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Tém tit

Bai bdo g dung phwong phdp diéu khién trieot dé tong hop bé diéu khién
quadrotor c6 treo tdi véi do dai ddy cdp thay doi, bam theo cdc qu dao bay dat triede.
Xdy dung mo hinh todan hoc cho doi twong diéu khién, tir d6 tién hanh thiét ké bé diéu
khién truwot cho quadrotor. Kiém chitng, danh gid chdt lwong ciia bg diéu khién bang

mo phong, cho thay bo diéu khién dap wng tot voi cac dau vao mong muon.

Tir khéa: Piéu khién truot, Khong ngwoi ldi, Quan sdt trang thdi mé réng, Quy
dao, Thiét bi bay.
Abstract

This paper investigates the use of sliding mode control for designing a controller
for a quadrotor carrying a suspended payload with a variable cable length, aiming at
tracking predefined flight trajectories. A mathematical model of the system is first
derived, followed by the design of a sliding mode controller for the quadrotor.
Simulation results are then presented to evaluate the controller's performance,

showing satisfactory tracking behavior with respect to the desired reference inputs.

Keywords: Sliding mode control;, Unmanned aerial vehicle (UAV),; Extended
state observer (ESO); Trajectory tracking; Aerial vehicle

1. MO PAU

Hién nay, cac phuong tién bay khong nguoi lai da va dang dugc ung dung ngay
cang rdng rai trong nhiéu linh vuc nhu quan su, giao thong van tdi, van chuyén hang
hoa, nong nghiép va tim kiém ctu nan. Trong d6, quadrotor 13 mét trong nhitng ciu
hinh pho bién. Day la loai phuong tién bay khong ngudi l4i sir dung bon dong co canh
quat bd tri ddi xtng, co thiét ké don gian, kha niang co dong linh hoat va hoat dong

hiéu qua trong khong gian hep. Khi dugc tich hgp thém co cau treo tai, quadrotor c6
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thé thyc hién cac nhiém vu trong cac khu vuc kho tiép can tot hon so véi cac phuong
ti€én van tai truyén théng. Tuy nhién, dé diéu khién mot hé théng nhu vay dat ra nhiéu

thach thirc vé mat k¥ thuat.

Hé théng quadrotor cé treo tai thuong dbi mit véi cac van dé phirc tap nhu su
dao dong cua tai trong, cac tac dong tir nhidu bén ngoai nhu gié hodc thay ddi moi
truong hoat dong, cung voi su bat dinh trong mo hinh va sai sb cam bién. Ngoai ra, do
tai duoc treo bﬁng day nén hé théng ¢ thém béc tu do, khién viéc diéu khién tré nén
phire tap hon. Quadrotor hoat dong trong méi trudng nhiét d6i gié mua khién cac linh
kién dién tir trong hé thong diéu khién dé bi xudng cip, lam giam do tin cay, hiéu qua
khai thac ctua hé théng. Do do, yéu cau dit ra la phai xay dung dugc mdt hé théng diéu
khién c6 do tin cdy cao, kha ning thich nghi tét va di bén vimg dé duy tri quadrotor

hoat dong 6n dinh trong nhiéu diéu kién khac nhau.

Bo diéu khién cho quadrotor thudng yéu cau nhiéu cam bién dé so sanh tin hiéu
dat va tin hiéu thuc t& nhim tao ra tin hiéu diéu khién phu hop. Diéu nay lam tang do
phirc tap va chi phi cua hé théng. Bo diéu khién [1] dwa trén viéc lya chon ham
Lyapunov nham dam bao 6n dinh cic quy dao mong muén doc truc (X, Z) va goc
nghiéng. [2] thiét ké bo diéu khién PID va LQR dé 6n dinh do cao. [3] sir dung dong
co chap hanh mét chiéu véi bo dicu khién thich nghi dé 6n dinh chuyén dong. Tuy
nhién, khi c6 nhidu manh thi cac bo diéu khién trén khong con tuyén tinh nita, viéc on
dinh cac vong kin ctua hé théng chi ¢ thé dat duoc dbi voi mot vung nho xung quanh
diém can bang. [4] tng dung diéu khién logic md, mang no ron nham dam béo cac goc
Euler tién dén 0 trong qua trinh chuyén dong. [5] ung dung bo diéu khién truot va
truot bac cao két hop voi [6] dé udc lugng cac bién trang thai chua do duoc va cac
nhiéu loan bén ngoai nhu gié hodc tiéng on. Tuy nhién, cac bd diéu khién do lai doi

hoi khéi lugng tinh toan 16n va phc tap.

