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Tom tat:

Trong cac hé thdng quadrotor thuang mai hién nay, cdc bo mach diéu khién thudng dugc tich hgp
san dudi dang hop den, han ché kha ndng tly bién va t8i uu trong cac ing dung déc thu hodc diéu
kién van hanh khac nghiét. Nhdm giai quyét van dé nay va hudng tdi viéc lam chl cong nghé diéu
khi€n, nhdm tac gia dé xuit moét md hinh thuc nghiém trién khai trén gid quay ba truc, cho phép khao
sat déng luc hoc va thiét k& bd diéu khién cho cac kénh diéu khién gdc ciia mé hinh quadrotor. Théng
qua qua trinh nay, cac tham sd diéu khién dugc xac dinh dé€ phuc vu cho viéc 6n dinh va diéu khién
géc quay. Goc quay dudc do bang cam bién MPU6050 — mot cam bién phé bién tich hgp gia téc k& va
con quay hdi chuyén — va xur ly bdi vi diéu khién STM32F303CCT6 chi phi thp. Ngoai ra, hé théng
thuc nghiém con dugc sir dung dé diéu chinh cac tham s6 clia bd loc Kalman, qua dé danh gia hiéu
qua cua thudt todn trong cac diéu kién van hanh thuc té. Md hinh cé thé dugc g dung trong thiét
k&, phat trién bd diéu khién tly bién, cling nhu' phuc vu dao tao va nghién cliu trong linh vuc diéu
khién bay khéng ngudi Iai.

T khéa: May bay khéng ngudi 13i; Biéu khién UAV; BO loc Kalman, IMU, MPU6050
Abstract:

In most commercial quadrotor systems, the control boards are pre-integrated as closed systems,
limiting user access to internal parameters and customization for specific applications or harsh
operating conditions. To address this limitation and advance the capability to design custom control
systems, this study introduces an experimental model implemented on a three-axis rotational stand.
The platform enables investigation of attitude dynamics and development of control algorithms for
angular motion channels of a quadrotor model. Angular orientation is measured using the MPU6050
sensor an integrated accelerometer and gyroscope and processed by a cost-effective STM32F303CCT6
microcontroller. The experimental setup is also employed to tune parameters of the Kalman filter,
facilitating evaluation of the algorithm’s performance under real-world operating conditions. The
proposed system serves as a foundation for customized controller design and is well-suited for
educational and research purposes in unmanned aerial vehicle (UAV) control.

Keywords: Unmanned Aerial Vehicle (UAV); UAV Control; Kalman Filter; IMU; MPU6050
1. DAT VAN BE phan quan trong trong cac hé théng gidm

DPon vi do luong quan tinh (Inertial  sat, chan doan va diéu khién, duoc ung
Measurement Unit — IMU) 1a mot thanh  dung rong rdi trong nhiéu linh vuc nhu
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thiét bi bay khong nguoi lai (UAV), diéu
hudng va giao thong, 6 to tu hanh, thiét bi
di dong, phan tich chuyén dong con ngudi,
ngudi may, va cac hé théng diéu khién
thong minh khac ([5], [7], [8]).

Mot IMU tiéu chuan thudng tich hop
cam bién gia tdc ba truc va con quay hoi
chuyén ba truc, cho phép do cac dai luong
vat 1y nhu gia tdc tuyén tinh va toc do goc.
Vi vu diém vé chi phi thap, tiéu thy dién
ning nho, do chinh xac twong dbi cao va
dé tich hop, IMU tr¢ thanh lya chon phé
bién trong cac hé thong nhung va thiét bi
di dong [6].

Hinh 1. M6 hinh quadrotor

Tuy nhién, cac thong sé ky thuat ma nha
san xudt cung cép trong bang dir lidu
thuong chi phan anh hiéu suat thiét bi trong
diéu kién lam viéc danh dinh. Trong khi
d6, anh hudng ciia cac yéu t6 moi truong
nhu nhiét do, 46 4m, rung dong co hoc va
va dap dén d6 chinh xac do luong va do tin
cay lau dai cua hé théng van chua duoc
danh gia day du [1].

