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Tém tit

Bai bao trinh bay vng dung bo loc Kalman va
thudt toan PID cho diéu khién cén béng mot thiét
bi bay khong nguoi lai dang Quadcopter. Thudt
toan Kalman dwoc dung dé loc nhiéu tin hiéu cho
bé diéu khién PID nham ndng cao chat lwong ciia
bé diéu khién thiét bi bay quadcopter. Quadcopter
dd ché tao bay dwoc trong thoi gian 18 phiit véi
tdi trong van chuyén toi da la 3,2kg. Thiét bi bay
6 thé vmg dung trong gidm sdt, van chuyén hang
héa, néng nghiép va nhiéu linh viee khdc.

Tw Kkhoa: Bo loc Kalman, diéu khién PID,
MPU6050, Quadcopter.

Abstract

This paper investigates the implementation of the
Kalman filter in conjunction with a PID control
algorithm to achieve stable balance control of a
quadcopter-type unmanned aerial vehicle (UAV).
The Kalman filter is employed to suppress
measurement noise and thereby improve the
robustness and precision of the PID controller.
Experimental results demonstrate that the
developed quadcopter is capable of sustaining
flight for up to 18 minutes while carrying a
maximum payload of 3.2 kg. Owing to these
capabilities, the proposed UAV system holds

considerable potential for applications in

surveillance, cargo delivery,  precision
agriculture, and other related domains.
Keywords: Kalman filer, PID controller,

MPU6050, Quadcopter.

1. Gioi thiéu

Thiét bi bay khong ngudi 1ai ngay cang duoc ting
dung trong nhiéu linh vuc. Chung c6 thé dugc dung
trong viéc giao van hang héa, gidm sat, tuan tra, trong

ndng nghiép, quan sy va nhiéu linh vuc khéc [1], [2].
Kiéu may bay khong nguoi lai ding 4 dong co theo
dang chir X thuong dugc ché tao va tmg dung nhiéu
boi sy cdu tao don gian va gia thanh thap. M6 hinh
cua loai Quadcopter chit X nhu ¢ Hinh 1 [3], [4]. Hoat
ddng cua Quadcopter thyuc hién thong qua bon chuyén
dong co ban sau [5], [6], [7]:

1) Throttle (Lén/ Xudng): Tang/giam téc do dong
thoi ciia bon dong co.

2) Pitch (Tién/ Lui): Tang tdc 2 dong co sau va giam
tbc cap trude (dé tién), hodc nguoc lai (dé 1ui).

3) Roll (Trai/ Phai): Tang tdc cap dong co phai va
giam tdc cap trai (dé bay sang trai), hodc nguoc lai.

4) Yaw (Xoay): Tang toc do cua cip dong co quay
cung chiéu va giam toc d6 ctia cip con lai.
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Hinh 1. Drone kiéu Quadcopter dang chiv X

Viéc diéu khién can bang cho Quadcopter duoc
thuc hién qua cac bd diéu khién tdc do dong co va vi
tri ctia nd. Phuong phap phd bién duge dung 1a sir
dung bo diéu khién theo luat ty 1¢, tich phan va vi phan
PID (Proportional, Integral, Derivative). Drone co
trén thi truong dwoc tich hop sin cac phan mém diéu
khién nén khong lam chu dugc néu mudn didu khién
theo mot s6 chuyén dong mong mudn khac biét: ngoat
gip, tang toc nhanh, ... Vi vdy, néu lam chii dwoc phan
mém diéu khién s& d& dang thiét ké chwong trinh linh
hoat cho nhiéu tng dung khac nhau. Khé khan chinh
trong diéu khién 1a két hop ca phan tmg nhanh, cén
bang dong thoi lai tranh rung lic. Didu nay phai tinh
toan can bang nhiéu tham sé gdm cong suat dong co,
khdi lugng Drone, ... Bai bdo nay giéi han nghién ciru
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vé xdy dung thuit toan diéu khién cho thiét bi bay
khoéng nguoi 1ai theo luat PID va bd loc Kalman.
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Hinh 2. Nguyén ly hoat dpng ciia Quacopter

