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Tom tit

Bai b4o nay mé ta qua trinh xay ding va trién khai
thudt toan 6n dinh can bang cho ché dé bay treo
cia mgt nguydn mau may bay hexacopter trong
mo phong. Cdc dac tinh déng luc hoc cua met
Nguyén mau mdy bay va dong co ciia né dirgC Xac
dinh. Cdc mé hinh dwoc xay dung va hiéu chinh
V6i cac tham sé dira trén cdc déc tinh dong luc
hoc ciia nguyén mau may bay. Trang thai ciia mo
hinh may bay sau dé dwoc mo ta boi cac phwong
trinh déng hoc va dong luc hoc. Piéu kién hong 1
déng co khi dang hoat déng trong ché do bay treo
duwoc md phong trong SIMULINK. Thudt todn on
dinh can bang cho ché dé bay treo trong diéu kién
hong 1 dong co durgc xay dung va hoan thién dua
trén cac két qua md phong. Két qua chdt lirong 6n
dinh cia may bay sau dé dwoc danh gid.

Tir khéa: Mdr dong co, thudt toén én dinh can
bang, hexacopter, UAV.

Abstract

This paper presents the development and
simulation of a hover flight stabilization
algorithm for a hexacopter prototype. The motor
dynamics characteristics of a hexacopter
prototype are specified. The specified parameters
of the motor characteristics are then used to
validate with the hexacopter model. The
hexacopter model’s states in flight are derived
from the governing kinematics and dynamics
equations. The single-engine failure condition is
simulated in SIMULINK software. The hover
flight stabilization algorithm is built and adjusted
based on the responses of the simulated model to
variations of the algorithms. The simulation
results are then validated.

Keywords:  Engine failure, stabilization
algorithm, hexacopter, UAV.

1. Mé dau

May bay canh quat (multirotor) ngay cang tré nén
phd bién trong nhiéu (ing dung. Diéu nay kéo theo nhu
cau giai quyét cac van dé ki thuat khi van hanh may
bay multirotor. Mot trong nhitng van dé khi van hanh
may bay multirotor la sy ¢ hong dong co.

Di c6 céc nghién cu nham xir Iy su ¢d nay tuong
tng cac muc d6 hong khéac nhau cua dong co. Phuong
phép xir Iy su ¢b 1 dong co hoat dong kém hiéu qua
trén may bay 4 canh quat (quadcopter) da dugc nghién
ctu trong [1]. So véi may bay quadcopter, may bay 6
canh quat (hexacopter) c6 kha nang hoat dong on dinh
hon trong cac diéu kién nhidu dong hay dong co dung
hoat dong hoan toan. Phuong phap phan b luc nang
trén mdi dong co cho mdy bay hexacopter da dugc
nghién ciru mot cach tong quat trong [2, 3].

Phuong phap xir ly sw ¢6 1 dong co ding hoat
dong hoan toan trén may bay hexacopter cling da dugc
Guang-Xun Du va céc cong su dua ra va kiém nghiém
bing két qua méd phong va thuc nghiém [4]. Tuy nhién,
mod phong trong [4] duoc dua trén mo hinh don gian
hoa. Trong [5], Napolitano da trinh bay cac phan tich
déng luc hoc toan dién va dua ra 1 mo hinh déng luc
hoc tong quat va tuong ddi chinh x4c cua may bay.
Muc tiéu cua bai b4o nay la xay dung bo diéu khién
xir Iy su ¢ 1 dong co dirng hoat dong hoan toan trén
may bay hexacopter dya trén phuong phap trong [4],
va kiém nghiém két qua bang mé phong véi mé hinh
dua trén ly thuyét trong [5].

