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DIEU KHIEN CHE DO TRUOT MAY BAY KHONG NGUOI LAl

QUADROTOR

SLIDING MODE CONTROL OF A QUADROTOR UNMANNED AERIAL VEHICLE
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TOM TAT

Bai bdo trinh bay viéc xay dung mot mé hinh todn hoc mé ta dong luc hoc
clia UAV quadrotor va tap trung vao diéu khién vi tri va 6n dinh céc géc Euler
ctia quadrotor. Cac luc, mo men téc dong lén UAV quadrotor dugc xdc dinh
trong hé truc toa do quan tinh (Hé toa do gan véi trai dat). Cac phuong trinh
chuyén dong cla quadrotor dugc xac dinh bang viéc st dung phuong phéap
Lagrange. B diéu khién theo md hinh trugt (Sliding Mode Control) SMC phi
tuyén da duoc thiét ké dé diéu khién do cao Z két hap di chuyén tinh tién doc
theo phuang X, Y cla quadrotor. D& chitng minh tinh hiéu qua cla thuat todn
da tong hop, hé thong duoc md phdng béng phan mém Matlab-Simulink.

Tir khéa: M hinh quadrotor, diéu khién, diéu khién truot, Lagrange.

ABSTRACT

This article presents the construction of a mathematical model that
describes the dynamics of a quadrotor UAV and focuses on position control and
stabilization of the quadrotor's Euler angles. The forces and moments acting
on the UAV quadrotor are determined in the inertial coordinate system
(Coordinate system attached to the earth). The quadrotor's equations of
motion are determined using the Lagrange method. The nonlinear Sliding
Mode Control (SMC) has been designed to control the height Z combined with
translational movement in the X and Y directions of the quadrotor. To
demonstrate the effectiveness of the synthesized algorithm, the system is
simulated using Matlab-Simulink software.
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CHU VIET TAT

UAV Unmanned Aerial Vehicle

(Mdy bay khéng ngudi lai)
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Hoang Van Huy'”

SMC Sliding Mode Control
(Piéu khién theo mé hinh trugt)
LQR linear quadratic regulator
(Diéu khién t&i uu tuyén tinh)
PID Proportional Integral Derivative
(Vi tich phan ty &)
1. GIGI THIEU

UAV quadrotor la phuong tién bay khong c6 ngudi lai
[1, 2, 4, 6, 9] ngay cang dugc dung trong nhiéu linh vuc
nhu: dan sy, quan sy, ddc biét la gidm sat an ninh, ciu ho
giao thong, thién tai, nghién ctru méi truong,...

Nhiéu nha nghién ctu da dua ra cac phuong phap
thiét ké bo diéu khién (BDK) cho loai may bay nay. Bai vi,
loai mdy bay khéng ngudi 1ai UAV quadrotor nay cé kha
nang cat/ha canh thdng ding, kha nang co déng cao, kich
thudc nho, gon. Tuy nhién, su phtic tap vé cau tric co khi,
tinh phi tuyén manh, tai trong nhé va kha nang xt ly ctia
cac thiét bi dién trén thiét bi nay cling bi han ché, nhiéu
dau vao/ra nén kho khan trong viéc quan sat cac trang
thai chuyén déng ctia quadrotor. Vi vay, viéc diéu khién
chinh xac vi tri quadrotor can quan tam nghién ctu.

Mét s6 cac phuang phap da dugc sir dung dé diéu
khién UAV quadrotor nhu: BBK PID, LQR dugc ap dung dé
8n dinh trang thai va/hodc gidm sat do cao clia quadrotor
[5, 7, 14]. Tuy nhién, cac BDBK nay van con ton tai mot s6
nhiing nhugc diém khi 4p dung ddi véi quadrotor trong
mot s6 hoat déng dién tap ma yéu cau c6 nhiéu manh,
khi @6 hé théng khong con tuyén tinh nita. Hon n(a, viéc
8n dinh cac vong kin ctia hé théng chi ¢ thé dat duoc doi
Vv3i cac vung nhoé xung quanh diém can bang va khé cho
viéc tinh toan. Ngoai ra, hiéu qud cla viéc bam quy dao
clia cac luat diéu khién nay chua du kha nang so vaéi cac
phuong phap tién tién khac.
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Dé khac phuc cac han ché trén, mot s6 phuong phap
diéu khién (PPDK) da dugc dé xuat trong viéc diéu khién
quadroror, chdng han nhu: PPBK tuyén tinh hoa phan héi
[8], SMC [3, 9, 11] va Backstepping [13]. BDK H,, cling da
dugc ap dung badi G.V. Raffo va cong su [12], BDK logic
md&, mang no ron [15, 16],... Tuy nhién, cac BDK trén do6
doi héi muc do tinh todn 16n va phuc tap. Trong bai bao
da dé xuat PPDK SMC phi tuyén dugc thiét ké dua trén
ham Lyapunov dé diéu khién vi tri va gitt 6n dinh dugc
cac goc Euler. M6 hinh déng luc hoc phi tuyén ctia UAV
quadrotor xay dung theo phuong phap Lagrange.

