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Tém tit: Bai bdo nay trinh bay phwong phap mé hinh héa va mé phéng mét hé thong
dinh vi cho phwong tién bay khong nguoi lai (UAV) dua trén tich hop hé lhéng dinh vi toan
cau (GNSS) va hé thong dan dwong quan tinh (INS) bang b loc Kalman mé réng (EKF).
Muc tiéu la ndng cao dé chinh xdc trong viéc dinh vi va wéc lwong quy dao bay ba chiéu (3D)
ciia UAV trong diéu kién cam bién thuc té c6 sai s6. M6 hinh UAV dwoc gid thiét bay theo quy
dao cong trong khéng gian ba chiéu véi d cao tang dan. Cdc cam bién INS dwoc mé hinh
héa véi sai s6 nhiéu ngdu nhién va tréi dan theo thoi gian, trong khi s6 liéu GNSS dwoc gid
thiét ¢6 dd chinh xdc han ché. EKF dwoc thiét ké dé két hop s6 liéu tir hai nguo”‘n cam bién
nay, qua dé hiéu chinh sai sé va nang cao chat heong wée hrong trang thdi ciia UAV. Két qua
mé phong bang MATLAB cho thdy thudt todn EKF givp lam giam dang ké sai sé so voi dir
liéu do truc tiérp tir GNSS hodc INS riéng le, d&ng thoi quy dao uoc lwong bam sat 1ot quy
dao thuc té. Két qua nay kh(fng dinh tinh hiéu qua cua cong nghé loc Kalman trong cac hé

théng dinh vi UAV hién dai.
Tir khoa: GNSS, INS, UAV, dinh vi, dan duong, loc Kalman mo rong
I. Dit vin dé lién tuc va hiéu qua 1a kha niang dinh vi
Hién nay, phuong tién bay khong va dan duong chinh x4c trong khong gian

nguoi 1lai — UAV da tr¢ thanh mot trong ba chiéu.

nhirng d6i twong nghién ciru va tng dung
quan trong trong nhiéu linh vyc nhu quan
su, giam sat, nong nghi¢p, logistics, ctu
ho [2] v.v.. Mot trong nhitng yéu cau then
chét @& UAV c6 thé van hanh an toan,

Hé théng dinh vi vé tinh toan cau —
GNSS hién 1a giai phap pho bién dé xac
dinh vi tri UAV nho wu diém bao phii toan
cau va dé dang trién khai. Tuy nhién, tin
hiéu GNSS thuong chiu anh huéng manh
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tr moi truong (nhu d6 thi, rung ram, hodc
tac dong cta nhidu), din dén sai s6 va
giam do tin cay. Trong khi do, hé théng
dan duong quan tinh — INS sir dung cam
bién quan tinh nhu con quay hoi chuyén
va gia toc ké dé udc luong chuyén dong
cua UAV mdt cach doc lap, lién tuc, khong
phu thudc tin hiéu bén ngoai nhung sai s6
cua INS lai tich Iy theo thoi gian.

Do d6, viéc tich hgp GNSS va INS
trd thanh mot giai phap hiéu qua nham tan
dung uu diém va khic phuc nhuoc diém
cta timg hé thong [1]. Bo loc Kalman mo
rong (EKF) 1a mdt trong nhiing thuat toan
phé bién nhit duoc st dung cho muc dich
tich hop nay [6], nho kha nang xu 1y h¢
phi tuyén va cap nhat trang thai h¢ thong
mot cach tdi wu khi co sy hién dién cta
nhidu do va nhiéu hé théng.

II. Co s& 1y thuyét

2.1. H¢ thong dinh vi vé tinh toan
ciu GNSS

Hé théng GNSS, dién hinh 1a GPS
(Global Positioning System), cho phép
xac dinh vi tri 3D cua UAV dua trén tin
hiéu phat tr cac v¢ tinh. Phuong phap
dinh vi chil yéu dya vao do khoang cach
giita may thu dat trén UAV dn it nhat 4
vé tinh, sau d6 giai hé phuong trinh dé xac
dinh toa do cua UAV.

Uu diém ndi bat ciia GNSS 1a d6 phu
toan cau, kha ning cung cip toa do chinh
xac trong diéu kién tin hiéu t6t va dé tich
hop lén UAV. Tuy nhién, tin hi¢u GNSS
yéu, d& bi anh hudng boi che khuat, nhidu
da duong, va dic biét dé bi tic dong giy
nhiéu hoic gia mao [3]. Do dé, viéc chi sir
dung GNSS trong cac tng dung UAV co

thé dan dén mét 6n dinh dinh vi trong moi
truong phuec tap.