2. Thuét toan PID va b§ loc Kalman

Nghién ctru ndy nham muc dich kiém soat do on
dinh ciia may bay bon canh quat str dung bd diéu khién
PID va B6 loc Kalman. Hé thdng nay st dung cam
bién IMU (don vi do luong quan tinh - Inertia
Measurement Unit) 1a sy két hop cta cam bién con
quay hdi chuyén va cam bién do gia tbc duoc cho trén
MPU6050. B¢ loc Kalman dugc ap dung dé loai bo
nhidu khoi tin hiéu cam bién tao ra dit liéu téng hop
tdt, vi du, wdce tinh cac gia tri vi tri do cao va do lan
duoc 1am min tai mot loat cac diém trén duong di [8].
Thuét toan PID diéu chinh d4u ra dya trén sai sb gitia
gi4 tri mong mudn (setpoint) va gia tri thuc té (process
variable) v6i ba thanh phan [1]. Thanh phan P: Phan
ung ty 1€ véi sai s6 hién tai, gitp giam sai s6 nhanh
chong. Thanh phan I: Loai bo sai s tinh (steady-state
error) bang cach tich lity sai sb theo thoi gian. Thanh
phan D: Du doan xu huéng thay ddi cua sai so, giam
dao dong va cai thién phan tng. So d6 khdi bo diéu
khién PID duoc cho trén Hinh 3 du6i ddy. Pau ra tong
ctia bo didu khién PID [9], [10]:
de(t)

dt

u®) =K, -e(®) +K;- [e(t) dt + K, - (1)

Thuec hién 4p dung cho diéu khién drone nhu sau:
e(t): Sai sb giita goc mong mudn va goc thuc té.
K, K;, Kq: HE s ty 18, tich phan va vi phan.

u(t): Tin hiéu diéu khién giri dén dong co.

PID diéu khién bdn thong s6 chinh: Roll (nghiéng
trai-phai), pitch (nghiéng trudc-sau), yaw (xoay
quanh truc dimg), va throttle (d9 cao). Cac budc trién
khai bao gdm:

1. Xac dinh setpoint (vi du: roll = 0 d¢ khi lo ltng).

2. Thu thap dir liéu tir MPU6050 (xir Iy bang
Kalman).

3. Tinh sai s6: e(t) = setpoint — process variable.

Coéng nghé sb, tw dong hoéa va trng dung hang hai

4. Tinh ddura u(t) cho ting tryc.

P ﬁ
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Hinh 3. By diéu khién PID [1]

Pé thuc hién xac dinh vi tri, van téc va goc ciia
Quadcopter ta sir dung cam bién MPU6050. Con quay
hdi chuyén dugc sir dung dé do hodc duy tri hudng va
van tdc goc. Cam bién IMU duoc st dung la
MPU6050 thuong duge sir dung trong r6-bdt tu can
bang, dién thoai thong minh, UAV va nhiéu loai khéc.
Céc gia tri dau ra thuong theo goc dé xac dinh vi tri
ctia mot vat thé trong mot khong gian nhét dinh. Cam
bién IMU nay 1 cam bién sau truc cung cap sau dau
ra - 3 dAu ra tir may do gia téc va 3 dau ra tir con quay
hdi chuyén tich hop. N6 dya trén cong nghé MEMS
(hé théng vi co dién tir - Micro Electronic Mechanical
Systems). Con quay hoi chuyén va may do gia toc
dugc nhing trén mot chip duy nhét [11]. C6 thé sir
dung nhiéu phwong phap dé nang cao chit luong tin
hi¢u thu dugc tr MPU6050 nhu phuong phap dich
chuyén gia tri trung binh [12] hay phwong phap sir
dung b loc bo sung [13]. Nhu trén di néi, & ddy nhom
tac gia sir dung bo loc Kalman nham nang cao chat
lugng cua tin hiéu. M6 hinh trang thai cho MPU6050
bao gom:

Trang thai va mé hinh roi rac:

Trang thai goc 6 va van téc goc w:

_ [0k
X = [wk] @)
Chuyén trang thai (constant-rate):
1 At
F= [0 1] 2)
Nhiéu qu4 trinh:
Q=72|2 °? 3)
2 At

Dy doan:
Xik=1 = FXp_1j—1, Peje—1 = FPeoq o1 FT +Q (4)

Mo hinh do va cap nhat:

Goc tir accelerometer:

Roll: 6, = atan2(ay, az) (5)

Pitch: 6, = atan 2(—ax,,/a32, +aZ) (6)
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Phuong trinh do 1 chiéu:
Zy = Opex = Hxp + 1, H=[1 0],1, ~N(0,R) (7)
Gain Kalman:
Ky = Pye—1HT (HPp H™ + R)™* (®)
Cap nhat trang thai va hi¢p phuong sai:
Xk = Xpjk—1 T K (2 — HXpe—1) 9
Pk|k =(1- KkH)Pk|k—1 (10)
Nhoém tac gia hi¢u chinh hoan thién Kalman véi
cac thong so sau:
Chu ky: At = 0.005s
Nhidu do goc (accel):R = 8.0 x 10~* rad?;
Nhidu qu4 trinh (gia téc goc):0, = 0.8rad/s*;
Ma tran Q(tr o,):
At At?
2|3 2| _[533%x10"® 8.00x10°

C=0alpe 17 1800x 107 320x 107
2

Hiép phuong sai khoi tao: P, = [0'85 100]

Thich nghi khi co dong manh (ting tam R):

a —
Refsz[1+k<W—0.l> ],k=3

+

Voi: llall=/a}+a} +aZ

3. Cong thirc mixing
Cong thirc mixing 14 bude cudi cung trong hé

thdng diéu khién drone dang quadcopter chit X, ding
dé phan phéi tin hiéu diéu khién tir PID (roll, pitch,
yaw, throttle) dén timg dong co. Drone dang X c6 bon
dong co duoc danh sé nhu sau (nhin tir trén xubng):
MI: Trudce trai; M2: Trudc phai; M3: Sau trai; M4:
Sau phai. Mdi dong co nhan tin hiéu PWM (thudng tir
1000 dén 2000 micro gidy), dugc tinh toan dya trén
bén dé‘iu ra PID: (uthrottle)a (uroll)a (upitch)a (uyaw)'
Cong thiic mixing dugc xdy dung dya trén cach cac
dong co anh huong dén chuyén dong cua drone
quadcopter dang chit X nhu sau:

- Throttle: Tang hodc giam cong suit dong déu
trén ca bon dong co dé thay ddi do cao.

- Roll: Tang tdc d6 dong co trai (M1, M3), giam
d6ng co phai (M2, M4) dé nghiéng trai/phai.

- Pitch: Tang tdc do dong co sau (M3, M4), giam
dong co trude (M1, M2) dé nghiéng trudc/sau.

- Yaw: Tang toc do cip dong co quay ngugc chidu
kim ddng ho (M1, M4), giam cip con lai (M2, M3) dé
x0ay.
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Cong thirc mixing:
M1 = Ugroie T Uront T Upitch T Uyaws
M2 = Ugrortie — Uroll T Upitch — Uyaws
M3 = Urortie T Uroll — Upitch — Uyaws
M4 = Wproqte
Giai thich
- Dau cong/trir: Phan dnh hudng tac dong ctia dong
co lén tung tryc.
- Yaw ddc biét: Cac dong co dbi dién (M1-M4,
M2-M3) quay nguoc chiéu nhau dé tao mo-men xoan.

— Upoll — Upitch + Uyaw-

Thiét bi bay khong nguoi 1ai thyc té da ché tao cho
trén Hinh 4. Twr day ta xay dung dugc thuat toan tong
quat di€u khién drone nhu & Hinh 5. Thuat toan bao
gom cac budc nhu sau:

1. Thu thap dir liéu: MPU6050 do gia tdc, van toc goc.

2. B0 loc Kalman: Udc luong goc roll, pitch, yaw
chinh xac.

3.PID: Tinh toan (u(t))cho timg truc dura trén sai sO.