-
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Hinh 2. MPU6050

Pbi voi tng dung quadrotor [9], IMU
thuong phai hoat dong trong moi trudng
rung dong cao gay ra boi dong co diy hoic
nhidu tir gi6. Pay 1a yéu t6 co thé lam sai
1éch viéc udc lugng goéc nghiéng (roll,
pitch) néu khong duge xtr Iy dung cach.
Trong nghién ctru nay, nhom tac gia thuc
hién thuc nghiém nham xéac dinh cac dic
trung nhiéu cta cam bién IMU thuong mai
MPU6050 (Hinh 2) khi lip dat trén md
hinh quadrotor (Hinh 1). Dya trén dir licu
do thuc té, cac tham s cho b loc Kalman
duoc thiét 1ap lai nham tang cuong hiéu
sudt woc luong goc trong didu kién rung
dong dic trung tir hé thong dong co.

2. THUAT TOAN UOC LUONG GOC
NGHIENG CUA MO HINH QUADROTOR
2.1. Poc dir liéu ttr don vi do lwéng
quan tinh MPU6050

MPU6050 1a cam bién tich hop bao
gdm gia toc ké va con quay hdi chuyén ba
truc, thuong dugc st dung trong cac h¢
thong nhung nho dic tinh nho gon, chi phi
thap va dé& tich hop. Trong nghién ctru nay,
MPU6050 duoc cdu hinh hoat dong véi
giao thuc truyén dit lidu I2C, két nbi véi vi
diéu khién STM32F303CCT6 dé thu thap
va xir 1y tin hiéu cam bién. Cam bién cho
phép do hai dai luong vat Iy chinh: Gia toc
tuyén tinh trén ba truc (Ax, Ay, Az), Tdc
dd goc quanh ba truc (Gx, Gy, Gz).
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Sau khi khoi tao va hi¢u chuan, dit liéu
thd tir MPU6050 duogc 14y mau dinh ky ¢
tan s6 1kHz. Tin hiéu do dugc xu 1y so bd
qua bo loc thong thap dé loai bé nhidu tan
s6 cao, sau d6 dugc quy doi sang don vi vat
Iy tuong tmg (m/s? hodc g, rad/s) dé dwa
vao thuat toan udc luong goc nghiéng.

Hiéu chinh va chuyén déi dir ligu cim
bién: Dé st dung dir liéu tir gia toc ké va
con quay hdi chuyén nham udc lugng goc
nghiéng (roll, pitch), dir liéu thd can duoc
chuyén d6i sang don vi goc. Trong giai
doan khéi tao, cam bién duoc gitr ¢ dinh
dé lay mau nham tinh sai s6 tinh Bias . Dit
liéu dau ra duoc hiéu chinh bang cach bu
sai s6 tinh va chia cho hé sb do nhay (
Sensitivity ) theo cong thirc:

A= (A —Bias) / Sensitivity (1)

raw

Trong d6: 4, 1a gia toc thuc sau hiéu

real
chinh; 4, 1a dit lidu thd tr cam bién;
Bias 14 sai s6 tinh; Sensitivity 1a d6 nhay
do nha san xuét cung cap. Sau khi xir Iy,
g6c nghiéng c6 thé tinh theo dir li¢u gia toc
ké nhu sau:

Roll = arctan (Ay /A, ) 2

Pitch = alrctan(—Ax/1 |4} + A ) (3)

Déi v6i con quay hoi chuyén, dir lidu
thd dau ra thuong co don vi 1a d6/gidy (°/s).
Sau khi hi¢u chinh theo sai s6 tinh va hé s6
dd nhay, dit liéu dugc tich phan theo thoi
gian dé cap nhat goc nghiéng (Roll/Pitch):

0(t)=0(t-At)+(w,,, - Bias) At (4)
Trong d6: 0(t) la goc nghiéng (Roll/Pitch)

tai thoi diem £ w,, 1a toc do goc

(Roll/Pitch) thu dugc tir con quay hoi
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chuyén.