Trong bai bao nay, mé hinh déng luc hoc cua 1
loai may bay hexacopter va b diéu khién xir ly su ¢6
duogc xay dung. Cac thdng sé ctia mo hinh dugc lay
theo mot nguyén mau may bay hexacopter. Didu kién
1 dong co dirng hoat dong hoan toan khi dang trong
ché d6 bay treo dugc md phong trong SIMULINK.
Hiéu qua cua bd diéu khién dugc kiém nghiém bang
két qua md phong. Trong pham vi bai bao nay, van dé
phét hién su cd khong duoc xét dén, cac bién trang
thai dugc trinh bay dwoc coi 1a hoan toan quan sat
duoc.
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Hinh 1. So dé dpng hoc ciia mdy bay hexacopter dwoc khdo sat

2. M6 hinh dong luc hec cita may bay
hexacopter
2.1. Cdac phwong trinh dopng hoc, dpng luc hgc

Loai may bay hexacopter dugc khao sat trong bai
bao nay la loai hexacopter c6 cau hinh canh quat
RLRLRL, trong d6 R 1a viét tit cho canh quat thuan,
L la viét tat cho canh quat nghich. Khao sat trén may
bay hexacopter véi cdu hinh canh quat khac c6 thé
dugc thuc hién mot cach twong tu bang cac phuong
phéap néu trong bai bao nay.

Céc thong sb dong hoc, dong lec hoc cia may bay
trong hé quy chiéu gan vai than may bay Gxyz vahé
quy chiéu gan voi mat ¢t 0x'y’z’ dwoc khao sat nhur
trong Hinh 1.

Trang thai cuia may bay duoc xac dinh théng qua cac
phuong trinh dong hoc, dong luc hoc [5, 6, 7] nhu sau:

H¢ phuong trinh béo toan dong lugng:

m(U + QW —RV) = mg, + Fy

m(V + UR — PW) = mg, + Fy 1)

m(W + PV —QU) = mg, + F;
Trong do:

Ix —g.sin®
gyl = [g. c0s0. sin®
9z g.c0s0.cos®

H¢ phuong trinh bao toan momen dong luong:
PI, — Rl — PQL, +RQ(l,—I1,)= L

QL+ PR(I,—1,) + (P2 =R)I,, = M (2)
RI, =Rl +PQ(, —I,)+ QRI,, = N

H¢ phuong trinh dong hoc

P 1 0 —sin® b
Q=10 cos® cosO.sin®|.[le| ()
R 0 -—sin® cosO.cos®]l Ly
H¢ phuong trinh quy dao bay:
X' U
y'|=T.1v 4
zZ' w
cP.cO0 —sP.cd+c¥.5s0.5¢ sW.sd+ cV.s50.cd
T=[sP.cO ¥.cd+s¥.50.s& —sb.c¥+s¥.s0.cP
—s0 cO.5d cO.cP
Trong do:

m la khbi lwong cua may bay hexacopter;

g 14 gia téc trong truong;

c® = cos(®P),cO = cos(0),c¥ = cos(¥);

s® = sin(®),sO = sin(0),s¥ = sin(¥);

(U, V, W), (P, Q, R) lan luot la cac van téc doc truc
va van tdc goc quanh cac truc cua hé toa do Gxyz;

(Fx,Fy,Fz), (L,M,N) la céac luc doc truc va
momen luc quanh cac truc cua hé toa d6 Gxyz;

(L, 1, 1), (I, Lz, 1) an luot 13 cac momen
quan tinh quanh cac truc va momen tich quan tinh caa
c4c mat phang cua hé toa do Gxyz;

(®,0,¥) la cac goc Euler cuia may bay trong hé
toa d6 mat dat Ox'y’'z’;

(X',Y',Z") latoa d6 cia may bay trong hé toa do
Ox'y'z'.

Tiép dén, cac hé phuong trinh (1), (2), (3) duoc
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viét lai trong 2 trang thai bay: Trang thai 6n dinh va
trang thai nhiéu dong.