2.2. H¢ thong dén dwong qudn tinh
INS

INS 14 hé thdng tu chu, xac dinh vi
tri, van téc va huéng cua UAV dya trén
dir liéu do tir gia téc ké va con quay hoi
chuyén. Bang cach tich phan gia toc va toc
d6 goc theo thoi gian, INS c¢6 thé tinh toan
chuyén dong cua UAV ma khong can sir
dung bét ky tin hiéu bén ngoai nio.

Uu diém cta INS 14 hoat dong lién
tuc, khong bi anh hudng boi nhiéu dién ti,
khong phu thuoc mdi truong bén ngoai.
Tuy nhién, han ché 16n nhét 12 sai s6 tich
lity theo thoi gian [5]: sai sé nho trong
phép do gia tdc/gdc quay, khi tich phan
nhiéu lan, s& gdy ra sai léch vi tri 16n, ngoai
ra con bi anh huong do rung lac, nhiét do.
Vi vay, INS thuong can duoc hiéu chinh
dinh ky bang dit liéu tir hé théng khac (vi
du GNSS).

2.3. Bo loc Kalman mo rong EKF

DPé khic phuc nhuoc diém riéng
1¢ cia GNSS va INS, hai hé thong nay
thuong duogc tich hgp. Khi d6, GNSS
cung cap thong tin vi tri chinh xéc tirc thoi
nhung c6 thé gian doan, trong khi INS
duy tri tinh lién tuc nhung dé troi. Khi tich
hop, GNSS s€ hi¢u chinh sai sb troi cua
INS, dong thoi INS gitip duy tri dinh vi
khi GNSS bi mét tin hiéu tam thoi [1].

Bo loc Kalman c6 dién duoc thiét
ké cho cac hé théng tuyén tinh v6i nhidu
Gaussian. Tuy nhién, trong bai toan dinh
vi UAV, mo hinh chuyén dong thuong
phi tuyén. Do do, b loc Kalman mé rong
(Extended Kalman Filter — EKF) duoc



sit dung dé tuyén tinh héa mé hinh xung
quanh gi tri wdc luong gan nhat.

Quy trinh EKF bao gdom hai giai
doan chinh [4]:

- Du bao (Prediction): Str dung méo
hinh dong lyc UAV va dir liéu cam bién
quan tinh dé dy doan trang thai va ma tran
hiép phuong sai sai s6;

- Cép nhat (Correction): Khi c6 dix
ligu GNSS, EKF so sanh du b4o vdi phép
do, tinh toan dd léch va diéu chinh trang
thai theo trong sd t6i wu (ma tran Kalman
gain).

Nho vay, EKF c6 kha nang giam sai
s6 troi cua INS va loc bo nhidu trong phép
do GNSS, cung cép udc lugng vi tri va
vén toc UAV chinh x4c hon.

M0 hinh trang thai UAV co thé duoc
bicu dién béi vi tri (x, y, z) va van toc (v,
v, v,), trong khi mo hinh quan sat bao gom:

- Dit liéu tir INS (tich phan gia téc,
tdc do goc v6i sai s6 ngau nhién);

- Dir liéu tir GNSS (vi tri do tryc tiép
v6i sai s6 Gaussian).

Céc phuong trinh trang thai va quan
sat dugc xay dung trong khong gian 3D,
sau d6 duge dua vao bo loc EKF dé thuc
hién qua trinh tich hop.

I11. Phwong phap nghién ciru thue
hién mo hinh h6éa va mé phéng hé thong

3.1. M6 hinh dpng hoc UAV

Trong pham vi nghién ctru nay, gia
sir UAV bay trong khong gian 3 chiéu véi
trang thai x(t) bao gém vi tri va vén tdc:

x(O=[x(0) »() () w() v 0] (1)

Trong do:

(x, ¥, z) 1a toa do UAV trong hé quy chiéu dia phuong;

(v, v g v)) 1a cac thanh phﬁn van toc theo ba truc toa do.