2.2. Thuat toan wéc lwong géc nghiéng
str dung bd loc Kalman

B9 loc Kalman néi chung 1a mdt bo uéc
luong tuyén tinh téi wu theo tiéu chudn cuc
tiéu phuong sai cua sai sé wdc luong [15].

aZ
Gia a +
toc = atan2
ké |a y

| atan2 P

0

) a o
Cam [ ~~——KroD %
bicn g, Y 6 pitch
gyro » KF2D >

Hinh 3. So d6 thwc hién wéc lwong géc
nghiéng s dung thuat toan loc Kalman 2D

Vi dang @€ quy (recursive), bd loc nay
pht hop dé trién khai trén cac bo vi xur Iy
nhing, nho hi€u qua tinh toan va kha ndng
cap nhat trang thai lién tuc theo thoi gian
thuc. Trong nghién cltu nay, bd loc
Kalman hai thanh phén duoc st dung dé
ude lugng goc nghiéng (roll/pitch) tur hai
ngudn dir lidu: Goc nghiéng tho tinh tir gia
tc ké; Toc do goc do tir cam bién con quay
hoi chuyén. So dd hoat dong cua b loc
dugc minh hoa trong (Hinh 3). Céc
phuong trinh bd loc Kalman:
Quan sdt: y, =Hx, +r, (5)

Dong hoc: X, = AX,  +q, (6)

trong do: y, =[y; ¥1's ¥, v - pheép
do cap nhat tir gia téc ké va con quay hoi
chuyén véi thoi gian ldy miu Ar;
x, =[e, @] - trang thai vi tri goc va
R, 0

; R, R, 1a
0 R,

nhiéu

van toc goc; r, :{

phuong sai quan sat;
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% | 0, 0, - phuong
= s U, Yy - uong sai
q; 0 o, p g

~ 1 0
nhieu dong hoc; H:{O J - ma tran

quan sat; A = Ll) Alt} - ma tran dong hoc;
B1) Dy doan trang thai tién nghiém:
X, =A%, (7)
Véi: @, =&,  +Ata, ; &, =a,
B2) Hi¢p phuong sai tién nghiém:
1~)k—1 = APk—lAT +Q 3)

~2 1 2
pk—lj|_ P = |:pk—l pk—1:|

~4 |7 Tkl T 3 4

P Pra Pira
ﬁllc—l = pllc—l + At(plf—l + p/il +A* p/il )+0,
]313—1 = plf—l +At-p2—1; 132_1 = pli—l +At-p2—1;

ﬁlj—l = P2—1 +0,;;
B3) Tinh hé s hiéu chinh Kalman:
K,=P,_H"(HP_H+R) 9)

K, K;
K, ={ i ’ji trong do:
K K

K, = PGy + P
K = Dodia+ Diadins
K =@ Do+ 40D
K} =Dl i+ Didias
D =P -Biy + PRy = BB+
Pt R +R R, ’
g, = (Pl +R)/D; ¢; ==pi,/D;
g, =—Pi./Ds ¢} =P +R,)/D;
B4) Cap nhat trang thai hau nghiém:

X, =X, +K (y, —HX, ) (10)

trong do:
o =aq, +Ki(yZ _&k)"‘K;f(yf —a);
o = 07‘1( +K:(J’Z _&k)+K:(yl§ _&k) 5
BS) Hi¢p phuong sai hau nghi¢m:
P =0-K.HP,
trong do:
pllc =( _Kll )ﬁ/lﬁl _Klfﬁ/f—l ;
pe=(=K)p K. iy
p/f = _K:ﬁllc—l +(1 _K:)ﬁlf—l )
P =K +(=K)p;
Vong lap dugc thuc hién tir Bl dén B5.
Vé&i muc dich thuc thi trén vi diéu khién

(1)

thong dung, cdc phép toan ma tran can
dugc chuyén ddi tach ra thanh cac phuong
trinh tinh toan riéng 1€ tuong Gmg véi tung
budec.

Y nghia ciia tham sé6 Q va R trong b
loc Kalman: Trong cAu tric cua bo loc
Kalman, hai tham s6 quan trong anh hudng
truc tiép dén do chinh xac cua qué trinh
udc luong 1a ma tran nhiéu dong hoc (Q)
va ma tran nhiéu quan sat (R). Viéc lya
chon hodc xac dinh ding céc gia tri nay co
vai tro quyét dinh dén chit luong va tinh
on dinh cta bg loc trong thuc té.