2. MO HINH DONG LUC HOC QUADROTOR

M6 hinh don gidn va cac hé truc toa d6 gan vai
quadrotor (hinh 1). Trong d6, Ogxgygzg la hé truc toa do
quan tinh, Ogxgygzg la hé truc toa do gan trén vat
(Quadrotor). GOc cla hé truc toa do Ogxgygzg dugc dat
dung trong tam quadrotor. F; luc, M; mé men va € la téc
do sinh ra b&i bén canh quat [5, 7, 9].

F,,M,Q,

Trai

Hinh 1. M@ hinh don gian cta quadrotor

Vi tri quadrotor T'E dugc tao thanh bdi géc goc Og clia
hé truc toa d6 Ogxgygzg va géc O cla hé truc toa do
OrXgVeZg [2].

I'E = [XYZ] M

Trong do6:

X, Y va Z la vi tri cia quadrotor

OF 13 vi tri g6c quadrotor dugc tao bdi hudng cla hé
truc toa d6 Og so vé&i hé truc toa d6 quan tinh Ok.

0F = [¢ 6 Y] 2)

Trong d6: ¢, 6, Y lan lugt la cac gdc quay quanh cac
truc toa do xs, Y, zs va c6 gidi han la:

—90° < ¢p <90%; —90° <6 <90°;

—180° < ¢ < 90° (3)
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1.0 0 ® 0 sb
Rxpy =0 cb —sd Ryoy=[0 1 0

0 s¢ co —s6 0 cO
cyy —sy O

R(Z,lIJ) = [Slll ClIJ Ol (4)
0 0 1

Hudéng quadrotor dugc xac dinh bdi ma tran quay
R,: O = Op va cac goc Euler ¢, 6 va .

cPc® —sycd + cPsbsdp  sPsd + cPsOcd
R, = |sPcd  cpcd + sPsOsp  —cyPsd + SLIJSGCCI)l(S)
—s0 cOso cOcd

Trong d6: ¢, = cosn, s, =sinn

Luc clia cac canh quat: F = Y1 F;

Trong dé: F; = 0,5pACr2Q7 = bQZ; A va r la thiét
dién va ban kinh canh quat va; p mat do ctia khong khi;
Cr la hé s6 cla luc ddy khi déng hoc.

Tong cla cac luc ddy cta bén canh quat:

Ft = RO ((I)' el Ll‘[) [010 Z?:l Fi]T

Luc can cta khong khi: Fq = diag(hy, h,, hy)I'T

Luc hdp dén: Fg = [0,0, mg]”

Hiéu cap luc (Fs - F1) sinh ra m6 men cla goc 0 (géc
pitch); hiéu cdp luc (F4 - F2) sinh ramé men clia goc ¢ (goéc
roll); téng hai cip luc d6i nhau (F; - F;) va (F3 - F4) sinh ra
mo& men cla géc P (géc yaw).

Mg =1(F; — F,) 6)
My =1(Fs = F3) )
M‘-IJ = C(Fl - F2+F3 - F4_) (8)

Trong d6: c hang s6 duang khéng déi; | 1a khoang cach
gita tam quadrotor va tam doéng ca lai canh quat; hs, hy,
hs cac hé sé luc kéo.