Tt nhitng dic diém trén, bai bio nay dé xuit mot phuong phap xay dung va mo
phong hé théng diéu khién quadrotor cé treo tai trong vai chicu dai dy cap thay doi,
trén co s& tmg dung 1y thuyét diéu khién truot. Stir dung phuong phap diéu khién truot

gitip hé thong duy tri on dinh trong diéu kién nhiéu va cac yéu t6 bat dinh. Céu trac
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diéu khién nay phu hop véi dic tinh cia hé thdng quadrotor treo tai khi hoat dong

trong mdi truong thyc té.

2. BO PIEU KHIEN QUADROTOR TREO TAI VOI CHIEU DAI DAY CAP
THAY POI

2.1. Gia thiét treo tai trong

Nhiing nim gan day, phuong tién bay khong ngudi 1ai di tré thanh cong cu
nghién ctru phd bién trong linh vuc robot hang khong va dwgc Gmg dung trong nhiéu
tinh hudng khac nhau. Van chuyén treo tai bang quadrotor 13 mét linh vuc nghién ctru
va ing dung quan trong. Tuy nhién, do tai trong luén dao dong trong qua trinh van
chuyén, viéc diéu khién quadrotor va tai treo trd nén phirc tap. Phin 16n cic nghién
ctru vé quadrotor treo tai hién tai dang tap trung vao sir dung day co6 chiéu dai cb dinh,
viéc chuyén dong nang, ha tai chi dugc thuc hién béng cach diéu chinh do cao. Tuy
nhién, trong mot sé tinh hudng cu thé, phuong phap nay t6 ra khong hiéu qua, ching
han khi can vuot qua khong gian hep bi gioi han vé d0 cao. Khi hoat dong trong cac
khong gian nay voi chiéu dai day cap ¢b dinh, quadrotor hoic tai c6 nguy co va cham
v6i cac chudng ngai vat. Vi vay, dé linh hoat diéu chinh vi tri twong d6i giita tai trong

va quadrotor thong qua két ndi bang mot co cu thay doi chiéu dai ddy cap 1a can thiét.

Trong bai bao ndy, hé thong van chuyén bang quadrotor véi kha ning nang va
ha tai trong duoc thiét ké bang cach lip dit mot co cdu chdp hanh bén dudi quadrotor
thé hién trong hinh 1. Chu tao cta bd nang va ha tai bao g6m mot cudn day, mot co
ciu truyén dong va mot bd két ndi. Cudn day duoc két ndi véi co cdu chip hanh,
truyén dong qua bd két ndi va co cau truyén dong co thé cung cip mémen khac nhau
dé lam cudn day quay theo cac huéng khac nhau. Cu thé, khi cudn day quay theo chiéu
kim ddng ho, day cap duoc nha ra, chidu dai cap ting 1én va tai trong duoc ha xudng.
Nguoc lai, khi cudn day quay nguoc chiéu kim dong ho, day s& duoc kéo lai, chiéu dai
day giam di va tai trong duoc nang 1én. Vi chiéu dai day co6 thé diéu chinh, sd luong
bac tu do va dau vao diéu khién ciia hé théng ting 1én, trong trudng hop nay hé théng
c6 chin bac tu do va ndm dau vao diéu khién. Do d6, van dé thiét ké bo dicu khién tro
nén phirc tap hon khi xem xét viéc nang va ha tai trong. Dé giai quyét van dé nay, hé
thong duoc chia ra hai hé con: hé thdng con vong trong va hé thong con vong ngoai.
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Hé thong con vong trong diéu khién cac chuyén dong quay cua quadrotor, trong khi hé
thdng con vong ngoai diéu khién cac chuyén dong tinh tién va chuyén dong cia tai

