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TRONG DIEU KIEN THAM SO BAT DINH VA NHIEU NGOAI
TACDONG DUA TREN BIOINSPIRED NEURAL DYNAMICS
KET HOP BACKSTEPPING
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TOM TAT

Bai bao nghién ctiu bai toan diéu khién bam quj dao bén viing cho phuong tién bay khéng nguoi lai dang Quadrotor trong diéu kién ton tai nhiéu ngoai sinh
va bat dinh tham 6. Trén co s& md hinh dong luc hoc phi tuyén ddy di sau bac tu do xdy dung theo dinh luat Newton-Euler, mot cau tric diéu khién két hop
Bioinspired Neural Dynamics va Backstepping (BND-Backstepping). Trong cdu triic nay, Backstepping dam nhiém vai trd bao dam 6n dinh phan cdp cho cac kénh
tinh tién va quay, trong khi mé hinh BND dugc st dung dé xdp i va bi truc tuyén cac thanh phan phi tuyén chua biét va nhiéu bi chan, dong thai tao tin hiéu
diéu khién tran. Tinh 6n dinh cGa hé kin dugc chiing minh chat ché bang phuong phap Lyapunov, bao dam cac sai léch bam vi tri va goc quay hi tu tiém can. Cac
md phdng s6 trén quy dao khong gian ba chiéu phtic tap trong diéu kién nhiéu manh cho thy bo diéu khién dé xudt dat chét lugng bam quy dao t6t, tin hiéu
diéu khién muot va kha nang chéng nhiéu vugt troi.

Tirkhoa: Quadrotor UAV, Backstepping, Bio-inspired neural dynamics, BND.

ABSTRACT

This paper investigates the problem of robust trajectory tracking control for Quadrotor unmanned aerial vehicles in the presence of external disturbances
and parametric uncertainties. Based on a complete nonlinear six-degree-of-freedom dynamic model derived using the Newton-Euler formulation, a hybrid
control structure combining Bio-Inspired Neural Dynamics and Backstepping (BND-Backstepping) is developed. In this structure, the backstepping technique is
employed to ensure hierarchical stability of the translational and rotational subsystems, while the BND model is utilized to online approximate and compensate
for unknown nonlinearities and bounded disturbances, as well as to generate smooth control signals. The stability of the closed-loop system is rigorously proven
using Lyapunov theory, guaranteeing asymptotic convergence of both position and attitude tracking errors. Numerical simulations on complex three-dimensional
spatial trajectories under severe disturbance conditions demonstrate that the proposed controller achieves high trajectory tracking accuracy, smooth control
inputs, and superior disturbance rejection capability.
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1. GIGI THIEU

Trong nhiing nam gan day, phuang tién bay khéng
ngudi lai (Unmanned Aerial Vehicle - UAV), dac biét 1a UAV
dang Quadrotor, da trg thanh d6i tugng nghién ctu va
iing dung quan trong nhd kha nang cat/ha canh thang
dung, tinh co déng cao va cau tric co khi tuong déi don
gian [1, 2]. Cung vGi su phat trién cla cong nghé diéu
khién va cdm bién, Quadrotor da dugc Ung dung rong rai
trong nhiéu linh vuc nhu giam sat va trinh sét, van chuyén
hang héa, tim kiém ctu nan va cac hé théng robot tu
hanh trong maéi trudng phuc tap [2, 3]. Nhiing dac diém
nay khién Quadrotor trd thanh mét nén tang dién hinh dé
nghién ctu va kiém ching cac phuong phap diéu khién
phi tuyén va diéu khién thong minh.

Vé mat déng luc hoc, Quadrotor la mét hé phi tuyén
manh, da bién va thiéu ca cau chap hanh, chiu anh huéng
dang ké bai nhiéu gié, sai léch tham sé khi dong, mé-men
chua dugc mé hinh hoéa va cac gidi han cla co cau chap
hanh, dan dén suy giam chat lugng bam quy dao trong
cac kich ban bay thuc té [4, 5]. Cac nghién clu gan day
cho thay ngay ca khi st dung mé hinh dong luc hoc day
dd sdu bac tu do, cac bat dinh téng hop va nhiéu khi dong
van c6 thé gay suy giam dang ké chat lugng bam quy dao
trong cac kich ban bay thuc té [5]. Do dé, bai toan diéu
khién bam quy dao chinh xac va bén viing cho Quadrotor
trong diéu kién bat dinh va nhiéu ngoai van la mot thach
thuc 16n trong linh vuc diéu khién UAV.

Trong s6 cac phuong phap diéu khién phi tuyén da
dugc phat trién, Backstepping dugc st dung rdng rai cho
Quadrotor nhd kha nang khai thac truc ti€ép cau truc dang
strict-feedback clia hé théng va cho phép thiét ké bo
diéu khién theo tuing I6p dua trén tiéu chuan én dinh
Lyapunov [6, 7]. Nén tang ly thuyét clia phuong phap nay
dugc trinh bay hé théng trong céc cdng trinh kinh dién vé
diéu khién phi tuyén va diéu khién thich nghi [6, 7]. Mac
du Backstepping truyén théng c6 thé dat chat luong bam
tét khi mo hinh danh dinh du chinh xéc, hiéu nang cda
phuong phdp nay suy giam ro rét khi ton tai bat dinh
tham sé va nhiéu ngoai do phu thudc I6n vao mé hinh [8].