Phuong trinh dong hoc dugc mo ta

dudi dang roi rac:
X1 = Fexg +wy (2)

V6i F, 1a ma tran trang thai (mo ta
chuyén dong), w, la nhiu Gaussian tring

¢0 hi¢p phuong sai Q,.
3.2. M6 hinh déng hoc phi tuyén

M0 hinh qua trinh str dung thong tin
tir INS, cu thé 1a gia toc ké (a,) va con
quay hoi chuyén (w, ), trong do, dir li€u
cam bién thyc té da bi anh huong boi

nhiéu Gaussian va do léch:

a,=a,, +b, +n,

3)

w,=0,., +bg +n,

Trong do:
a la gia toc do dugc bsi cam bien
quén tinh;

tru

hé quy chiéu;

a, la gia téc thuc cia UAV trong

b 1a do 1éch (bias) ciia cam bién
gia toc;

n la nhiéu ngau nhién Gaussian cua
cam bién gia toc;

o la van tde goc do dugc tr con
quay hdi chuyén;

o, 1avan toc goc thuc cua UAV;



b, 1a d6 léch (bias) ctia con quay hoi
chuyén;

n, 12 nhiéu ngau nhién Gaussian ctia
con quay hoi chuyén.

Qua trinh xir 1y INS bao gom:

- Tich phan gia tdc dé tinh van toc;

- Tich phan véan tdc dé tinh vi tri.

3.3. M6 hinh do luong hé thong GNSS

Mo hinh quan sat GNSS c6 dang:

z, =H,x, +v, 4)

Trong do:

z, la véc to do GNSS (toa do vi tri 3D);

H, 1a ma trén Jacobi cua ham do;

v la nhiéu do GNSS (nhiéu Gaussian
trang, hi¢p phuong sai la R ).

3.4. Thudt toan EKF cho UAV

Thuat toan EKF duoc thuc hién theo
hai budc:

- Budc 1: Du bao trang thai
(Prediction)

Xepor = FuXp iy

P

(5)
k-1 = F;chfﬂkflEcT +0,

Trong do:

X 1@ vEc to trang thai du bao tai
thoi diém k, dya trén thong tin dén thoi
diém k-1;

X la vée to trang thai da udce
lugng tai thoi diém k-1;

F, =%|f<k_1 1a ma trdn Jacobi dong hoc;

B, , 1d ma trén hi¢p phuong sai cua
sai s0 du bao trang thai;

P, 1a ma tran hiép phuong sai tai
budc k-1;

Q, lama tran hi¢p phuong sai nhiéu.

- Budc 2: Cap nhat theo do luong

e
[

1
Pk\k—lHkT (HkPk|k—1HkT +R, )
Xy = ik\kfl +K, (Zk - Hk;(k\kfl) (6)

Trong do:

K, la ma tran kalman gain;

R, la ma tran hi€p phuong sai cta
nhiéu do GNSS;

z, la véc to do luong tir GNSS tai
thoi diém k;

X 1a véc to trang thai ude lugng
sau khi két hop du bdo va do luong tai
budc k;

I 1a ma tan don vi.

IV. Két qua mé phéng

Pé danh gia hiéu qua cua bd loc
Kalman mé rong (EKF) trong viéc két hop
s6 liéu GNSS/INS, md phong duoc thuc
hién véi cac tham sé sau: bude thoi gian
dr=0.4s, tong thoi gian bay T=100s, UAV
bay theo quy dao cong trong khong gian
ba chiéu (3D) v6i d6 cao ting dan theo
thoi gian. Sai s6 GNSS duge mé hinh hoa
bang nhiéu Gaussian v&i do 1éch chuan
2m, trong khi hé thong INS bi anh huéng
bai sai s6 tich liy va nhiéu ngiu nhién.

4.1. Quj dao thwe té va quy dao
woc luwgng

Hinh 1 va Hinh 2 thé hién quy dao
bay 3D va 2D cua UAV trong khong gian
duoc gia lap theo dang cong va c6 dd cao
tang dan theo thoi gian: thuc té (duong
cong min), két qua do GNSS (nét chim)
va quy dao udce luong nho EKF (nét gach
dat).
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Hinh 1. Quy dao 3D cta UAV — thuc té,

Két qua mo phong trén Hinh 1 va vi tri thuc té, trong khi INS bi trdi theo
Hinh 2 cho thdy, GNSS cung cap s6 liéu bi thoi gian. EKF da két hop dong thoi ca hai
nhiéu manh, dic biét trén cic tryc ngang ngudn dit liéu, nho d6 cho ra quy dao ude
(X, y), dan dén quy dao bi dao dong quanh luong gfin sat voi quy dao thuc té.

‘:, e

Hinh 2. Quy dao 2D ctia UAV — thuc té, INS, GNSS do va EKF udc lugng

4.2 Sai sé woc lwong vi tri thiét), trong khi INS c6 xu hudng sai sb

Sai s6 dinh vi theo ba truc x, y, z tang dan theo thoi gian. Theo két qua mo
dugc minh hoa ¢ Hinh 3. phdng trén hinh 3, EKF lam giam dang ké

GNSS ¢6 sai sé tic thoi 16n (dao sai sé, duy tri trong khoang xép xi 1m trén
dong ngau nhién khoang +2 m theo gia toan b quy dao bay.