4. Mixing: Phan phéi (u(t)) thanh tin hiéu PWM
cho bon dong co.

5. Piéu khién: Giri PWM dén ESC dé quay dong co.

Hinh 4. Quadcopter di che tao
GAT DAU>-
Boc dr ligu
MPUE050
Dy doan
Kalman
Kalman

Tinh PID
G&ri PWM dén
daeng co

l KHONG
Ge-r TH@

Hinh 5. Luwu dé thudt todn diéu khién Quadcopter
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4. Két qua thwe nghiém

Nhom tac gia thuc hién tu thiét ké, ché tao mot
chiéc Quadcopter dang chit X nhu minh hoa ¢ Hinh 4.
Cac thanh phan chinh ctia drone bao gdm than va tay
cam. Than thiét bi bay c¢6 cac thanh phan chinh 1a b
xtr 1y trung tam sir dung vi diéu khién ESP32, 4 dong
co Phantom 850kv, 4 canh quat loai 9450, pin LiPo 6S
va NRF24L01 dé két ndi truyén thong khong day.
Thuat toan diéu khién duoc trinh bay ¢ Hinh 5. DPéu
tién thuc hién viéc ciu hinh bd didu khién PID qua
mang wifi. Thiét 1ap ESP32 hoat dong & ché do
Access Point dé phat WiFi cau hinh. Xay dung web
server hién thi form nhép tham ) K, K, K4 Cap nhat
truc tiép gia tri PID vao module diéu khién. Viéc hiéu
chinh céc hé sb K, Kiva K4cho Roll, Pitch, Yaw duogc
nhép va truyén qua WiFi, ap dung tirc thoi cho b didu
khién, nho d6 qua trinh thir nghiém tré nén linh hoat
va hiéu qua. Quy trinh thiét 1ap bat dau v6i phuong
phap Ziegler-Nichols nham xac dinh théng s6 PID so
b, sau d6 duogc tinh chinh thuc nghi¢m dé thich ung
v6i phi tuyén va nhidu gi6 ngoai thuc dia. Cach tiép
can nay vira giit duoc wu diém don gian cua PID, vira
tang do linh hoat trong diéu kién khéng chéc chin.
Madi lan cap nhat PID s& duoc khoi dong lai. Hinh 6
minh hoa qua trinh nay. Thiét 1ap K = 0 va Ky = 0, sau
d6 tang dan K, cho dén khi hé thong bat dau dao dong
lién tuc, gia tri nay goi 1a K, (Ultimate Gain). Po chu
ky dao dong T, (Ultimate Period). Tinh toan cac hé s6
PID theo cong thirc:

K, =0.6 *K, (11)
Ki=K,/Ti=12*K,/T, (12)
Ki=K, *Ts = 0.075 *K, * T., (13)

Trong d6 Ti=0.5*T, va Tq = 0.125*T, la cac tham
s6 thoi gian tich phan va vi phan cta bo didu khién.
Céc gia tri Ku va Tu duogc thir nghiém thyc té trong
moi truong bay thyc té dé dam bao drone dat duoc
trang thai can bang 6n dinh, phan hdi nhanh va khong
bi dao dong qua muc. Gia tri do dugc la K,=0,9,
Tu=0,08s. Céc gia tri sau hi¢u chinh cudi cting cia bd
diéu khién PID 1a K, = 0,46, K; =9,58, K4 =0,0043.

Drone PID Tuning
Throttle: 1000 = Roll: 0 + Pitch: 0 « Yaw: 0

Attitude (Roll & Pitch) Rate - Roll

Hinh 6. Tuning PID qua Webserver

Coéng nghé sb, tw dong hoéa va trng dung hang hai

Viéc sir dung bo loc Kalman gitp giam nhiéu ctia
cam bién MPUG050. Tién hanh loc tin higu MPU
6050 véi bo loc Kalman ta c6 dugce két qua nhu trinh
Hinh 7. Puong mau xanh thé hién tin hiéu da duoc loc
béng bd loc Kalman. Nhu ta quan sat dugc trén hinh
minh hoa, tin hi¢u sau bd loc min hon so véi tin hiéu
gbc. Do d6 1am giam sai s6 méc phai trong qua trinh
diéu khién Quadcopter.