Mé men héi chuyén: Hai mé men héi chuyén sinh ra

do chuyén déng va cdu tric cla bén canh quat
quadrotor: (Mgp) va (Mgp).
. . T
Mg, = X, @E A [0,0,],(-1)+10] 9)

Myp, = OF A IOE (10)

Trong d6: OF la vector téc do goc; Iy, Iy,I; 1a cac mé
men quan tinh; I = diag[ly, Iy, [z] |a ma tran quan tinh; r;
Jp[N m s%] m6 men quan tinh cta rotor déng co.

Mé men téng clia cac goc Euler (¢, 8 va ) la:
M= [Mq)r Mer MLIJ]T

Khi déng hoc sinh ra mé men can cho quadrotor dugc
xac dinh theo (11), nhu sau:

M, = diag(hy, hs, he)(42 62 y2)" (11)
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Trong dé: hs, hs, he la cac hé sé ma sat khi déng hoc
DPé xac dinh dugc cac phuong trinh chuyén déng
(PTCP) cta quadrotor, ta st dung phuaong trinh Lagrange.

————=F (12)

Cac PTCD clia quadrotor sé dugc xac dinh tu phuong
trinh (13) va (14).

0 )
0 h; X 0
Rol & = |hY| =] O l =Fe
Z F; h3Z mg
i=1

(cosdsinBcosys + sinPsing)U; — hy X

(cos¢sin®siny — sinBcosy)U; — h,Y (13)

(cosdcos®)U; — mg — hyZ
Mg
Mg [ — M, — Mg, — Mgy = M
My
My = JpGz6 — (Iz — Iy)6 — hyd?

= [Mg + Jp05d — (Ix — 1) b — h562 (14)
My — (Iy = 1)8¢ — he?
Tinh dao ham riéng phuong trinh Lagrange theo 6 sdu
toa dog, ta cé:

- PTCD tinh tién:

X = (cos¢psinBcosys + sinsing) % - %X
Y = (cos¢sinBsinys — sinBcosyy) % — %Y (15)
7 = (osbeosOU; _ , _hs g
m m
- PTCD quay:
d')zﬁ_lplﬁ (Iz- IY)@LP ¢2
X X
é:&_ﬂd)_wq)w_kez (16)
Iy Iy Iy Ix
w My (y=lg) ;4 hg o
= I_‘l’ - %d)e _ I_GlIJZ
Z Z Z
& =Mg¢_ﬁg_h_4¢'z L
Ix Ix Ix Ix
Hay <6 =220 o ’P“X ¢ Tgzp  (17)
Y Y

Z Z

Trong dé: Cac tin hiéu diéu khién U, U, Uz va
U, dugc xac dinh theo (18).

U] [ F b b b b]M
Uz| _[Mo|_| 0 -1b 0 1bf[Q3 (18)
Us| [Mg|[~[-Ib 0 b o ||z

Uy My d —-d d -d 02
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Trong d6: d > 0 la hé s6 cua luc can tac déng lén
quadrotor; b > 0 la hé s6 luc ddy; Q4,Q,, Q4 va Q, la toc
d6 bén canh quat.

TU (18), ta thdy U, 1a téng cac luc ddy clia quadrotor;
U, Us va U4 la md men tao ra cadc goc ¢, 6 va .

Cac dau vao U,, Uy, Us va U, dugc xac dinh nhu sau:

U; =b(Q2 + Q3 + Q3 + Q3)

U, = 1b(Qf — Q3)
Us = Ib(02 — 02) (19)
U, = d(Qf — Q5 + 03 — F)

QZ =Ql_ﬂz+93_ﬂ4
Phuong trinh nay cé thé viét dudi dang dang khéng
gian trang thai véi cac bién.
XT=($,6,0,6,0, ,X,XY,Y,Z7Z)T 6 dang nhu
sau:

X1 =X
X; = X4XG(II;_IZ) JpX4QZ = (ka/Ix)x3 + Uz/Ix
X3 = X4
Xy = %X (Iz = Ix) /1y — Jpx2Q5 /1y — (hs/Iy)x5 + Us/ly
X5 = X
X6 = X2%4(Ix — Iy)/1z — (he/17)xE + Uy/1y (20)
X7 = Xg
Xg = (cosx;cosx5sinxz + sinx;sinxs)U;/m — (h; /m)xg
X9 = X19
X10 = (cosx;sinxssinxg — cosxssinx; )U;/m — (hy/m)x;q
X11 = X12
X1 = —g + (cosx;cosx3)U;/m — (h3/m)xy,