trong treo dugc ket noi bdi co cau chap hanh.
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Hinh 1. Hé thdng quadrotor treo tai voi chiéu dai day cap thay doi.
2.2. M6 hinh dong hoc hé thong tai treo trén quadrotor véi chiéu dai diy cap
khéng c6 dinh
Mo hinh cta hé thng treo tai trong bang quadrotor v6i mot bo truyén dong dé
thu, tha tai trong duoc minh hoa trong hinh 2. Trong hé thng nay, bo truyén dong
dugc gin cb dinh vao dudi cta than quadrotor va c6 nhiém vu diéu chinh chiéu dai cua

day céap gitp thu, tha tai trong mot cach linh hoat.

A Z
Cable
Adjustment {E} y
Mechanism O

Payload

Hinh 2. M6 hinh co ban ciia hé thong tai treo trén quadrotor.
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M6 hinh dong lyc hoc cua hé théng st dung hai hé quy chiéu: Hé toa do6 quan
tinh {E} 14 hé toa d6 cb dinh trong khong gian, hé toa do {B} 1a hé quy chiéu gin véi
than quadrotor, di chuyén cung véi phuong tién. TAm cta hé toa d6 gan véi than
quadrotor dugc dat tai tam khéi cua n6 dé don gidn trong viéc phan tich dong luc hoc.
Tai trong duoc treo vao quadrotor thong qua mot soi ddy cap. Quadrotor c6 thé di
chuyén theo hudng céc truc toa do dudi tac dong ciia bo diéu khién. Khi chiéu dai cua
day cap thay doi, tai trong s& dich chuyén theo huéng twong Gng véi sy thay doi cua
day. Cac goc dao dong o va B 1an luot 14 goc tao boi ddy cap véi mit phang y-z va mit

phang x-z.

Dé don gian hoa mo hinh quadrotor treo tai, sir dung cac gia thiét gia thiét sau
[3]-[4]:

Gia thiét 1: Cap treo khong dan hoi va khong co khdi lugng.

Gia thiét 2: Cac goc dao dong a va B déu nam trong khoang (—/2; 1/2).

Gia thiét 3: Piém treo nam & trong tim quadrotor.

M6 hinh dong luc hoc hé théng dugc tach thanh hai hé con: HE con vong trong
mé ta chuyén dong quay cta quadrotor va hé con vong ngoai bao gdm ba thanh phan
chinh 13 chuyén dong tinh tién ctia quadrotor, bién thién chiéu dai day cap va cac goc
lac a, B cua tai trong.

Trong hé toa d§ mat dat, vi tri cua quadrotor dugc xac dinh boi
§ = [xyz]" € R® Vit tai trong &, = [x,v,2,]" € R® dugc xac dinh dya trén mdi

quan hé hinh hoc giita quadrotor v&i tai trong va dugc biéu dién duédi dang:
Xy =x+fun=y+fz=2-f; (1)
Trong d6: f; = Lsina.cospf; f, = Lsinf; f3 = Lcosa. cosf3, voi L 1a do dai day cép.
Pao ham (1) theo thoi gian, ta dugc:

X, =%+LS,C,+LaC,C,-LpS,S,
y,=y+LS, +LBC, (2)
z,=2-LC,C,+LaS,C, +LBC,S,
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Trong do: Sg =sinp, Co. = cosa
Toa d6 tong quat cta hé con vong ngoai duoc chon 1a ¢ = [x v z a B Z]T
va Lagrange tuong ing ctiia h¢ con nay dugc xac dinh boi [4]:
Lowe = Tour — P €)

Trong d6 P 1a thé nang cta hé thong, T,,, bao gdbm dong ning cia chuyén dong

tinh tién cta quadrotor va dao dong cia tai trong, cac thanh phan nay dugc xic dinh

nhu sau:
1 ST 2 1 ST 2
{Tout - quS( "( + qusrl ‘fl (4)
P=m,gz + mgz
Tir cac cong thuc (2), (3), (4) thay thé vao phuong trinh Lagrange [3]-[5]:
d aLou aLou
e ot = 5)

at dq

Ta ¢6 phuong trinh dong lyc hoc cua hé con chuyén dong tinh tién duoc xac dinh:

1

(i = mg+my (Fx + ﬁ"x - mlfl)
.. 1 .e
Y= mg+my (Fi’ + ﬁ"y B ml‘fZ)
. 1 y
Z= (E, + frz + muf3)

mg+m
q l (6

[ =" 4 g€ Ch— ,5,Cs — §1Sp + 7, CoCy + LE? + LA*C}

my

@ = E (2LapSpCs — %1CoCp — 715, Cp — ZL(ICE — 9S8.Cp

\ﬁ = Z(_gSBCB — ylcﬁ + xlsaCB — ZlcaCB — ZLB — LQZSSCB

Trong do: mg, m; - khoi luong cua quadrotor va tai, Fy, ), F, - cac lyc diéu khién

{I?
huéng di chuyén cua quadrotor theo cac truc, F, - luc diéu khién d6 dai cua day cap,

frar Frys frz fr1 - e cén khong khi tac dung 1€n quadrotor va tai trong duge xac dinh:

for = —dy¥ — d,, (% + LS,Cq + L& CoCy — LPS,Sp)
fry = —dyy — dy,(y + LCs + LB Cp)

fro = —d,z — d,(2 — LC,Cp + LaCoSp + LPC,Sp)
fr=—d,L—d,L —d,xS,55 — d,ySs + d,2C,C

(7)
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Theo gia thiét 3, do cach treo cua tai trong, dong luc hoc quay ctia quadrotor
khong bi anh hudéng. Do d6, hé con vong bén trong van gilt nguyén nhu trong truong

hop khong co tai trong treo.

Duya trén mo hinh dong luc hoc cua hé théng quadrotor treo tai sir dung cap c6 do
dai thay ddi & phuong trinh (3) va (4), ta thdy rang hé c6 tong cong 9 bac tu do, bao
gf)m: ba bac tu do vi tri ciia quadrotor, mot bac tu do do dai cap, hai bac tu do goc dao
dong cua tai trong va ba bac ty do quay cua quadrotor. Dé didu khién hé théng nay chi
¢6 nam dau vao diéu khién, bao gém luc déy cua quadrotor, ba moment luc va luc diéu
chinh d¢ dai cép.

2.3. Thiét ké bd diéu khién cho hé thdng tii treo trén quadrotor véi chiéu dai ciia

day cap khong cd dinh
2.3.1. B diéu khién bam vi tri va han ché géc lic

Nhiém vu chu yéu cta hé théng diéu khién 12 din huéng quadrotor bam theo quy
dao mong mudn nén céc sai s6 bam quy dao duoc dinh nghia nhu sau:

e =Xx-x,,e,=y-y, (8)
e =z-z,,¢,=L-L,

Trong d6: L, - chiéu dai day mong mudn; x4, v, va z, 1an luot 1a cac vi tri mong
mudn cua quadrotor theo cac truc x, y va z.

Néu chi sir dung cac bién sai s6 nay dé tao ra luc diéu khién E., F,, E,, quadrotor
chi ¢o thé bam theo quy dao tham chiéu ma khong truc tiép triét tiéu duoc cac goc lac
clia tai. Do d6, can thiét ké mot so do diéu khién c6 kha ning diéu khién quadrotor
bam theo quy dao dit trudc va c6 kha nang dong thoi giam thiéu dao dong cia tai.

Pbé dat dugc muc tiéu trén can bd sung luc diéu khién kéo day cap F; co tac
dung thay d6i chiéu dai day cap va ba ham sai sé phu tro dugc dé xuat. Khi ba ham
duogc sir dung lam tin hiéu phan hdi trong hé thdng diéu khién, cdc ham nay thiét lap
mbi quan hé dong hoc gitra vi tri, chiéu dai day va cac goc lac, co thé d@)ng thoi thoa
mén ca hai yéu cau bam quy dao va chdng lic. Cac ham sai s phu tro theo [4] duoc

dinh nghia nhu sau:

et)=e.-g,.¢,t)=e -g, e()=e -L,+g, )

https://doi.org/10.65153/7mqtev41
Journal of Science and Technology of East Asia University of Technology



