1& véi sai s6 ey, va thoa man:
ey. 0y (ey) >0
5y(0) =0 (11)
61,0 (ey) € (_lpe' l/)e)
Khi UAV ¢ xa duong din, goc tiép can gan bang % khi UAV dn gan duong dan hon, goc tiép
can c6 xu huéng bang khong va s& bang khong khi e, = 0. Dong thoi, UAV r& trai khi dang ndm

& bén phai duong dan va ré phai trong truong hop nguoc lai. Hinh 2 minh hoa cac gac tiép can
theo khoang cach téi dudng dan bang trudng vector tai cac diém trén dudng dan.

Hinh 2. Minh hoa géc UAV tiép can dwong dan.

Dén duong trong hé toa do {IF} Iic nay Ia viéc thiét ké mot luat dieu khien phan hoi cho 6; ¢;
sao cho céc tin hiéu trang thai (10) tiém can ve “0”.

3. LUAT DAN PUONG VA TIiNH ON PINH THEO TI£U CHUAN LYAPUNOV

Mot cach truc quan, bai toan diéu khién UAV Ilc nay 1a viéc dua trong tm ciia UAV triing Voi
gbc toa do O va cin chinh vector van téc V, thing hang véi truc Orxg. Gia dinh ring UAV duoc
trang bi mot bo 1ai tw dong (autopilot), dong vai tro 1a bd didu khién vong trong dap tng duoc tat
ca céac lénh 6, va ¢, ma bo diéu khién dan dudng dwa toi, bai toan bam dudng dan duoc phét biéu
nhu sau:

Bai toan: Cho mét dwong dan mong muon p(#£) trong khéng gian va mgt cau hinh vén téc cia
UAV Vi < Vo (t) < Vg Yt = 0 doc theo duong dan dé. Xdc dinh ludt diéu khién cho 6,, ¢,
Va £ dé duwa cdc sai so ey; ey; e; Vap, tiémcan vé 0.

Chon vector trang thai va vector diéu khién nhu (10). So db diéu khién vong kin cho UAV &
cip do dong hinh hoc biéu dién nhu hinh 3.

Duong dan
DO T@.NE.BEOT | gy o u=[0 ¢ Mo hinh bém )
—_— N > R . R
didu khidn bam duong dan
trong {F}
h
W lex e, e, P, — 8y

Hinh 3. So do diéu khién vong kin UAV bam dwong dan.
Chon ham Lyapunov:
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1 1
V00 =5 (e +ef +e) +5 (e = 8y(ey)) (12)
Dao ham theo thoi gian 2 vé cua (12), ta co:
V(X) = exéy + eyéy + 6, + (Pe — Sy(ey))(We — by (ey)- €y)
= ey. (V;. (cos 0. cos O . cos, + sin @ .sin6g) — £)
+ey.V,.cos6.siny, + e,.V,. (cosB.sinOf.cosp, —sin . cos Of)

=t (om0 -000) (O G280

V(X)) = ex(Al — {") — e,V sinf cos 0 — e, V, tan 51,,(ey) + (Y — 6y (ey)) (Vitan ¢+ Az)
Trong do:
Al— . (cos 6 .cos O .cos, + sin 6 .sin Or)
==L k() — &l,(ey)({’ k(£).(cosOg.e, + sinfg.e,) + V,.cos0.siny,)
ey. (cos 0.siny, + tan 51/)(6’3,)) + e,.cos 8 .sinfg.cosip,

— &y (ey)

+ 1.
Toi day, chon:
?=Kie, +V,.(cos0.cosOr.cos, +sinb.sinbp) = Kje, + A,

0 = arcsin (&) (13)
V,.cos 0

Va
¢ = arctan(g (=42 = K2 (e — 6y(ey))))

8y(ey) = arctan(%y) V6i Ky: Ky; Ks; d 13 cac hing s duong.
~ / . 2
Din dén: V(x) = —K;e? — Kz — K; (e — 8y (ey)) = Vatan 6, (ey)

2 2 2 ej
= —‘Klex — K3€Z — KZ ’(ll)e - 6#,(6;,)) - Vag <0
= Nhu vay, vai luat dieu khién (13) dé xuat trén, ham V (x) xac dinh duong c6 dao ham theo thoi
gian V(x) luén nho hon hoic bing 0. H& md ta trong hinh 3 6n dinh tiém can v& 0 (e,; ey; e, —
0vay, - &y (e, ) khi t - ) theo tiéu chuan Lyapunov.