3. PIEU KHIEN CHE PO TRUGT QUADROTOR
3.1. Khai niém co ban vé SMC

SMC 1a mét loai diéu khién c6 cau tric bién déi. Y
tudng clia PPDK nay la dua cac trang thai clia hé thong vé
phia mot bé mat, goi la bé mat trugt. Mat trugt dugc lua
chon phu hgp va ti d6 ta thiét ké dugc mét luat diéu
khién dé gir 6n dinh cac trang thai ctia hé théng trén bé
mat dé. Bé mat trugt cé dang téng quat dugc cho nhu
phuong trinh (21).

S0 = (S + Bx)n_le(x)

Trong d6: x 1a bién diéu khién (Trang thai); e(x) la sai
léch dugc xac dinh e(x) = x — xq; By la hang s6 duong
biéu dién déng luc hoc clia bé mat truct; n 1a bac ctia bod
diéu khién truot.

(21)

Dé quy dao trang théi cham téi bé mat trugt, ta su
dung ham Lyapunov v6 hudng va duang, dugc cho bai
phuong trinh (22).

V(x) < 0,véiV(x) > 0 (22)
Trong trudng hgp nay, ham Lyapunov dugc chon la:

Tap 60 - 509 (9/2024)



P-ISSN 1859-3585 | E-ISSN 2615-9619 | https://jst-haui.vn

SCIENCE - TECHNOLOGY

V(x) = 0,55(x)? (23)
Pao ham cdla ham Lyapunov am khi
S(x)S(x) < 0 (24)

Véi muc dich la dé cac quy dao trang thai ciia hé théng
cham téi bé mat truat khi c6 su bat dinh clia cac tham sé.
Luat diéu khién trugt bao gém hai thanh phan:

u(t) = uey(t) + up(t) (25)

Trong do6:

- Ugp(D)Ia dai lugng diéu khién dat, tuong Ung vai
trang thai ctia hé thong khi thiét lap & ché do trugt ly
tudng. N6 dugc xac dinh tir diéu kién bat dinh ctia bé mat
truot:

{S(x, t)=0

S(x,t) =0

- up(t) la ham gian doan dugc xac dinh bang cach
kiém tra diéu kién truot

up(t) = —Ksign(S(t)) (27)

Trong d6: K 1a tham s6 diéu khién duong va ddu sign(:)
la toan tl ddu hiéu
3.2. Thiét ké BDK SMC cho quadrotor

Dé 6 thé diéu khién dugc quy dao trang thai, ta sur
dung phuong trinh (17) va (15) dé thiét ké BDK vi tri
quadrotor va xét dén phuong trinh vecto trang thai trong
(20).

Chung ta dinh nghia sai s6 quy dao gitia gia tri thuc va
gia tri dat clia trang thai:

(26)

{ei =X _‘;’(1:; i 211, 2,..12 (28)
Cac mat trugt dugc chon dua trén cac sai so:

S = (Xz = X24) + V1 (X1 —X19) = €, + V164

So = (X4 — X4d) + V2(X3 — X3q) = €4 + V€3

Sy = (X6 — Xe6a) + Y3(Xs — X54) = €6 + V3€5 (29)

Sx = (Xg — Xga) + va(X7 — X7q) = €g +Vva4€;
Sy = (X10 — X10d) + Y5(X9 — Xoq) = €19 *+ Ys€9
Sz = (X12 — X124) + Y6(X11 — X114) = €12 + Ye€11

B6 diéu khién ché dé truot dugc thiét ké dé én dinh
goc ¢ (goécroll) véi ham Lyapunov cé dang:

V(Sy) = 0,553 (30)

Khi dé cap dén phuong trinh (19) va phuong trinh (21),
ta suy ra biéu thiric dao ham clia mat trugt géc ¢ (goc roll)
nhu sau:

S = —hysign(Sy) (31)

TU phuaong trinh (29) ta c6:

Sp =€z +yie1 =& +y1€; = (X1 —X19) + V181 (32)
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= Sq) =Xy —Xqq + Y161 = Xz — X194 + V161
Thay x, trong biéu thiic (20) va (31) vao biéu thuc (32),
ta thu dugc luat diéu khién U, nhu sau:
X4 Xe(Iy — 1 x,0
—hlsign(Sq,) — 4 6( Y Z) _]p 434%
Ix Ix

—(hy/1)x5 +Uy/Ix — Xy4 + v161
—X4X6(IY—12) ]pX4QZ E 2
=U, = ( x + x + (IX)XZ)IX (33)
+X14 — Y181 — hysign(Sy)

Bang cach thuc hién tuong tu, ta xac dinh dugc cac
dau vao diéu khién U;, U, va gitt 6n dinh géc 6, Y nhu sau:

—XpXe(Iz=Ix) | JpX2Qx hs\ 2
U3 = < Iy + Iy + (Iy) X4) IY (34)
+X3q — Y263 — hysign(Se)
—X2X4(Ix—ly) he\ 2
———+ (=X
U4=< ) Iz (I_Z) 6 )12 (35)
+X5q — Y3€5 — h3sign(Sy)

Xac dinh cac luat diéu khién Uy, Uy va Uy dé 6n dinh
cac vitri Z, X va Y clia Quadrotor dugc xac dinh nhu sau:
Sz = €12+ V611 = €11 + Ye11
= (X117 — Xq114) + Ye€11
Sz = X11 — X114 T Y6€11 = X12 — X114 + Y6811
= —hgsign(Sz)
= X1 = X114 — Ye€11 —hesign(Sz) (36)
Thay %x,, trong phuong trinh (20) vao phuaong trinh
(36) ta thu dugc:

ks

U; =m < (;) X12 ¥ X114 ) cosx;cosxs (37)
—Ye€11 — hesign(S,) + g

Bang cach thuc hién tuong tu ta xac dinh dugc cac dau
vao diéu khién Uy va Uy nhu sau:

k ..
Uy = m/U, ( (32) e + 7a ) (38)
—Y4€7 — hysign(Sx
Kk, ..
Uy = m/U1< (n,l)xw +.X9d ) (39)
—Ys€9 — hgsign(Sy

4. MO PHONG HE PIEU KHIEN

SU dung BDK SMC vua thiét ké trén, két hgp véi cac
thong sé vat ly ctia quadrotor (bang 1) va st dung Matlab
- Simulink d€ mé phéng hé diéu khién vi tri ciia quadrotor.

Béng 1. Thong sd quadrotor

Théng sé Ky hiéu Gia tri Don vi
H& 56 luc ddy b 54,2106 N s2
Hé s6 luc can d 1,1.10° Ns?
M6 men quan tinh I 0,089 Nms?
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Khdi lugng quadrotor m 1,0 kg
Mdmen quantinhtrucX,Y,Z | Iy, Iy, Iz |diag (0,008;0,008;0,010)| Nms?
Gia tdc trong trudng g 9,81 m/s?
Khoang cach tir tam quadrotor

S, | 0,5 m
dén tam clia dong co
Hé 56 |UC kéo h1,h2, h3 0,3729
Hé s6 ma sat khi dong hoc | hs, hs, hs 5,56 e-4

Mé hinh mé phéng hé théng diéu khién vi tri
quadrotor dugc thé hién trén hinh 2.

Xdat PluravitiX

I—

T L pixdat
Vi tri a3t X ‘ 2t Géc phi
P Vitri X
Géc theta —,
rbv-mv -
( > Y dat
1 ‘ Gée psi
Vi tri dét Y > Vitriz
»Zdat o
Bo DK
2 | S N e 7‘
[

>
»
R
’—' Y dat z
‘ >

Géc phi X

Goc theta
Y
—»{ Géc psi

DéuravitriY
u1

Z dat

Dluravitiz

Vitri X

b

Vitri Y

.