Hinh 7. Tin hi¢u ciia bp MPU6050 khi khong diing

va co s dung bé loc Kalman

Ddnh gid hi¢u qud giam nhiéu

Dir liéu do thd (dwomng do6): Dir liéu tir MPU6050
cho thay su bién dong rd rét do nhidu do ludong. Céac
dao dong ngau nhién nay 1a dic trung cua dir liu tir
gia tde ké thuc té, ddc biét trong moi trudng cd rung
dong hodc nhiéu dién tir.

Dir liéu da loc (dwong xanh): Khi ap dung bo loc
Kalman, duong biéu dién goc roll va pitch tré nén
muot ma hon. Nhidu ngdu nhién dugc giam thiéu, cho
thdy bo loc da thanh cong trong viéc két hop du doan
tr md hinh va dit liu do dé tao ra ude luong tdi wu.

Diare Angle Siabiisaticn i PO

Hinh 8. Tin hi¢u ciia by PID thuc nghi¢m

Két qua khao sat tinh én dinh cua drone v6i PID
dugc trinh bay trén Hinh 8. Goc ban dau duogc thiét
1ap ¢ 10°, va dudi tic dong ctia bd diéu khién PID, goc
nhanh chéng hoi tu vé setpoint 0° trong khoang 2-3
gidy. Piéu nay cho thiy hé théng dat dugc trang thai
on dinh, dung v6i muc tiéu didu khién drone. Sau khi
on dinh (tir khoang 3 gidy tr¢ di), goc dao dong rat
nho quanh 0°, chimg to PID di kiém soét tt sai s6 va
nhiéu ngiu nhién dugc thém vao (nhiéu Gaussian véi
bién d¢ 0.05°). Qua thir nghiém drone véi tai trong tbi
da 3.2kg st dung Pin LiPo 6S c6 thé bay véi thoi gian
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t6i da 18 phut. Vi cac ngudn nudi cé cong suét khac
nhau thi thoi gian bay la khac nhau [14]. Bang 1 cho
ta mot s6 két qua so sanh giita Quadcopter dugc ché
tao v&i cac cong bd khac.

Bing 1. So sanh mét so thong sé chinh

Cong| Thoi Khoang Cédp nhit | Dung |Tai trong
bd |gian bay| cach didu | théngsdé | bdloc | tdida
(phut) | khién (m) PID Kalman| (kg)
1] - 140 Cb dinh | Khong -
[4] - - Ccbdinh |Khong| 0.8
Bai 18 150 Web server | Co 3.2
bao ESP32

5. Két luan

Mot thiét bi bay khong nguoi 1ai dang quadcopter
da dugc thiét ké, ché tao va thir nghiém thanh cong.
May bay c6 thé bay trong thoi gian 18 phiit véi khoang
cach didu khién duoc 1én t6i 150m. Thuat toan diéu
khién PID két hop véi bd loc Kalman dugce st dung
dé diéu khién cin bang may bay va ning cao chat
luong diéu khién. Mot uu diém nira 1a cac thong sb
ctia bo diéu khién PID duoc cap nhat ty dong qua web
server gitip thay d6i thong sé mot cach thuan loi. Dé
ning cao tinh Gmg dung ciia may bay cin cai thién
dugc thoi gian hoat dong ciing nhu tim bay cua
Quadcopter. Viéc nay s€ dugc nhom tac gia thyc hién
trong cac nghién ciru tiép theo.

Lo&i cdm on

Nghién ctru nay duoc tai trg bdi Ngudn ngan sach
khoa hoc va cong nghé truong Pai hoc Thuy lgi trong
dé tai ma s6 CS2025-24. Téc gia xin chan thanh cam
on Truong Pai hoc Thuy loi da tai trg kinh phi thuc
hién dé tai.
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