4. KET QUA MO PHONG

Dé kiém ching két qua trén, tién hanh mé phong UAV bam theo duong dan Helix c6 phuong
trinh mo ta theo tham s6 d6 dai cung ¥:

¢
(x(f) =R. COS(E)

¢
y(#) =R. sin(E)

f
Z(f) = bE
Vector tiép tuyén:
dpd(f’)
R &y R 6 b
T = ”dpd(e)” NCETD) “(E)'m“’s (R)'m)
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Vector phép tuyén:

1 R ¢ R _(?
N=-T = ——cos(—);——sm(—);o
K (R2+b2) \R (R2+b2) \R

Vector tring phap tuyén:
B=TXN

M6 phong voi: £ € [0 3500]; R = 200; b = 10; V, = 10 m/s; toa d6 ban dau cua UAV Ia:
[-150 200 —10]va cac tham sb chon dé md phong la: Ky = 0.1; K, = 0.05; K3 = 0.05; ta
c6 két qua nhu hinh 4. Trén hinh 4, duong dan mong muén 1a duong mau do va két qua bam cia
UAV la duong mau xanh. Két qua cho thay, vi tri ban dau cia UAV 1a [-150 200 —10] khéc
v6i vi tri bat ddu duong dan1a [0 200 0], nhung véi luat didu khién (13), UAV di tiép can va
chuyén dong cach tron tru va 6n dinh theo duong dan. Véi toe do dbi khong V,=10 m/s, UAV tiép
can duong dan tai thoi diém 16,67 s (hinh 5). Céc sai s6 vi tri va sai s6 goc ctia UAV ludn 6n dinh
O cac gia tri ti€ém can “0” voi gia tri 16n nhét nho hon 2,1 m nhu hinh 5.

3D Path following Position errors: 8, ew 8,

5
............ S S S SO e,
; ]
i i i ; ; i
0

200 -

2
Meters {(m)
Ltﬂ o

E 100 . . 10
g : - 50 100 150 200 250 300 €,
T 50 : . — — Time (s)
= Q -w_—D Angular error: v,
_ : : : ,
0 : :
T~ TS ~ 05 "1 -
=50 oo Z
-200 Reference _ _ %
S R R A S
200 ~_ggop -200 ~100 ) 50 100 150 200 250 300 350
Meters (m) Meters (m) Time (s)
Hinh 4. Puong dan mong muon Hinh 5. Bgng hoc loi vi tri
va dwong bam cua UAV. va loi géc hueng .
5. KET LUAN

Trén co so tiép can bai toan UAV bam duong dan tir co s& Iy thuyét hinh hoc, bai bao di tiép
tuc giai quyét thuat toan dan duong trong khong gian 3D dua trén hé toa do Serret-Frenet tir cac
két qua ma [2] da dat duoc trong mat phang 2D. Thuat toan dan dwong trong hé toa do {F} s&
khéng thé xac dinh dugc diém can bam khi duong din mong muédn cé do cong bang khong (tic 1a
dwong ddn la dwong thang). Tuy nhién, vu diém d& nhan thay cta phuong phap nay chinh 14 tinh
tryc quan va tinh toan don gian caa nhém céc thuat toan dan duong tiép can tir ly thuyét hinh hoc.
So véi phuong phap bam theo diém tham chiéu & mot diém thuge duong dan ¢ gan UAV nhit,
phuo‘ng phap bam trong hé toa do {IF} mém déo hon va loai bo duoc truong hop ¢6 nhiéu nghiém
khi c6 nhiéu diém trén duong dan cung théa man khoang cach nho nhit t6i UAV. Thay vi xac dinh
mot diém “citng” nhu cach chon diém bam 1a hinh chiéu cua trong tim UAV 18n dwdng dan, hoic
1a mot diém nam phia trudc c6 khoang cach cb dinh véi UAV, “diém tham chiéu” véi phuong
phép dan duong hé toa do {IF}, c6 thé dugc khai tao & bat ky dau trén duong dan, va co thé diéu
chinh qué trinh phat trién thong qua diéu khién £ dé dua céc sai s6 dén gia trj mong muon. Piéu
ndy cting cho phép bai toén dan duong thuan tdy khong co cac rang budc vi tri — thoi gian, dwoc
xem xét dén cAc yéu tb thoi gian nhu 1a mot bai toan bam theo quy dao.