Dé nang cao tinh bén viing, nhiéu nghién ctu da két
hop Backstepping véi diéu khién truot, hinh thanh
phuong phap Backstepping trugt (Sliding Mode
Backstepping - BSMC) [9]. Cac bién thé ctia BSMC da dugc
dé xuat nham cai thién kha nang ch6ng nhiéu va dam bao
héi tu hiru han cho sai léch bam quy dao [10, 11]. Tuy
nhién, nhugc diém ¢é hiu cta diéu khién truct 1a hién
tugng chattering, gay dao déng cao tan trong tin hiéu
diéu khién va dnh hudng dén dé mugt ctia mo-men ciing
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nhu tudi tho co cdu chdp hanh [12, 13]. Cac nén tang ly
thuyét ca diéu khién phi tuyén va diéu khién trugt dugc
trinh bay chi tiét trong cac tai liéu kinh dién [7, 12, 13].

Song song vdi cac phuong phap diéu khién bén viing
truyén théng, cac chién lugc diéu khién théng minh dua
trén mang no-ron da dugc nghién citu nham xap xi va bu
truc tuyén cac thanh phan bat dinh chua biét ctia hé
théng. Trong d6, cac phuong phap diéu khién ng-ron
thich nghi va no-ron két hgp diéu khién trugt da cho thay
hiéu qua nhat dinh trong bai toan diéu khién Quadrotor
[14-16]. Bén canh d6, cac m6 hinh diéu khién ldy cam
hiing sinh hoc va hoc tdng cuong cling bat dau dugc khai
thac cho UAV nhdam nang cao kha nang thich nghi trong
moi trudng bay phuc tap [17, 18].

Trong giai doan gan day, nhiéu nghién ctu tap trung
vao viéc xUr ly nhiéu va bat dinh théng qua cac ky thuat
quan sat nhiéu, diéu khién bén viing thich nghiva hoc tang
cudng lién tuc. Cac két qua cho thay viéc két hop quan sat
nhiéu véi diéu khién phi tuyén giup cai thién dang ké do
chinh xac bam quy dao clia Quadrotor trong diéu kién
nhiéu manh [19, 20]. Déng thdi, cac cau tric diéu khién két
hgp mang no-ron thich nghi va quan sat trang thai da duoc
chiing minh la c6 khd nang nang cao hiéu nang diéu khién
trong moi trudng bay thuc té [21, 22].

Gan day hon, cac phuong phap hoc tdng cudng va hoc
thich nghi lién tuc da dugc ap dung cho bai toan diéu
khién Quadrotor nham d&i phé véi nhiéu gid bién thién va
su thay déi tham s6 theo thai gian [23]. Cac bién thé
Backstepping truct két hgp quan sat bac cao va thoi gian
hoi tu c6 dinh cling dugc dé xuat dé tang cudng doé bén
viing va cai thién téc d6 dap ung [11, 24]. Ngoai ra, cac
phuong phap diéu khién déi hinh va bam quy dao sttdung
Backstepping két hgp quan sat nhiéu da mé rong pham vi
ung dung clia Quadrotor trong cac hé da UAV [25].

Trong nhém cac moé hinh hoc thich nghi, Bioinspired
Neural Dynamics (BND) dugc xem la mot mé hinh no-ron
déng hoc ¢6 cau tric gon nhe, dau ra bi chan va tinh én
dinh néi tai cao, phu hgp cho viéc sinh tin hiéu bu tron
trong cac hé phi tuyén chiu nhiéu [26, 27]. Cac nghién ctu
gan day cho thay viéc tich hgp cac mé hinh no-ron dong
thich nghi vao cau trac diéu khién phi tuyén cé thé nang
cao dang ké do chinh xac bam quy dao va kha nang
ch6ng nhiéu cho Quadrotor [28].

Xuat phat tir nhiing han ché cla Backstepping truyén
thong va Backstepping trugt, dong thai ké thira cac uu
diém cla Bioinspired Neural Dynamics, bai bao nay dé
xuat mot bd diéu khién BND-Backstepping méi cho
Quadrotor. Trong cau truc dé xuat, Backstepping dam
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nhiém vai trd bdo ddm én dinh phan cap cho cac kénh
tinh tién va quay, trong khi m6 hinh BND dugc tich hgp
nham xap xi va bu tryc tuyén cac thanh phan bat dinh
téng hop va nhiéu ngoai, qua dé nang cao tinh bén viing
va lam tron tin hiéu diéu khién.

2. MO HiINH TOAN HOC CUA QUADROTOR

Hinh 1. Cdu tric cGa Quadrotor

M6 hinh déng luc hoc cia Quadrotor dugc xdy dung
dua trén dinh luat Newton-Euler va cach biéu dién chuén
trong céc tai liéu kinh dién va cac nghién clu gan day
[1, 2, 28]. Quadrotor la mét phuaong tién bay khéng nguoi
lai gébm bon rotor gan trén khung cling d6i xing. Hai rotor
quay cung chiéu kim déng hé (rotor 1, 3) va hai rotor quay
ngugc chiéu (rotor 2, 4) nham triét tiéu mo-men phan luc
téng quanh truc z (yaw).