Sai s6 vi tri theo 3 truc

Hinh 3. Sai s6 dinh vi theo thdi gian & cac truc X, y, z khi str dung EKF



4.3. Vin toc woc lwong

Van tdc ude lugng UAV bﬁng EKF, INS, GNSS dugc so sanh véi van toc thuc té

trong Hinh 4.

So sanh van téc: Thyc, GNSS, INS va EKF
I

Thyre té

do luong, INS co thé do van toc tac thoi
nhung dé bi trdi theo thoi gian. EKF da udc
luong van tdc UAV mdt cach 6n dinh hon,
gén véi van toe thuc té, va loai bo duge
phan 16n dao dong do nhidu do, phan anh
chinh x4c hon xu hudng thay déi véan toc
thuc té theo thoi gian. Diéu nay rat quan

50
Thoi gian (s)

Hinh 4. So sanh vén toc UAV: thuc té, GNSS, INS va EKF
Thiy rang dir liéu GNSS bi dao
dong kha manh do anh hudng ctia nhiéu

trong trong diéu khién UAV, vi sai sd van
tc s& anh huong tryc tiép dén quy dao bay
va ti€u hao nang lugng.

4.4. Sai sé tong hop

Sai s6 binh phwong trung binh
(RMSE) dugc tinh toan dé so sanh hiéu
qua ba phuong phap (GNSS, INS, EKF).
Két qua dugc thé hién trong Bang 1.

Bang 1. Sai s6 binh phuong trung binh vi tri va van tdc UAV (m, m/s)

Phwong phap RMSE vi tri (m) RMSE vén toc (m/s)
GNSS =2.05 = 0.85
INS =3.72 ~0.63
EKF ~0.78 ~0.29

Két qua cho thiy EKF vuot trdi so
v6i timg hé thdng don 1¢, dic biét 1am giam
RMSE vi tri xuéng con 0.78 m, khfmg dinh
vai trd quan trong cua viéc tich hgp GNSS/
INS bang bo loc Kalman mé rong.

V. Két luin

Trong bai bao, ching td61 da xay
dung va md phong hé théng dinh vi UAV

dua trén su két hop giita GNSS va INS,
ddng thoi st dung bd loc Kalman mo
rong (EKF) dé nang cao d6 chinh xac udc
luong trang thai. Két qua cho thay:

EKF da lam muot quy dao, giam
nhiéu tr tin hiéu GNSS va udc luong quy
dao bay gan sat v6i quy dao thuc té;

Van tbe udce luong tor EKF on dinh



hon va phan anh chinh xac hon so voi dit
liéu GNSS thuan ty.

Sai s6 dinh vi trung binh giam dang
ké khi st dung EKF, chirng minh hi¢u qua
ctia phuong phap trong diéu kién c6 nhiéu.

Céc két qua nay khang dinh EKF
la mdt cong cu hiru ich va hi€u qua trong
viéc tich hop GNSS/INS cho UAV. Tuy
nhién, mot s6 han ché van ton tai, bao gdm
su phu thudoc vao moé hinh dong hoc UAYV,
gia dinh théng ké cua nhiéu, va méc do
phurc tap tinh toan.
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APPLICATION OF THE EXTENDED KALMAN FILTER IN
UAV POSITIONING SYSTEMS INTEGRATING GNSS/INS

Cu Thanh Phong’, Nguyen The Thang’, Le Cong Khuong’, Do Phuong Nhung*

Abstract: This paper presents a modeling and simulation approach for an unmanned
aerial vehicle (UAV) navigation system that integrates Global Navigation Satellite System
(GNSS) and Inertial Navigation System (INS) using an Extended Kalman Filter (EKF).
The objective is to enhance positioning accuracy and three-dimensional (3D) trajectory
estimation under realistic sensor errors. The UAV is assumed to follow a curved 3D trajectory
with gradually increasing altitude. The INS measurements are modeled with random noise
and bias drift over time, while the GNSS data are assumed to have limited accuracy. The
EKF is designed to fuse data from both sensors, thereby correcting errors and improving
state estimation quality. MATLAB simulation results demonstrate that the EKF significantly
reduces estimation errors compared to using GNSS or INS alone, while the estimated trajectory
closely follows the true trajectory. These results confirm the effectiveness of Kalman filtering

techniques in modern UAV navigation systems.

Keywords: GNSS, INS, UAV, positioning, navigation, extended Kalman filter
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