Bai bao da st dung mét luat dan trén co s lva chon goc tiép can dudng din mong muédn la
ham arctan(x) cua khoang cach tir UAV téi diém dan. Cac két qua thu duoc tir mé phong cho thiy
viéc bam duong dan mong mudn on dinh va c6 d6 chinh xac tot. Trén co s¢ nhing két qua da trinh
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bay, nhitng ni dung c6 thé tiép tuc dugc nghién ciru d6 1 déanh gia d¢ chinh xac, higu suat,... cua
UAYV bam duong dan khi c6 tac dong cua gié va nhicu cling nhu xem xét den yeu to thoi gian
trong phuong phap bam duong dan ndi trén.

[1].
[2].
[3].
[4].
[5].
[6].

[71
8].
[9].

TAI LIEU THAM KHAO

Dinh Thé Lyc, Pham Huy Dién, Ta Duy Phuong, “Gidi tich cac ham nhiéu bién-Nhitng nguyén Iy co
ban va tinh toan thuc hanh . Nha xuét ban Dai hoc Quéc gia Ha Noi.

Pham Thi Phuong Anh, Nguyén Vii, Phan Tuong Lai, “Thudt todn dan dwong cho UAV dya trén hé
toa do Serret-Frenet”. Tap chi Nghién ciru Khoa hoc va Cong nghé quan sy, S6 Pac san TDH, (2019).
L& Ngoc Lan, “Xdy dung bg 6n dinh va thudt todn diéu khién bam quy dao cho UAV cénh bang ”. Luan
an Tién sy ky thuat, (2020).

P.B. Sujit, Srikanth Saripalli, and Jodo Borges Sousa, “A survey And Analysis of Algorithmsfor fixed-
wing Unmanned Aerial Vehicles”. |EEE Control Systems Magazine, (2014).

Marco Bibuli, Gabriele Bruzzone, Massimo Caccia, Lionel Lapierre, “Path-Following Algorithms and
Experiments for an Unmanned Surface Vehicle”. Journal of Field Robotics, (2009).

R. Ghabcheloo, A. Pascoal, C. Silvestre and |I. Kaminer, “Nonlinear Coordinated Path Following
Control of Multiple Wheeled Robots with Bidirectional Communication Constraints”. Journal of
Adaptive Control and Signal Processing, (2005).

Randal W. Beard , Timothy W. McLain, “Small Unmanned Aircraft - Theory and Practice
Supplement . Princeton University, (2023).

Craig R. Husby, “Path Generation Tactics for a UAV Following a Moving Target”, University of
Washington, (2005).

Mohammad Rokonuzzaman, Navid Mohajer, Saeid Nahavandi, and Shady Mohamed, “Learning-
based model predictive control for path tracking control of autonomous vehicle”. |IEEE International
Conference on Systems, Man, and Cybernetics (SMC), pages 2913, (2020).

ABSTRACT

The guidance algorithm for the UAV follows a complex path
based on the Frenet coordinate system

This article presents the problem of controlling a fixed-wings UAV to follow complex
paths when performing special tasks. To guide the UAV following complex paths, the article
proposes a solution to apply the Frenet-Serret frame to the desired path and proposes a
guidance algorithm. The stability of the guidance control law is proven by the Lyapulov
function, the proposed algorithms are verified by simulation in Matlab.

Keywords: Fixed-wing UAV; Path following; Frenet-Serret frame; UAV guidance.
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