Hai hé toa dé dugc st dung trong mé hinh héa gém
hé toa d6 quan tinh: F, = {0,, X}, Y;, Z,} va hé toa d6 than
Fg = {0g, Xg, Y5, Zg}. Vi tri cla Quadrotor trong hé quan
tinh dugc ky hiéu:

p=[x y z]TeR3 (M
Tu thé ciia Quadrotor dugc moé ta bang ba géc Euler:
n=[¢ 6 v] 2)

trong d6: ¢, Ova @ lan lugt la cac goc roll, pitch va yaw.

Ma tran quay tu hé than sang hé quan tinh dugc xac
dinh:

R(n)=R.(¥)R, (6)R,(¢) 3)

voi:
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CoCy  S550Cy —CysSy €456y +5,5,
oSy = 54Cy )

€,Co

[

R=| s, s,

SoCy +C4S, €,

$,Co
trong d0o: c(-) va s(-) lan lugt la ham cos(-) va sin(-). Ma
tran R a truc giao, do d6 R-'=RT.
Quan hé giita van téc géc than w=[p g r]Tvé dao

ham cac géc Euler:

n=Q(7)w (5)
vé6i Q(n) la ma tran déng hoc Euler:

1 singtan6  cos¢gtan®
Q(n)=|0 cos¢g —sing (6)

0 sing/cos® cos¢/cosO

Dé& mé hinh héa Quadrotor thiéu co cdu chap hanh cac
gia thiét dugc dua ra nhu sau:

- Gia thiét 1. Quadrotor dugc xem la vat ran tuyét doi,
cdu trac déi xing va tam khéi lugng trung véi goc hé toa
do than.

- Gia thiét 2. Cac goc Euler bi chan véi cac diéu kién
(7):

m m

-——<¢,0<—, -m<Y<nm 7
> ¢ > Y (7)

- Gia thiét 3. Cac bat dinh mé hinh va nhiéu ngoai

trong dong luc hoc cta Quadrotor dugc gia thiét la bi
chan. Cu thé:

* Bat dinh tham sé vat ly:

m=m,+Am (8)
k, =k, ,+ Ak, )
J=J,+A) (10)

trong do6: my, ke, Jo 1a cac gia tri danh dinh; Am, Ak;, AJ
bi€u dién sai léch do tai thay ddi, sai s6 nhan dang/uéc
lugng,...

* Bat dinh khi ddng hoc va nhiéu méi trudng: sai
léch cac hé s6 can tinh tién cay, Cay, Car Sai léch cac hé s6
cdn quay Kuy Kuy, kez hiéu Ung gyroscopic chua mé hinh
hod chinh xac, rung dong dong co, sai léch luc gilta cac
rotor, va nhiéu gio/moi trudng.

Toan bd cac anh hudng trén dugc gop lai thanh:

* Nhiéu luc téng hop d, (t)eR’ trong dong luc hoc
tinh tién

* Nhiéu mé-men téng hop d, (t) R’ trong dong luc
hoc quay
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thod man diéu kién bi chan:

o ol<d. o< o

V6i d,, d, 1a cac hing s6 duang hitu han nhung khong
biét trudc.
2.1. Phuong trinh déng luc hoc tinh tién

Trong hé toa dé quan tinh, ap dung dinh luat Il
Newton:

D F =mp

trong d6: p=[x y z]T €R’ 1a vi tri tam khéi trong

(12)

hé quan tinh {/}, va p la gia toc tinh tién.

Luc nang téng do bén rotor sinh ra dugc biéu dién
trong hé than {B} bai:

0 0

F,=|0|=Fe,, e,=|0

F 1

(13)

Do (12) viét trong hé quén tinh, luc nang dugc bién ddi
sang {/} thdng qua ma tran quay R(n):

F. =R(77)F, =R(7)e;F

trong dé: n=[¢ 6 1//]T 1a cac goc Euler (roll-pitch-

(14)

yaw). Chon truc Z, hudng Ién, vecta trong luc trong {/} la:
0
G=| 0

(15)

va luc can khi déng hoc co ban dugc xap xi tuyén tinh
theo van téc:

F,= -diag(cdx /Cay 1oz )p (16)

Thay tir cong thirc (13) dén (16) vao (12), phuang trinh
déng luc hoc tinh tién téng quat:
mp=R(n)e,F +G+F, +d, (17)

Khai trién (17) theo tung truc trong {/}:

. Cyo ] ; L
X =——2%+—(cospsinfcosy +singsiny )U,+d,
m m

. Cdy . 7 . . .
y=——2y+—(cosgsin@siny —singcosy )U,+d, (18)
m° m

5= _Ciz'—g+i(cos¢cos¢9)U,+dz
m m

trong dé: d, =[dx d,d, ]T va U =Flaluc nang téng tac

dung lén Quadrotor.
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Luc nang téng dugc sinh ra bdi bén rotor va gia thiét
ty |é vai binh phuang téc dé quay:

4
U =F=k > O (19)

i=1
vGi Qi la téc dd goc rotor thitiva kr la hé s6 luc nang.
2.2. Phuong trinh déng luc hoc chuyén déng quay
Pong luc hoc quay ctia Quadrotor dugc xay dung dua
trén phuong trinh Euler cho chuyén déng quay cla vat
ran, dugc biéu dién trong hé toa dé than FB nhu sau:

D1 =Jo+wx(Jw) (20)

trong dé:

cw=[pg r]T la vecto téc dO6 goéc cla than
Quadrotor quanh cac truc roll, pitch va yaw;

. J:diag(lxx,lyy,lzz) la ma tran mé-men quan tinh ctia
Quadrotor trong hé toa d6 than;

* 13 la tdng cdc mo-men tac dung |én Quadrotor.