2.2. Trang thai én dinh
Trong trang thai bay 6n dinh [5], c6 cac diéu kién sau:
P=0;0=0;R=0
U=0;V=0;W=0
Két hop cac diéu kién (5), cac hé phuong trinh (1),

(5)

r(2) duoc viét lai nhu sau:

m(Q W, — RV;) = —mgsin®, + Fy,

m(U Ry — PiW;) = mgcos®,.sin®; + Fy, (6)
\m(PlVl — Q1Uy) = mgcos0,.cos®; + Fy,

.
—P1Q11,, + RlQl(lz - Iy) = I
PlRl(Ix - Iz) + (Plz - Rlz)lzx =M (7)
\P1Q1(Iy — 1)+ QiR = N;
Cac bién chuyén dong trong trang thai 6n dinh
duoc ki hiéu bai chi s6 dudi (sub-script) “1”.

Trang thai 6n dinh duoc khao sat trong bai bao nay
la ché do bay treo, véi cac diéu kién nhu sau:

Uy=0; V=0, W; =0
Pb=0 Q;,=0; Ry=0
®, =0, 0,=0; ¥, =0
Fx,=0; Fyp, =0; Fz;, =—mg
L,=0; M, =0; N, =0

2.3. Trang thai nhiéu dgng

Trong trang thai nhidu dong [5], cac bién chuyén
ddng duoc phan tich thanh 2 thanh phan 12 gia tri cua
bién chuyén dong trong trang thai 6n dinh va thanh
phan nhidu dong léch khoi gia tri trong trang thai 6n
dinh.

U=U+uw;, V=V+v, W=W,+w
P=P+p;, Q=0:+q R=R +r
P=P, +¢p; 0=0,+¢;, Y=V, +¢
FX:FX1+fX; FY:FY1+in
F;=Fz, +f7

L=Li+; M=M;+m; N=N;+n

Cac nhiéu dong duoc coi la nhidu dong nho, véi
céc gia thiét nhu sau:

Gia thiét 1. Cac s6 hang khai trién bac I6n hon
hozc bang 2 cua cac bién (w,v,w,p,q,7,¢,6,1) la
¢6 thé bo qua.

uv=0; w.p=0; qr=0; u?2=0;..
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$.0=0; 0. =0; P.p =0; ¢p>=0;...
Gia thiét 2. Cac bién (¢, 8,v) 1a dinho.
sing = ¢; cos¢p =1; tang = ¢
sin@ = 6; cosf@ =1; tanf =60
sing = ¢; cosyp =1; tanp =y
Ap dung cac diéu kién (5) va Gia thiét 1, Gia thiét
2 vao cac hé phuong trinh (1), (2), (3) dugc viét lai
thanh cac hé phuong trinh (8), (9), (10) nhu sau:
((m@i+ Qw+qW — Rv —rV) = —mgfcos®, + fx
m( + Ur + uR — Pw — pW) = —mg@sin®,.sin®,
< +mgpcos0,.cos®; + fy (8)
m@W + Pv +pV — Qu — Uq) = —mgbcos®,. sind,
L —mg¢sin®;.cos®, + f,
( Plex = Phz = (Prq = QuP)lz + (Raq = Qu7) (Ul — ) = 1
qlyy + (Prr + Rip) (e = I,) + @Pip = 2Ry, =m - (9)
U Tz = Pl + (P1q + QD) (Uyy — L) + (O + Ry, =

( p = ¢ —W,0c0s(0,) — Psin(P,)

A

q = —0,¢sin(®,) + fcos(P,) — ¥, sin(P,)sin(0,)
< +W, ¢ cos(®,)cos(0,) + Ppsin(P,)cos(0,) (10)

r = —¥,0cos(¢,)sin(0,) — ¥, psin(®,)cos(0,)

\ +ipcos(®;)cos(0,) — O, ¢pcos(d,) — Osin(P,)
3. M6 phéng
3.1. M6 hinh khdng gian trgng thai
Céc hé phuong trinh (8), (9), (10) duoc viét lai
duai dang khong gian trang thai nhu sau:
X =Ax + Bu (11)
Trong do,
A € R%; B € R,
x=[p qr ¢ 06 Y u v w|T €r’
1a vec-to cac bién trang thai,
u=[T L M N]* €R* la vec-to cac luc,
momen lyc tdc dung 1én may bay va dugc xac dinh
nhu sau:
u = (Fotor — F2)
Fpotor = 1T L M N]"T €R* 1A
momen luc do motor,

F, =

luc va

[m.g 0 0 0]" € R* la lyc va momen
lyc do ngoai lyc trong méi truong.