Q — Ma tran hiép phuong sai nhiéu dong
hoc (process noise covariance) thé hién
muc d¢ tin tudng vao mo hinh dong hoc
cia hé théng. Gia tri Q cang 16n, bd loc
cang “md” hon véi kha nang hé thng co
thé thay d6i nhanh hogc khong chinh xac
theo mo hinh udc luong. Néu Q qué nho,
b6 loc dé “ctrng”, phan img cham va c6 thé
b6 qua cac thay ddi thuc s xay ra.

R — Ma tran hiép phuong sai nhidu quan
sat (measurement noise covariance) phan
anh do tin cdy cua dir liéu cam bién do
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duogc. Gia tri R cang 16n, bd loc cang giam
niém tin véao sd liéu do, va nguoc lai. Trong
thue té, dir lidu tir gia tdc ké thuong nhidu
cao hon, dic biét trong diéu kién rung dong
manh nhu quadrotor khi dong co hoat
dong.

Tac dong thue té: Néu Q qua 16n va R qua
nhé — bo loc phan tmg rit nhanh, nhung
dé bi dao dong hodc nhidu. Néu Q qua nho
va R qué 16n — bd loc phan Umg chim, dé
tré va khong theo kip chuyén dong thyc té.

Do do, viéc xé&c dinh ding cac tham $6
Q va R phu hop véi diéu kién 1am viéc
thuc té cta hé thong quadrotor 13 cuc ky
quan trong. Thay vi sir dung giad tri mac
dinh hodc 1y thuyét, nghién ctru nay tién
hanh thuc nghiém dé ude luong Q va R
dya trén dit lidu thyc, tir 6 t6i uu hoa higu
suat udc luong goc nghiéng trong moi
truong c6 rung dong dic trung cua
quadrotor.

3. PHUONG PHAP THUC NGHIEM
THONG KE XAC PINH THAM SO NHIEU
CHO BO LOC KALMAN

3.1 Phwong phap phwong sai Allan
(AVAR - Allan Variance) thwc nghiém
thong ké xac dinh phwong sai nhiéu
quan sat bo loc Kalman wéc lwong goc
nghiéng.

Phuong sai Allan (Allan Variance —
AVAR) [4] 1a mot phuong phap théng ké
hiéu qua duoc st dung dé phan tich cac
loai nhiéu khac nhau trong cam bién, dic
biét 1a trong hé thong do quan tinh nhu
IMU. Phuong phap nay dua trén ky thuat
ldy miu theo cum (cluster sampling) dé
danh gia d6 6n dinh va cac thanh phan
nhiéu nhu white noise, bias instability,
random walk, v.v.

Trong trudng hop cam bién quan tinh

(ISSN: 1859 - 4557)

IMU (gém gia tbc ké va con quay hoi
chuyén ba tryc), tin hi¢u dau vao co thé
duoc mo ta duoi dang mot véc-to tin hi¢u
lién tuc theo thoi gian: X = {x,,x,,..., X}
v6i N 1a sb miu thu duoc tai chu ky ldy
mau At. Thoi luong mdi cum dir lidu
(cluster) dugc dinh nghia 1a T =m.A¢,
trong d6 m 1a sb miu trong mdi cluster. Gia
tri trung binh ctia cum thr i dugc xac dinh
nhu sau:

_ 1 im
X=— X
m (k—(izl)m-#l kj

vé6ii=12,...Kva K :[N/m] 1a tong sb

(12)

cluster khong trung 1ap. Phuong sai Allan
dugc tinh tir cdc cum gid tri trung binh:
1 K-1

= s L Fa T (13

i=l1

Ciu hinh ciam bién va thu thap div liéu:
Trong nghién ciru nay, cam bién IMU

sir dung 1a MPU6050, tich hop gia toc ké
va con quay hoi chuyén ba truc, két ndi véi
vi diéu khién STM32F303CCT6 thong
qua giao tiép I*C. Dir liéu tho duoc lay
mau & tan s6 1 kHz, voi b loc thong thép
k¥ thuat s tich hop sin trong MPU6G050.
Dit liéu sau d6 duoc truyén qua giao tiép
USB tir STM32F303 1én may tinh dé xu 1y.
Thue nghiém AVAR duoc tién hanh theo
cac budc:

+) Thu thap dir li¢u tai trang thai tinh

trong thoi gian dai.