Cac mo-men chinh tac dung lén Quadrotor bao gém:
mo-men diéu khién sinh ra bdi cac rotor, mé-men
gyroscopic do rotor quay, mo-men can khi déng va cac
mo-men nhiéu chua mé hinh héa chinh xac.

Do cau hinh hinh hoc cia Quadrotor, cac rotor sinh ra
mo-men diéu khién quanh céac truc than théng qua su
chénh léch luc ddy va mé-men phan luc:

Ik (€3 -93)
I, (93 -})
Wl |k, (Q+Q3-Q1-0))

(21)

trong dé:

* [la khodng cach tur tam khéi lugng dén mai rotor;

* kr va kn 10 lugt 1a hé s6 luc day va hé s6 mo-men
phan luc;

* Q,(i=1,..,4)latdc d6 goc cla rotor thit i.

Do cac rotor quay Vi téc do cao, su thay doi téc do
goc than sinh ra mé-men gyroscopic, dugc mé hinh héa
bai:

0
7, =J |0 |xw,
Q

i+

Q=Y(-1) o 22)

trong d6: J. la mé-men quan tinh cla rotor. Trong
nhiéu nghién cuu, thanh phan nay c6 thé dugc xap xi
hoac gop vao nhiéu quay khi phan tich bén ving.
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M6-men can do ma sat va khi dong dugc xap xi tuyén
tinh theo t6c d6 goc:

v, =—diag(k,, Ky, K, )@

wx’wy’

(23)

trong dé: k,,, .k, /K,, >0 la cac hé sé can quay.

Cac tac dong chua dugc moé hinh héa chinh xac
nhu nhiéu gi6 xody, rung déng co khi, sai léch luc
rotor va nhiéu moéi trudng dugc gép vao vecto mo-
men nhiéu:

d,
d=|d,|
d

174

(24)

(0)]<d,

v6i d, la hdng s6 duong hitu han nhung khong biét
trudc.

Cong tat ca cac moé-men (21) dén (24) vao phuong
trinh Euler (20), thu dugc:

Jw=-wx(Jw)+T+T, +T,+d, (25)

Khai trién (25) theo tiing truc quay, dong luc hoc quay
clia Quadrotor dugc viét dudi dang:

I
¢=¥6w—lj—'eg IW¢+ L, +d,

XX XX XX XX

d. .k,

Gleta gy djo Mo 1y g (26)
Iyy Iyy IW IW
xx yy ¢6 wz (/j +_U +d

trong dé: U,, Us, Us 1an lugt la cac md-men diéu khién
quanh cac truc roll, pitch va yaw.

2.3. Bat dinh tham sé trong déng luc hoc quay

Do khé xac dinh chinh xac cac tham sé vat ly trong
thuc té, cac tham s6 quay dugc moé hinh héa dudi dang:

J=J,+A),  k, =k, ,+Ak,, ie{xyz} (27)

trong d6: AJ va Ak, la cac bat dinh tham sé bi chan.
Céc sai léch nay, cing v6i mé-men gyroscopic chua dugc
mo hinh hoéa chinh xac, c6 thé dugc xem nhu mét phan
cta nhiéu téng hgp d,trong qua trinh thiét ké bo diéu
khién.

TU qua trinh mé hinh héa déng luc hoc chuyén déng
tinh tién va chuyén déng quay, mé hinh toan hoc day da
cla Quadrotor c6 thé dugc biéu dién dudi dang hé
phuong trinh phi tuyén bac hai véi nhiéu va bat dinh nhu
sau:
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7(cc s+ss)U+d

X=-
m m ’

L Gy T
y=—?y+m(c¢sws ¢C./,)U,+dy

2=—C£z'—g+%(c¢cg)U,+dz

m
o Lo-I . J . k.1 (28)
=2 =0y -—L0Q-——>¢ +—U,+d
botelegyidigo K Vg L
I v 1, I I
»y ¥y »y »y
. [XX_I,H ¢9 k U d
=2 g0— SN
W IZZ IZ l// IZZ

Vecto dau vao diéu khién U =
dinh tir téc dé quay cla cac rotor:
U, kg ki ky ok, |lQ?

U, 0 k, 0 -k ||Q2
Uy | |-k, 0 Kk, 0|2
U, k, -k, k, -k, | Q:

p p p p

[Ui U, Us Us]™ dugic xac

(29)

Nhan xét: TU cac phuong trinh dong luc hoc chuyén
dong tinh tién va chuyén déng quay cho thay:

* M6 hinh téng quat cta Quadrotor (28) la hé phi
tuyén manh, da bién va thiéu ca cau chap hanh.