Tap chi Khoa hoc va Cong nghé Truong Pai hoc Cong nghé Pong A

Khi b diéu khién triét tiéu hoan toan goc lic va day cap dai L = L, ta duoc
g, =g =0vag=L,. Diéu nay c6 nghia 13 khi bo diéu khién sir dung phan hdi 1a cac
ham sai s phu trog thanh céng trong viéc triét tiéu dao dong lic, ddng thoi né ciling
dam bao kha nang bam theo quy dao dinh trude mdt cach chinh xac.

Mt trugt va ham Lyapunov dugc dinh nghia nhu sau [8]:

Sy =16y + £ 0, > 0;V, = =52 (10)

T2

Pao ham cap mot ctia ham Lyapunov dugc xac dinh:

VX =SXSX =S, (cé, TE)=S (c;(x-%,-8, )t (X-X,-&,))

Fomé

ZSX(C])'C-C]g'I'F - _Tlgl'gz'cjxd'jéd] (11)
m,+m

m,+2m, -

81-CXg~ Xy

F .
=S —+cx-c,g +
x 1 1851
m,+m, m,+m,

Tu phuong trinh (11), tin hi¢u diéu khién truot E, co thé duoc xac dinh nhu sau:

. m,t2my . s
F o =(m,+m)| -k .sgn(S, )+cg+———§ -cxtcx, +X, (12)
m,+m,
Thay (12) vao (11) ta co:
V.=-k,.S, .sgn(s, )<0 (13)

Bang viéc ap dung tin hiéu diéu khién F, dugc thiét ké theo phwong phap diéu
khién truot, hé théng hoan toan thoa man diéu kién 6n dinh Lyapunov.

Céc tin hiéu diéu khién E, va F, cho vi tri theo céc truc y va z ¢o thé duoc xac
dinh bang phuong phap twong tu thong qua viée ap dung cung nguyén 1y thiét ké mat

trugt va ham Lyapunov tuong ung.
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o om 2my
Fy :(mq +tm) 'kz-sgn(Sy)+ng2 T,V TGy Ty
m, +m,
= (14)
Lo om 2my
F, :(mq+ml) kysgn(S, )t t———g; -2tz TZ,
q 1

2.3.2. B di¢u khién d9 dai day cap
Theo phuong phap diéu khién truot dé dat duoc muc tiéu diéu khién chinh xac do
dai day cap trong hé thong quadrotor mang tai treo, bién sai s6 chiéu dai day cap, mat

trugt va ham Lyapunov tuong trng dugc dinh nghia nhu sau:

€L :L_Ld
SL = C4€p + eL, Cy > 0 (15)
V, =S

Trong d6: L, - Chiéu dai mong mudn cua day cap.

Pao ham bac 1 cia Vi dugc xac dinh:

. .

V,=S5,.5, =S5, (c4L +2 1) (16)

my
Vi C = gC,Cq — %,5,C3 — 9,85 + #,C,Cg + LB + La*C}
Theo [5] bd diéu khién trugt duge thiét ké:
F, = m,(-k,(t)sgn(S, )-c,L-C) (17)
Trong d6 k(t)=k4|SL| va k413 hang sé duong.
Thay phuong trinh (17) vao (16) ta co6:

Vi, = Sp(—k4lS.1sgn(S;)) = —k,S7 <0 (13)
Phuong trinh (18) chitng minh rang hé thong diéu khién chiéu dai day cap cua
quadrotor dat 6n dinh.
2.3.3. M6 phéng va danh gia két qua
Gia thiét quadrotor treo tai v&i do dai day cap 0,25 m va khéi lugng tai 0,5 kg. Vi
m6 hinh dong hoc goc quay khong thay d6i nén trong phan nay chi tip trung vao bam

vi tri va goc dao dong cua tai trong.
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Quy dao tham chiéu c6 dang:

X, = 2.5(1+sgn (sin %D
Y, =2.5(]+sgn(cos§—;jj (19)

z, =0.25t+0.5

Goc psi dit trude ya = 0 (rad) va vi tri ban ddu cua quadrotor (0; 0; 0,5).