Véi cac giatri u= [T L M N]" la dau
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vao cua mo hinh, va cac thong sé cia nguyén mau
méy bay hexacopter trong Bang 1, c4c bién trang thai
[x] dugc xac dinh thdng qua viéc giai hé phuong
trinh vi phan (11).

Bdng 1. Thong sé ciia nguyén mau may bay

|_<I Théng sb Giatri  Ponvi
hiéu
M Khéilwong méy bay  0.175 kg
IXx  Momen quan tinh 52%107*  kg.m?
ly  Momen quan tinh 51%107*  kg.m?
Iz Momen quéan tinh 1073 kg.m?
R Khoang c&ch terdong 0.1 m
co dén khéi tam may
bay
tmax Lucnanglénnhitcoa 0.5 N
mdi dong co

x=[[ qr ¢ 06 Y u v w'
Sau khi da tinh duoc cac bién trang thai, gia tri cua
cac bién (¢, 0,3, u, v, w) dugc sir dung dé xac dinh
quy dao cua may bay trong khéng gian thong qua hé
phuong trinh quy dao bay.

x' u
y'| = T.[U]
Z'r w

cp.cd —sp.co+cp.sB.s¢  sYP.s¢p + cy.sb.ch
T=|sY.c0 cp.cop+sP.s0.s¢p —sp.cyp + sY.s6.cd
—s6 cO.s¢ cl.co
Trong do:

cp = cos(¢),cO = cos(8),cy = cos(),
s¢ = sin(¢p), s0 = sin(0), sy = sin(y),

= Ol
©
g
= 0.05
I
2 9 ‘ ‘
0 5 10 15 20
~ 0.1
g
@
&
= 0.05
=
0 .
o . 5 10 15 20
x10
= 1
=
z 0.5}
]
>~ 0 . i
0 5 10 15 20
Thoi gian (s)
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Tir cac bién van toc trong hé quy chiéu mat dat
(x',y’,2") va cac diéu kién ban dau, c6 thé xac dinh
duoc toa @6 (x',y’,z") cua may bay trong hé quy
chiéu mat dat.

Trong bai bao nay, b6 giai tich phan duoc su dung
& bo giai tich phan theo phuong phap Dormand-
Prince trong phan mém SIMULINK [8].

3.2. B diéu khién trong trwong hep may bay
hoat dong binh thuwong

Tir c4c bién trang thai, bo didu khién Tuyén tinh-
Vi phéan (PD) cho ra gié tri diéu khién cua cac luc,
momen luc do dong co:

Feontrot = [TC M N LC]T-

Céc gi4 tri luc va momen luc diéu khién duoc xac

dinh nhu sau:
Tc = —mg
Le = Ky ¢ — Kg.p
M¢ = —K,.0 —Kq.q
Ne = =K, ) — Kg.7

Trong d6: D6 lgi cua thanh phan vi phan K; = 1,
do loi cua thanh phan tuyén tinh K, = 1.

Tir cac gia tri diéu khién lyc, momen luc duoc cip
bai bo diéu khién, can xéac dinh gid tri diéu khién luc
day cua ting dong co [t] dé dat dugc céc luc va
momen luc nay.

t = [tl tz t3 t4 t5 t6 ]T E R6

Gia tri diéu khién lyc day cua timg dong co dugc

xac dinh bang ma tran phan phdi K, [2, 3, 4].

t = K4 Frotor
0
E .10
"
-20 :
Q0 5 10 15 20
20
E' 10
T
0 ‘
0 5 10 15 20
0.1
5 0.05
™
0 ‘ ‘ !
0 5 10 15 20
Thoi gian (s)

Hinh 2. Céc g6c Euler va toa dé ciia may bay trong qua trinh bay véi diéu kign khong héng dpng co