* Cac tham s6 bat dinh, bao gém khéi lugng m, ma
tran quan tinh J, cac hé sé luc ddy va mé-men (k4 k), cling
nhu cac hé s6 can khidéong (c,,,c,, ,C,, K k,,),anh

hudng chuyén déng bam quy dao ctia Quadrotor.

ox’ my’

* Cac nhiéu chuyén dong tinh tién d, =[dx d, dZ]T va

nhiéu chuyén dong quay d, =[d¢ d, d, }T xuat hién
truc ti€p trong mo6 hinh doéng luc hoc, cac tham s6 bat
dinh la khong biét trudc hodc khong biét chinh xac va bi
chan.

3. THIET KE BO PIEU KHIEN BND-BACKSTEPPING

C4u truc diéu khién dugc thiét ké theo dang phan cép,
trong d6 kénh tinh tién dugc thiét ké trudc dé suy ra luc
nang téng U, va cac goc dat, sau dé kénh quay dugc xay
dung dé sinh cdéc mémen diéu khién Uy, Us, Us.

3.1. Bioinspired Neural Dynamics (BND)

M6 hinh Bioinspired Neural Dynamics (BND) dugc
phat trién dua trén mé hinh no ron Hodgkin-Huxley va
sau dé ma rong bai Grossberg, c6 kha nang xap xi manh
mé cac thanh phan bat dinh va nhiéu trong hé phi tuyén
[26, 271].
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Bé diu khién Uy )
P tinh tién Uz | Hé téch phi ) P
+<>_ BND - tuyén N i
Qiy dao 3t Backstepping PRI e
.9, Vi £ o o)
> quadrotor 5

#ln),6l)

Hinh 2. So 0 cdu tric diéu khién

Doéng luc hoc clia mbi no-ron tha i trong mé hinh BND
ducc mo ta bai [28]:

Vs,i =-AV,, +(B, _Vs,i)f(ei)_(Di +Vs,i )g(e;),

ivs,i

(30)

trong do: e; biéu dién sai léch gilra trang thai mong
mudén va trang thai uéc lugng ctia Quadrotor.
Cac ham kich hoat phi tuyén dugc xac dinh bai:

f(q):wnax{g,o}, g(g):ﬂnax{—eﬂo} (31

Trong mo hinh (30), V;;la trang thai no-ron déng vai
tro tin hiéu bu cho cac bat dinh va nhiéu ngoai sinh. Tham
sO Ai> 0 xac dinh téc d6 suy gidm ndi tai cla trang thai
na-ron, trong khi B;> 0 va D;> 0 lan lugt quy dinh cac gidi
han bédo hoa phia duong va phia am cula tin hiéu bu. Nh&
co ché kich thich - tic ché sinh hoc théng qua cac ham f(e)
va g(ey), tin hiéu V;; c6 kha nang thich nghi tron theo sai
l&ch va ludn bi chdn trong mét mién hiu han.

Nh& co ché shunting déc trung, dau ra V;;ludn bi gidi
han trong khoang [-D; B] va thay déi tron theo thai gian.
DE& ma& réng mé hinh (30) sang dang nhiéu chiéu phuc vu
cho diéu khién Quadrotor UAV, ta viét lai dugi dang vector
nhu sau:

trong d6: V. =—AV. +G (32
va V. =[V,V,..V, ] eR” (33)
A=A+E, A=diag(A,..,A,), E=diag(le|,...|e,|), (34)

Vector kich hoat G dugc xac dinh theo ting phan t
nhu sau:

Be, =0

De,, e <0

!

(35)

i

véi B=diag(B,,.., B,) va D=diag(D, ...,D,)

Nhan xét: Xét phuang trinh trén vai e; la tin hiéu vao,
néu e;bi chan thi trang thai V;; 1a 8n dinh theo nghia vao -
trang thai. Khi e;— 0 khi t — oo, thi V;;— 0. Nh& kha nang
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thich nghi déng va dac tinh bao hoa néi tai, tin hiéu dau
ra cia md hinh BND thé hién hanh vi 8n dinh han trong
diéu kién c6 nhiéu va bién déi moi trudng, déng thai luén
bi chan trong mién [-D, BJ].
3.2. Thiét ké bd diéu khién tinh tién dua trén BND -
Backstepping

Viéc thiét ké bo diéu khién cho kénh tinh tién dugc
thuc hién theo phuong phap Backstepping phan cép,
trong d6 cac ham Lyapunov dugc xay dung tuan tu dé
bdo dam 6n dinh tiém can cua sai léch bam [6, 7]. TU m6
hinh déng luc hoc tinh tién trong (18) c6 thé viét gon dudi
dang:

p=u, -Dp-ge,+d, e,= [001] (36)
Tin hiéu diéu khién 3o dugc dinh nghia:
UX
u, :iR(n)%U1 =|U, (37)
U

z

Véc-to u,dai dién cho thanh phan gia téc sinh ra bai
luc nang téng U, trong hé toa d6 quén tinh. Dat sai léch vi
tri va van toc dua trén mé hinh tinh tién (18):

ep =ps-P, €, :pd -p+K1ep

k,)>0.