Tham sé cua quadrotor:

Khéi luong: m =1,776 (kg)

Gia toc: g = 9,81(m/s?)

Heé sb luc day: kr= 0.0087 (N.s?)

Hé s6 mo-men can: kq = 55.10° (N.m.s?)

b6 dai: L =0,225 (m)

Mo6-men quén tinh truc x: I = 0,0035 (kg.m?)

Moé-men quan tinh truc y: Iyy = 0,0035 (kg.m?)

Mo-men quan tinh truc z: I, = 0,0055 (kg.m?)

Mo-men quén tinh ctia canh quat: J = 2,8.10° (kg.m?)

Hé 6 can: kex = key = ke, = 5,567.10* (N.s/m); kao=kao=kay = 5,567.10* (N.m.s?)
Cac tham s ctia bo dicu khién
¢, =c,=c, =155, ¢,=c,=c,=10; k =k =k =075; k,=k,=k,=100; n =n =n =1;

ny,=n,=n,=1.

Két qua md phong qué trinh bam quy dao theo cac truc toa do dugc trinh bay trén
hinh 3 (a, b, ¢).
Quadrotor ¢6 thé bam theo quy dao mong mudn, ddi v6i quy dao x mat 5 gidy,

tuong tu voi quy dao y, z 1a 5 gidy va 2,5 gidy.
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c. Quy dao cua quadrotor theo truc z

Hinh 3. Quy dao quadrotor theo céc truc toa do.
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Két qua md phong cac goc dao dong duoc trinh bay trén hinh 4 (a, b). Cac goc

dao dong cua tai treo kha 16n va hé thong dao dong dang ké khi quadrotor chuyén

huéng dot ngdt. Sau dé, dao dong s& giam khi quadrotor di chuyén theo hudng x hoic

y.
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Hinh 4. Céac géc dao dong cua tai.
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Trong hinh 5 thé thé hién rd hon qui dao ctia quadrotor va tai treo trong khong

gian.

————— Qui dao dat
Qui dao thuce &
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Hinh 5. Quy dao cua quadrotor va tai.
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Tap chi Khoa hoc va Cong nghé Truong Pai hoc Cong nghé Pong A

3. TRAO POI VA KET LUAN

Tai trong treo dugc mod hinh hoa dudi dang con lc, trong do tai duoc xem xét
nhu mot khéi lugng diém treo bén dudi quadrotor. Khi d6, mé hinh khao sat nay c6 9
bac tu do chi v6i 5 dau vao diéu khién, duoc xdy dung dua trén phuong trinh
Lagrange. Mac du chua c6 giai phap tri¢t ti€u hoan toan goc dao dong cua tai trong,
nhung b@ing cach coi anh hudng cua tai nhu nhiéu, bo diéu khién truot van dam bao
cho quadrotor bam sat quy dao dit trudc, ddng thoi gidi han goc dao dong trong

ngudng cho phép dé hé thdng c6 thé hoat dong 6n dinh.

Thong qua md phong, bai bao di xay dyng mo hinh va kiém tra hiéu qua hoat
dong cau bd diéu khién truot két hop v6i b quan sat trang thai mé rong trong nhiém
vu 6n dinh va bam quy dao ciia hé thong. Két qua cho thay bo diéu khién dé xuat c6
kha nang dan hudéng quadrotor theo cic quy dao dinh sin, ngay céa trong diéu kién tai
trong treo dao dong lién tuc. Pdong thoi, bai bao ciing chimg minh duoc wu diém cua
phuong phéap diéu khién trugt trong viéc giam thiéu nhitng 4nh hudéng cua cac yéu to

bat dinh va nhidu bén ngoai, gop phan ning cao chét luong diéu khién.

Két qua nghién ctru ciia bai bdo ¢ y nghia thuc tién, c6 thé ap dung trong viéc
thiét k& va van hanh cac hé thong quadrotor co treo tai trong thuc té, giup ning cao
hiéu qua va dd tin cay trong cac hoat dong van chuyén va thu thap dir li¢u béng

quadrotor.
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