+ Lay mdu tir N =10°diém dir liéu, chia

thanh cac cum c6 do dai m =10’ mau.

+) Tinh phuong sai Allan cho cac tham

s lién quan dén wéc lugng goc nghiéng.

Hai dang tin hiéu dwoc sir dung dé

phén tich AVAR:
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+) 0,..: Goc roll va pitch tinh toan tur dir
lidu gia toc ké.

1) Oy Téc do goc roll va pitch do tir
con quay hdi chuyén.

Mot vi du két qua thuc nghiém duoc
biéu dién dué6i dang d6 thi (Hinh 5), cho
phép xé4c dinh gn dung gia tri phuong sai
do R tuong ung kénh goc roll:
R,~0,00037; R,=0,0000796, kénh

goc pitch: R, ~0,00043 ; R¢ =0,0000119;

Phuong sai Allan géc roll

00006

2 0005 |
T

Time (x1000k5ms)
Phuong sai Allan géc pitch

Time (x1000x5ms)
Hinh 4. Thuwc nghiém théng ké Phwong sai
Allan

3.2 Thuwc nghiém xac dinh tham sé bo
loc Kalman wéc lwong géc nghiéng
Trong c4u trac bd loc Kalman, ma tran
QvaR lan luot dai dién cho phuwong sai
nhiéu hé théng (nhidu dong hoc) va
phuong sai nhiéu do lwong (quan sat).
Chat luong va hi¢u suit ctia bo loc phu
thuoc manh mé vao cach lua chon hai tham
s6 nay. Trong phan 16n cac trudong hop

thue té, gia tri ciia @ va R thudng duogc lwa
chon théng qua qua trinh thir — sai, nhim
dam bao bg loc dat duoc suw on dinh, tinh
hdi tu nhanh, va kha ning khir nhiéu tot
trong cac diéu kién hoat dong khac nhau.

Mot trong nhimng yéu t6 quan trong anh
huéng dén dic tinh dong cua bo loc 1a ty
s0 gitra O va R. Ty s nay thé hién mirc do
wu tién gitra md hinh hé théng (predictor)
va tin hi€u do luong (measurement):

+) Khi @/R nhé — b loc tin tudng nhiéu
hon vao dir liéu do — hoi tu cham hon, do
tré 16n hon, nhung 6n dinh hon.

+) Khi /R 16n — b loc tin nhiéu vao
mo hinh hé théng — hoi tu nhanh, phan
mg nhay, nhung dé bi nhidu néu mé hinh
khong chinh xac.

Thuye nghiém xac dinh ty s6 Q/R: Dé
danh gia anh huong cua ty s6 Q/R dén hiéu
qua udc lugng, cac thir nghiém dugc thuc
hién trong hai diéu kién:

+) Piéu kién tinh: Quadrotor dung yén,
bbn dong co khong hoat dong (Hinh 5)

+) Piéu kién c6 rung dong: Quadrotor
¢ dinh nhung bon dong co hoat dong tao
ra rung thyc té (Hinh 6).

Dt liéu dugc thu thap tir cam bién IMU
(MPU6050) va xtr ly theo hai kénh:

+) Tin hi€u tho: gdc pitch tinh toan truc
tiép tir gia toc ké (dwong nét manh);

+) Tin hi¢u da lgc: két qua dau ra tu bo
loc Kalman véi ty so0 @/R dugc diéu chinh
(dwong nét dam).

Angle(deg)

Time (x5ms)

(a) Géc pitch khéng thay déi
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. Pitch Raw  ----- Pitch KF
0 " \
£ =
A I % /™ a Y ;
w \ / \
\ \ / \

= § 4 { \
¥o / Vo VAR U
k4 / { } Vg V! 4
%ﬂ - v \ ¥ ! Wi \/

W W ¥

: . 4 v 1

Time (x5ms) o

~ (b) Goc pitch thay d6i .