(38)
trong dé: K, =diag(k,, , k

1y’

Tin hiéu bu BND V€ R® dugc sinh tu sai [éch e, theo
mo hinh shunting:

V,=-AV, +G, (e, ) (39)
v6i N, =A,+EA, -0chéo, E =diag(le,|.le,| [e,.|)
va
Bt,iev,i’ ev,i ZO’ .
Gt,,.(ev,,.)z{D”ew e, <0, ie{x, y, z} (40)

Nho dac tinh shunting, méi V,.(t) bi chén trong
[-D,;,B,; |Chon luat diéu khién ao:
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u,=p,+K.e, +K,e +D,p+ge,+V,, (41)
trong do: K, =diag(k,,,k,,,k,,)~0. D& chimg minh

su 6n dinh (41) chon ham Lyapunov sau:

_1 T 1 r | .
Vt—Eepep+Eevev+EVstBt - (42)
trong do:

B, =diag(B,,.,B,,.B,,)>-0. (43)

Tl (36) dén (41) suy ra dong luc hoc sai léch khép kin:

e,=e —Ke, e =-Ke —(V,-d) (44)
Lay dao ham V; theo (39) va (44) cho ta:
V, = —e;K1ep -e/K,e +e/(d -V,) 45)

+VIB.'G,(e,)-VIB,'A,V,

st t st t
Véi lua chon bién BND du I6n dé bao pha nhiéu bi
chan (Gia thiét 2), ton tai lua chon tham sé sao cho

e (d,-V,)+VB,'G,(e,)<0 (46)
suy ra:
V,<-eKe,—eK,e, (47)

do do e,,e, — 0khit— o va cactin hiéu trong hé bi
chan.

Suyra Urvagocdat (4,0,)Tou, =[U, U, U,] va
quan hé trong phuong trinh tinh tién (18), chon:

Uy=m\U2 +U2 +(U, +g )’ (48)
U,siny, —U cos
&, :arctan( AW 2y V/d]
U +g
U,cosy, +U sin
0, :arctan[ Ve Ty y/dJ (49)
U,+g

3.3. Thiét ké bo diéu khién quay dua trén BND -
Backstepping

T md hinh déng luc hoc quay cda Quadrotor trong
(26) viét gon nhu sau:

i=f(nn,Q)+BU,+d,, U, =[U, U, U] (50

trong do: r|=[¢ 0 L/)]T ; £(-) gom cac thanh phan

phi tuyén; B, =diag(1/1,,,1/1,,1/1,); va d;la nhiéu bi

xx /

chan.

Dt quy dao mong mudn n, =4, 6, Y, ]T.Sai léch
dugc dinh nghta:
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e,=n,-n, e,=n,-nK.e, (51)

vGi K; =diag(k,,, ks, ks, ) -0

Tin hieu bu BND V, eR* dugc sinh tir sai léch e, theo
shunting model:

V.=-AV,_+G,(e,)

r o sr

(52)
Trong do:

"V [V Vo W

W]T la véc-to tin hiéu bu nhiéu

quay, dung dé xap xi va bu cac nhiéu/bat dinh chua biét
trong kénh quay (nhiéu mé-men, sai léch tham so,
mo&-men gyroscopic khdng mé hinh héa chinh xac).

ce, =[ew,¢ €,p ewT la sai léch toc d6 géc, déng
vai tro tin hiéu kich thich dau vao cia mé hinh BND.

* N\, =A, +E, >-0la ma tran suy gidm, quyét dinh toc
do tiéu tdn nang lugng cua tin hiéu BND, trong dé:

— A, =diag(q, ;, a,4, a,,)>0 la thanh phan suy gidm
tuyén tinh hang, ddm bao 6n dinh ndi tai ctia dong luc
BND.

—E, =diag(le,,|l|e,zlle,, ) lathanh phan suy gidm
phu thudc sai léch, gitp tang toc do dap tit Vs khi sai
léch I6n.

* G, (e,) la ham kich hoat tling phan, dugc dinh nghia
theo tung kénh:

B e, e,;20,
G, (e, )= '
W) =p e, <0,

’v}e“’v}' J

ie{g, 6, ¢}, (53)

trong dé: B,; > 0 va D,;> 0 la cac hé sé kich hoat bat doi
xung, cho phép BND phan tng khac nhau véi sai léch
duaong va am, tir d6 cai thién kha nang bu nhiéu bi chan
va nhiéu phi déi xtng.

Chon luat diéu khién kénh quay:

U, =B, -f.(n,n,Q)+K,é +K,e, +V, ), (54)

vaGi K, =diaglk,,,
diéu khién dugc xac dinh lan luct:

U, =1, (dh—F, +ky &, + kel +V,,, )

Uy =1,, (6, =1, +ksoly + kil +Vi5 )

ks, Ky, )0 . Theo do, cac mo-men

(55)

U, =1, ((pd —f, +k, e, +k,el+ sz)

trong do: f,,f,,f, la cac thanh phan phi tuyén tuong
ung clia fi(-).
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Thay (54) vao mé hinh quay, thu dugc hé sai léch khép
kin:

e =e,—Ke, e, =K,e, —(V, -d,) (56)

Do V,, c6 dbng luc riéng, chon ham Lyapunov:

v _lere +le2ew +lVf,B;7VS, (57)
2772 2

Lay dao ham (58) theo thai gian va thay (57) vao thu
dugc:
V.=-elKe, —elK,e, +ele

)]. (@) (58)
-e (V,—d,)+V,B/V,

srer S

V6i V., =—A,V, +G, (e, ), va gia thiét nhiéu bi chan, c6

thé chon cac tham s& BND va ma tran K, d0 16n sao cho
cac hang con lai bi triét tiéu, suy ra:

V. <-eK,e, -e[K.e, (59)

Do dé e
U., Us, Usla htu han va bi chan.