Vitri Z

Quadrotor

Vi tri dat Z

Hinh 2. M@ hinh md phdng hé théng diéu khién vi tri quadrotor

Két qua mé phéng:

Trudng hop 1: Diéu khién quadrotor di chuyén tinh
tién doc theo truc Z két hop di chuyén tinh tién theo
phuong X va Y véi gid tri dat: Xa=1[2,5-4,54-3 1,5 0] [m];
Ya=1[-3,52-44-3,50] [m]; Zg =35 [m]:

Vi tri quadrotor
Truc X (m)
5 T T T T T T T T T
i e (i 1
i L
I = = = (3ia {fi mong muon
- \ \
¢ ] \
7 i i | , 4
op 3 . |
\ ' u
I
\ A !
I ! ’
% ! ~
Al
- U
5L . ; ; ; . ; . . ; ]
0 0 22 3% 4 50 e 70 B 80 100

Thai gian t(s)

TrucY (m)
5 T T T T T T
Gia tri dat
== = = Gia ti mong muon
J] =
ri 1
1
13 * i' v
’ M I 1}
! |}
O ' 1 ] 1
. ' . ! [
v I v U '
\ 1 1 'f \\
A I )
~L E N ] A\
N~ I
‘ ‘
1] 10 20 30 40 50 60 70 80 20 100
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Thdi gian t(s)

TrucZ (m)
35
3ol !( Gia tri dat
I = = = Gia ti mong muwon
251 i i 3
I
20— :
154 4
1
1{)-' 1
& i
r 4
o 20 20 50 80 100
Thdi gian t(s)
Cdcgoc Euler
Goc roll (rad)
w1077
1 -
. l
-1k
o 20 20 50 80 100
Thdi gian t(s)

GOc pitch (rad)

o 20 a0 &0 a0 100
Thdi gian t(s)
Goc yaw (rad)

Thdi gian t(s)

Hinh 3. Vi tri quadrotor, cdc goc Euler véi trudng hgp 1
Truéng hgp 2: Diéu khién quadrotor di chuyén tinh

tién doc theo truc Z véi cac dé cao khac nhau két hop
di chuyén tinh tién theo phuong X va Y vdi cac gia tri dat:
X¢=[3-53-320][m]; Ya=1[44-355-50] [m];
Z3=[10158355] [m].
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Vi tri quadrotor
Truc X (m)
5 T T T T T T T T T
e (Gl i dait
Pud T = = = (Gia tri mong mucn
/ 1 r \ =
I 1 ! \ ¥ ’

o 1 + 4 7 1

\ ! ' !

\ 1 N i I}

\ I i
Y 1

-5 C 1 1 |~ 1 | 1 1 1 1

Thdi gian t(s)

TrucY (m)
5, T T T T L :
i Gia tri dat
,/ \ I 1
, i : \
k 1 ' '
' 1 1 |}
, \ 1 1
Of T * f '
\ 1 A I 1
\ , \ [} v
N , \ ' 1
\ B \ 1 1
\\ ' T 4 1
\
hY
() 10 20 0 40 50 60 0 80 ® e
Thdi gian t(s)
Truc Z (m)
T T T T I I I [ [
35| | | | — (5 tr dat
= = = (Gja ti mong muon r
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Hinh 4. Vi tri quadrotor, cdc goc Euler véi trudng hgp 2
5. KET LUAN

Bai bao da xay dung dugc mét mé hinh dong luc hoc
phi tuyén ctia quadrotor khi ké dén cac luc, khi ddng hoc
bang phuong phap Lagrange. Mét bo diéu khién ché do
trugt da dugc thiét ké duya trén ly thuyét Lyapunov dé
diéu khién gilt 6n dinh vi tri ctla quadrotor. D€ ching
minh tinh diing dan cla thuat toan da thiét ké, bai bao
thuc hién mé phong hé théng bang céng cu Matlab -
Simulink v&i hai trudng hgp: Trudng hop 1, diéu khién
quadrotor di chuyén tinh tién doc theo truc Z két hgp di
chuyén tinh tién theo phuang X va Y. Trudng hagp 2, diéu
khién quadrotor di chuyén tinh tién doc theo truc Z véi
cac d6 cao khac nhau két hgp di chuyén tinh tién theo
phuong X va Y. K&t qua cho thay quadrotor da di chuyén
dén dung cac vi tri dat mong muén, cac goc Euler thay
déi rat nho, ching té quadrotor di chuyén ém, khéng
dung lac khi thuc hién di chuyén. Diéu nay cho thdy bo
diéu khién dap Ung t6t vai cac dau vao mong mudn.
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