SO DAC BIET (10-2021)



TAP cHi ISSN: 1859-316X

KHOA HOC CONG NGHE HANG HAI

-JOURNAL OF MARINE SCIENCE AND TECHNOLOGY-

Ma tran phan phdi K, la ma tran dap tng diéu
kién K.K, = I, vadugc xac dinh bang phuong phép
ma tran gia-nghich dao (pseudo-inverse matrix) [2, 3,
4] nhu sau:

K, = KT.(K.KT)™*
Lyc day thuc £, ciia cac dong co sé bi bdo hoa khi
dat t6i cac gidi han luc day toi da t,,q, Va luc day toi
thiéu t,,.

Lyc diy cua cac dong co gdy nén cac lyc va
momen nhu sau:

Frotor = K. €
[—1 -1 -1 -1 -1 —1‘|
o B8, B, o B, B
K = | 2 2 2" 2 |
T T
[r 2 T2 2 J
b —u T
Trong do:

r 1a khoang cach tir truc quay dong co dén truc z
ctia may bay.

u la hé sb gitra luc ddy dong co véi momen xoan
phan luc.
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Hinh 2 thé hién mo phong cac géc Euler va quy
dao bay trong qué trinh may bay xac lap vé vi tri can
bang vdi sai léch trong goc Pitch va Roll ban dau la
¢i=o = 0.17rad, 0;—y = 0.1rad.

Toadd (x',y") lién tuc ting mot cach tuyén tinh
theo thoi gian. Pay la do cac van téc sinh ra trong qua
trinh xac 1ap vi tri can bang va do mé hinh nay chwa
ké dén luc can khong khi
4. B) diéu khién trong trwong hop may bay
mat 1 dong co

Hinh 3, 4 thé hién md phong cac goc Euler va quy
dao bay trong qua trinh bay twong tu nhung thém diéu
kién méy bay hong dong co s6 1 tai thoi diém t = 10s,
véi diéu kién ban dau 1a;

Gr=0 = 0.1 7ad, 0;—9 = 0.1 rad.

Nhur thé hién trong Hinh 3, 4 may bay bi mét kiém
Soat va bi roi sau thoi diém dong co bi hong (luu
truc z c6 chiéu dwong hudng xudng mat dat). Goc Roll
(¢) duoc thé hién 1a van can bang va khong bi anh
huong. Pay la do phuong lyc day cua dong co 1 nam
trong ctng mat phiang vai truc Roll (truc x) va dong
thoi 1a do chua xét dén sy mat can xang cua may bay

t=1[t; & ;3 t, t5 t5]" laluc ddy thuc  vanhidu dong cua moi truong trong thuc té.
cua cac dong co.
01
= 60
= _
=005 | & 401
= e 207
m 0 " i U T i
0 5 10 15 20 0 5 10 15 20
~ ; 20 ‘
= 0F
\g 02+ E\
204t =
S | ‘ . 0 | . .
0 5 10 15 20 0 5 10 15 20
=05 ‘ ‘
K 220
2 S0t
0 ‘ - 0 -
0 5 10 15 20 0 5 10 15 20
Thoi gian (s) Thoi gian (s)
Hinh 3. C4c g6c Euler va toa dé ciia may bay trong qua trinh bay si dung thudt fodn diéu khién ci
véi didu kién héng 1 dong co
20 30 30
15
. 20 20
E 10 £ E
> M 10 ¥ 10
5
0 4] 0
0 20 40 60 4] 20 40 60 0 5 10 15 20
x' (m) x' (m) y' (m)

Hinh 4. Quy dgo ciia may bay trong qué trinh bay si dung thudt todn diéu khién cii véi diéu kign hong 1 dgng co
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0 5 10 15 20
Thoi gian (s)