Hinh 5. Do thi wéc lwong goéc Pitch trong dieu
kién tinh (bon dong co khong hoat dong)

Pitch Raw —Pitch KF

) Angle(deg)

SOnEaAg R JTlme(“X;“;)_., HREACB 8BRS
(a) Géc pitch khéng thay déi

—Pitch Raw —Pitch KF

Angle(deg)

" Time (xSms)
(b) Géc pitch thay déi
Hinh 6. Db thi wéc lwong géc Pitch trong diéu
kién rung déng (bén ddng co’ hoat dong)

Phan tich két qua (Hinh 5 va Hinh 6):
Trong diéu kién tinh (Hinh 5), ca hai tin
hiéu thd va da loc déu khd 6n dinh, tin hi¢u
Kalman cho két qua mugt hon va giam
nhiéu bién d6 nho ro rét. Trong diéu kién
rung dong (Hinh 6), tin hi€u thd bi nhiéu
manh do anh hudng cua rung dong tir dong
co. Trong khi @6, bd loc Kalman van duy
tri dugc tin hi¢u 6n dinh va muot, loai bo
hau hét thanh phan dao dong khong mong
mubn. Sau qué trinh thir nghiém nhiéu cdu
hinh, mot ty s6 Q/R ~0.01 phu hgp da
dugc xac dinh, cho phép b loc dap tng t6t
ca vé téc do hoi tu va kha nang chéng
nhidu. Két qua nay 1a co s& dé lwa chon
tham sb tdi wu cho bo loc Kalman trong
diéu kién tng dung thuc té trén quadrotor.

(ISSN: 1859 - 4557)

Céc két qua thyc nghiém trong nghién ctru
nay duoc thyc hién véi mdt module cam
bién MPU6050 cu thé, trong diéu kién lap
dit va méi trudng rung dong nhat dinh.

Do dic diém san xuét hang loat va sai
s6 hiéu chuidn ndi bd, cac cam bién
MPU6050 khac nhau c6 thé c6 dic trung
nhidu va dép tmg dong hoc khong hoan
toan gidng nhau.

Do d6, cac tham s6 b6 loc Kalman duoc
xac dinh trong nghién ctru nay khong mang
tinh dai dién tuyét ddi cho moi cam bién
MPU6050, ma can duoc hiéu chinh lai tuy
theo tirng ung dung cu thé va diéu kién van
hanh thyc té.

5. KET LUAN

Két qua thuc nghiém cho thay rang, cac
rung dong tir hé thong co khi, dic biét 1a tir
dong co ctia quadrotor, anh hudng dang ké
dén d6 chinh x4c ctia phép do goc nghiéng
khi sir dung cam bién IMU MPU6050 —
mot module phd bién co chi phi thip.
Trong bdi canh do, thuat toan loc Kalman
dugc ching minh la mdt giai phap hiéu qua
gitip khir nhidu va cai thién d6 6n dinh cia
tin hi¢u udc lugng.

Tuy nhién, dé dat dugc hiéu suét loc toi
wu, viée xac dinh dung cac tham sd nhidu
— ddc biét 1a phuong sai do luong — 1a yéu
t6 then chot. Bai bao da dé& xuat phuong
phdp thuc nghiém st dung phuong sai
Allan dé udc lugng tham sé nay mot cach
khach quan va c6 co so théng ké. Két qua
cho théy b6 loc Kalman véi tham sb duoc
xac dinh tir dit li¢u thuc mang lai hi€u qua
t6t trong ca diéu kién tinh va c6 rung dong.

Ngoai Kalman lgc tuyén tinh cb dién,
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van con nhiéu giai phap khac c6 thé duoc
xem xét nhu b loc bu (Complementary
Filter), Kalman m¢ rong (EKF), Kalman
khong tuyén tinh (UKF).... Cac huéng tiép
can nay sé& duoc tac gia tiép tuc nghién ctru
va trinh bay trong cac cong bd tiép theo.
Do tinh d6i xmg ctia mé hinh quadrotor
nén kénh roll va kénh pitch c6 tinh twong
dong, nén nghién ctru trong bai bao hién
tap trung cha yéu vao kénh goc pitch.
Kénh yaw doi hoi bo sung mé hinh mé-
men dong co va dac tinh diéu khién phi
tuyén, s& dugc nhom tac gia tiép tuc nghién
ctru va trinh bay trong cac cong b ké tiép.
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