Cudi cung, véc-ta diéu khién téng ctia Quadrotor c6
dang:

u=[y, U, U UJ (60)

trong d6: U, dugc xac dinh ti kénh tinh tién va (U, U,
Ua) tu (54).
4. MO PHONG BO DIEU KHIEN BND-BACK STEPPING
CHO QUADROTOR BAM QUY DAO KHI CO NHIEU VA
THAM SO BAT PINH

Hiéu qua cta thuat toan diéu khién dugc chliing minh
thong qua mo phong trén phan mém Matlab. Quy dao
tham chiéu dugc lya chon dang xoan 6c¢ 3D trong khong
gian, gébm chuyén déng tron trong mat phang x-y va tang
dan theo truc z. Quy dao dat cé dang:

e, — 0 khit— oo va cdc mdé-men diéu khién

n!

X, (t)| | 1+8cos(0,1t)
P4 (t)=| y,(t)|=| -8+8sin(0,1t) (61)
z,(t) 0,2t

VGi van téc va gia téc tham chiéu thu dugc bang dao
ham theo thoi gian:

-0,8sin(0,1t)
P, (t)=| 0,8cos(0,1t) (62)
0,2
—0,08c0s(0,1t)
P, (t)=| —0,08sin(0,1t) (63)
0
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GOc yaw (¢) tham chiéu dugc chon khéng d6i dé don
gian hoa bai toan theo doi tu thé:

W, (t)=0,2rad, ¢, (1)=0.

M6 phong dugc thuc hién trong khodng thai gian
t € [0,T] vGi budc 1dy mau dt va b gidi s6 ode45. Trang thai
ban dau dugc chon gan diém dau cta quy dao tham
chiéu nham danh gia chinh xac kha nang bam va dap tng
qua do:

P(0) =p,(0). B(0) =0, 7(0) =0, w(0) =0

Cac tham s6 vat ly ctia Quadrotor (khéi lugng danh
dinh mo, ma tran quan tinh J, hé s6 can, giéi han luc/mé-
men) dugc gitr gidng kich ban trudc dé dam bao tinh nhat
quan. Bat dinh tham sé dugc xét dudi dang khéi luong
thay déi theo thai gian, trong khi nhiéu ngoai sinh dugc
mo hinh hoa thong qua cac thanh phan nhiéu tac déng
lén kénh tinh tién va kénh quay.

(64)

(65)

Bang 1. Thong so md hinh Quadrotor va gidi han dau vao st dung trong
mé phdng

Tham sé Gia tri Tham so Gia tri

mo 1,121 (kg) g 9,81 (m/s?)

[ 0,01 (kgm?) ly 0,01 (kgm?)

Iz 0,0148 (kgm?) / diag(0.01, 0.01,0.0148)
Grmax O 45 Usmax 55(N)

Tinax 2,5(Nm)

Hiéu nang bam quy dao va 6n dinh tu thé dugc danh
gia thong qua cac d6 thi:quy dao 3D, dau ra toa do x, y, z
50 VGi pq, sai léch vi tri e,= p4- p, dau ra géc Euler (¢, 6, ¢)
50 VGi (¢g B4 Wa), sai léch géc e,= ng- n, va tin hiéu diéu
khién (Us,t) v&i T=[U, Us Udl™.

Bang 2. Thong s6 b diéu khién BND—Backstepping sk dung trong md
phéng

Tham sd Gia tri Tham s Gia tri
K, | diag(18 18 2.5) K, | diag(3.9,3.9,53)
Kia diag(6.0, 6.0, 2.5) Kz diag(3.0,3.0, 1.5)
A | diag2.0,2.0,2.2) B | diag(555.5 6.0)
Dy diag(5.5, 5.5, 6.0) A; diag(3.5,3.5,3.0)
B, | diag(2.4, 2.4 2.0) D, | diag(2.4,2.4 2.0

K&t qua dugc biéu dién tir hinh 3 dén hinh 8.
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- = =ref
BND-BS

T ym)

Hinh 3. Biéu dién chuyén dong theo quj dao 3D

Nhén xét: TUr hinh 3 cho thay, quy dao bay khéng gian
ba chiéu ctia Quadrotor duéi tac dong clia bo diéu khién
BND-Backstepping. Quy dao chuyén dong thuc bam quy
dao chuyén dong dat vai sai léch nhé cho phép.