Hinh 5. Cac g6c Euler va toa dé ciia may bay trong qua trinh bay si dung thudt fodn diéu khién méi véi diéu kién

héng 1 djng co
20 0.1 0.1
15
5 10 Ez 0.05 5 0.05
N N ™
5
0 0 0
=20 -15 -10 -5 0 0 -5 -10 -15 -20 0 5 10 15 20
X' (m) x'(m) y' (m)

Hinh 6. Quy dao cria méy bay trong qua trinh bay si dung thugt todn diéu khién mdi véi diéu kién hong 1 dong co

Vi thuat toan bay trong diéu kién binh thuong
khong didu khién dugc may bay trong diéu kién hong
1 d6ng co, can c6 1 thuat toan diéu khién khac cho
diéu kién bay khi méay bay hong 1 dong co. Trong
truong hop may bay hong 1 dong co, theo [4] da
ching minh, méay bay khong thé diéu khién dugc tat
ca cac trang thai x.

x=[p q r ¢ 6 v u v wl]T

Thuat toan thay thé chap nhan viéc khong diéu
khién duoc 2 bién trang it quan trong hon toi su 6n
dinh cia méay bay 1a ¢ va r.

Trong thuat toan bay danh cho diéu kién hong 1
dong co, cac gia tri luc va momen lyc diéu khién duoc
xac dinh bai b diéu khién Tuyén tinh - Vi phan (PD)
nhu sau:

398

Trong do, d6 lgi cua thanh phéan vi phan K; =1,
d6 loi cua thanh phan tuyén tinh K, = 1.

Gia tri diéu khién lyc day cua cac dong co duoc
xac dinh ma tran phan phdi méi K,*.

Ma tran phan phéi moi K,* dugc xac dinh nhu
sau:

Ka* — K*T. (K*.K*T)—l

Trong do:
—& —& —& & —é&s —&
V3 V3 V3 V3
k=10 —7.1" & 7.1".23 0 7.r.£5 >
r r r r
| 5-& 58 & o 3

g; € [0; 1] 1a hé sb hong cua dong co. Xét trudng
hop dong co sé 1 ngimg hoan toan, cac dong co con
lai hoat dong binh thuong.

§=0; =g =¢g==¢6=1

V6i diéu kién dong co 1 bihong, & =0V t,.
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Lyc va momen lyc do luc day cia cac dong co van
duoce xac dinh theo ma tran K nhu trong thuat toan bay
trong diéu kién khéng hong dong co.

Fmotor =K.t

Hinh 5, 6 thé hién md phong cac goc Euler va quy
dao bay trong qua trinh bay vdéi thuat todn bay méi,
trong diéu kién may bay hong dong co s6 1 tai thoi
diém t = 0s, véi céc diéu kién ban dau la:

¢i=o = 0.1rad, Oi—o = 0.1rad.

Vi thuat toan didu khién bay mai, cc bién trang
thai (¢,0) vadocao z' déuxac lap giatri can bang
sau khoang 6s. Trong khi d6, goc Yaw(y)) tang véi
van tdc goc Yaw (1) tang mot cach tuyén tinh theo
thoi gian. Tai thoi diém t = 20s, r dat gié tri khoang
50rad/s. Tuy nhién, mé hinh nay chwa ké dén anh
huong cua lec can khdng khi. Néu xét dén anh huéng
cua lyc can khong khi, van toc goc Yaw (r) sé tiem
can 1 gid tri cuc dai xac dinh khi lyc can khéng khi (ti
16 vé6i van téc goc) du lén.

5. Két luan

Trong bai bdo nay, md hinh dong hec hoc ctia may
bay va bo diéu khién xir Iy su ¢ 1 dong co ding hoat
d6ng hoan toan trong ché dé bay treo duoc xay dung.
Str dung cac thong s6 ciia mot nguyén mau may bay
hexacopter, qua trinh phuc hdi cua méay bay sau khi
gap su ¢ dugc mo phong trong SIMULINK. Két qua
mo phong cho thay bo diéu khién hoat dong hiéu qua,
gilp may bay giit duoc can bang 6n dinh trong ché do
bay treo, va giir dwoc vi tri 6n dinh trong khdng gian.
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