T I T T

20 30 40 50 60

0
0
E 10F
>
20 :
0 10 20 30 40 50 60

1
0 10 20 30 40 50 60
Time (s)

Hinh 4. Biéu dién dap tng vi tri theo trucx, y, z

1 1 |
0 10 20 30 40 50 60
Time (s)

Hinh 5. Bi€u dién sai vi tri ctia trucx, y, z

Tap chi Khoa hoc va Cong nghé Trueng Dai hoc Cong nghiép Ha Noi

Nhén xét: Hinh 4 va 5 cho thdy, bién d6 sai léch dugc
gilrtrong céac gidi han xap xile,| <0,201m, |e,| <0,123mva
lez| < 0,121m. Sai léch theo phuong thang ding van tén
tai thanh phan léch tinh nho, phan anh kha nang bu bat
dinh chua hoan toan triét tiéu cta bd diéu khién BND
trong diéu kién nhiéu va thay déi tham sé.

10 T T T

- == ref
BND-BS

0 10 20 30 40 50 60
Time (s)

Hinh 6. Dap tng cac géc Euler

~o 10 20 30 40 50 60
Time (s)

Hinh 7. Sai l&ch gdc Euler

Nhan xét: Hinh 6 va 7 thé hién dap Uing cac goc Euler
va sai léch goc Euler ctia Quadrotor. Cac goc roll va pitch
dao dong véi bién do tuong doi I16n do truc tiép tham gia
vao viéc tao luc tinh tién dé bam quy dao, trong khi géc
yaw c6 dap ung tron hon. Du tén tai dao dong, cac trang
thai goc van dugc duy tri trong mién an toan va khong
gay mat én dinh hé théng. Sai léch goc roll va pitch dao
ddng trong khoadng +(4,5° - 7,6°), trong khi sai léch géc
yaw nho hon, duy tri trong khoang +4,5°. Biéu nay cho
thay cdu trac backstepping thuan tay chua tao du dé suy
gidm (damping) dé triét tiéu dao déng trong cac chuyén
dong phuc tap.
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Hinh 8. Tin hiéu diéu khién

Nhaén xét: Hinh 8 cho thay luc ddy téng U, bién thién
trong khoang 12,2 - 16,6N dé dap ting chuyén doéng xoan
8¢ két hgp leo cao, trong khi cac mo-men diéu khién luén
nam trong gidi han +0,2Nm. Khéng xuat hién hién tugng
bao hoa hay rung gidt manh, cho thay bé diéu khién co6
kha nang trién khai thuc té.
5.KET LUAN

Trong bai bdo nay, mot bo diéu khién bam quy dao
cho Quadrotor UAV da dugc dé xuat dua trén cau tric
két hgp Backstepping va Bio-inspired Neural Dynamics
(BND) cho m6 hinh dong luc hoc phi tuyén day da sau
bac tu do. Bo diéu khién dugc thiét ké theo dang phan
cap cho cac kénh tinh tién va quay, trong d6 BND déng
vai tro xap xi va bu cac nhiéu/bat dinh moé hinh va nhiéu
ngoai sinh bi chédn, dong thoi ddm bao tinh tron va bi
chadn cda cac tin hiéu diéu khién. Phan tich Lyapunov
cho thdy hé kin dat 6n dinh tiém can, va cac mo-men
diéu khién sinh ra la hitu han.

Cac két qua mo phong trén quy dao khéng gian ba
chiéu dang xodn 6c cho thdy bd diéu khién BND-
Backstepping dam bao dugc tinh én dinh ctia hé va kha
nang bam quy dao trong diéu kién ton tai déng thoi bat
dinh m6 hinh va nhiéu ngoai sinh. Quy dao thuc bam sat
quy dao tham chiéu, cac tin hiéu diéu khién duy tri trong
gidi han cho phép va khéng xuat hién hién tugng bao hoa
hay mat 6n dinh trong suét qua trinh mé phong.

Tuy nhién, két qua clng cho thay sai léch bam vij tri
va goc Euler van con ton tai vai bién do dang ké, dac biét
tai cac truc x, z va cac géc quay roll, pitch khi Quadrotor
thuc hién chuyén déng xodn 8¢ c6 dé cong I6n va thay
déi do cao dong thai. Nguyén nhan chi yéu xuat phat
tUr cau trac Backstepping thuan tdy trong kénh quay co

Vol. 62 - No. 6A (June 2026)

do suy gidm han ché, ciing nhu kha nang bu cta moé
hinh BND con mang tinh xap xi va chua dt manh dé triét
tiéu hoan toan cac dao déng phat sinh trong cac kich
ban quy dao phuc tap.

Nhin chung, phuong phap BND-Backstepping thé
hién uu diém vé cdu trdc ré rang, dé trién khai va dam bao
8n dinh, song van con han ché vé dé chinh xac bam trong
cac bai toan chuyén déng phuc tap. Pay la co s& dé dinh
hudng cac nghién ciu tiép theo theo huéng tang cudng
dé bén viing va kha nang bam quy dao, chdng han nhu
két hgp BND véi diéu khién trugt, diéu khién hiru han thai
gian, hoac tich hgp thém co ché quan sat va bu nhiéu
nham nang cao hiéu nang va kha nang ting dung thuc té
cla phuong phap dé xuat.

LO1 CAM ON

Nghién ctiu nay dugc tai trg bdi Quy Phat trién khoa
hoc va céng nghé Quéc gia (NAFOSTED), ma sé 107.01-
2017.306.
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