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Abstract

To overcome the shortcomings of traditional artificial spraying pesticides and make more effi-
cient prevention of diseases and pests, a coaxial sixteen-rotor unmanned aerial vehicle (UAV) with
pesticide spraying system is designed. The coaxial sixteen-rotor UAV’ s basic structure and attitude
estimation method are explained. The whole system weights 25 kg, cruising speed can reach 15 m/s,
and the flight time is more than 20 min. When the UAV takes large load, the traditional extended
Kalman filter (EKF) attitude estimation method can not meet the work requirements under the con-
dition of strong vibration, the attitude measure accuracy is poor and the attitude angle divergence is
easily caused. Hence an attitude estimation method based on EKF algorithm with 22 dimensional
state vector is proposed which can solve these problems. The UAV system consists of STM32F429 as
controller, integrating following measure sensors: accelerometer and gyroscope MPU6000, magne-
tometer LSM303D, GPS NEO-M8N and barometer. The attitude unit quaternion, velocity, position,
earth magnetic field, biases error of gyroscope, accelerometer and magnetometer are introduced as
the inertial navigation systems (INS) state vector, while magnetometer, global positioning system
(GPS) and barometer are introduced as observation vector, thus making the estimate of the naviga-
tion information more accurate. The control strategy of coaxial sixteen-rotor UAV is based on the
control method of combining active disturbance rejection control ( ADRC) and proportion integral
derivative (PID) control. Actual flight data are used to verify the algorithm, and the static experi-
ment shows that the precision of roll angle and pitch angle of the algorithm are +0.1 °, the preci-
sion of yaw angle is +0.2 °. The attitude angle output of MTi sensor is used as reference. The dy-
namic experiment shows that the accuracy of attitude estimated by EKF algorithm is quite similar to
that of MTi’ s output, moreover, the algorithm has good real-time performance which meets the need
of high maneuverability of agricultural UAV.
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0 Introduction

In recent years, multi-rotor unmanned aerial vehi-
cles (UAVs) have received extensive attention in the
field of agricultural applications. Agricultural UAV has
the advantages of high operation speed, well-distribu-
ted spraying and high efficiency''!. And precision pes-
ticide application is an effective way to reduce pesticide
residues. However, there are many technical problems

in the application of agriculiural UAV'?'. The first

problem to be solved is lack of large load and high
mobility for conventional UAV. When agricultural
UAV is loaded with pesticides in work, the body gen-
The traditional light-duty
UAYV cannot meet the demand of the large load of agri-

erates intense vibrations.

cultural UAV, and conventional attitude estimation
methods are unable to meet the need of large loads
working conditions. Therefore, it is necessary to opti-
mize the design of the structure and attitude estimation
method for UAV.

Attitude measurement is one of the most important
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components of the UAV control system and the accura-
cy of the measure system has a great influence on the

control performance’®. However, for a multi-rotor

UAYV with the gross weight of less than 25 kg and flight
time less than 30 min, using high accuracy inertial
navigation system is not practical due to high cost™*’ |
weight and space constraints. Micro electronic mechan-
ical system ( MEMS) is the high tech-electronic me-
chanical device with low cost compared to other high-
precision mechanical measurement systemm . Large er-
rors in low-cost inertial sensors can cause low precision
in process of attitude estimation, but low-cost inertial
sensors are used to calculate the high-precision attitude
angle, hence the attitude estimation method must be
optimized. This study develops a low-cost flight attitude
measurement system based on STM32F429 controller, at-
titude measure sensors MPU6000, LSM303D, HMC5883L
and GPS NEO-M8N.

Attitude estimation methods for UAV have com-
plementary filter (CPF) , EKF, conjugate gradient fil-
tering (CGF) and unscented Kalman filter (UKF)'®.
The most widely used are the CPF algorithm and the
EKF algorithm. CPF algorithm can be regarded as a
data fusion algorithm based on first order differential
system. CPF can effectively integrate magnetometer in-
formation, GPS information with low frequency charac-
teristics and gyroscope, accelerometer information with
high frequency characteristics. The advantage of this
algorithm is that it has good stability in the process of
attitude estimation and it can filter out gyroscope noise
and suppress drift. The EKF algorithm is a high-preci-
sion attitude estimation method and widely used in the
UAVY,

linearization assumption is not established, the linear-

However, EKF has a disadvantage: when the

ization will cause the filter to be exiremely unstable,
and it is easy to diverge in the attitude estimation
process[w] S

Attitude estimation method based on EKF algo-
rithm with 22 dimensional state vector for agricultural
UAV is proposed. The quaternion-based attitude esti-
mation method can effectively reduce the amount of
calculation and avoid singularity problem of Euler an-
gle. The information from a series of different sensors
is integrated by EKF. Attitude estimation process is di-
vided into 5 processes: state prediction, error variance
prediction, magnetometer data fusion, GPS/barometer
data fusion and optimal estimate of error variance. The
advantage of this algorithm is that by combing all avail-
able measurements, measurements with appreciable er-
rors will be rejected, so that the UAV is less sensitive
to the effects of individual sensor failure. Another ad-
vantage of this algorithm is that the accelerometer bias,

gyroscope bias, body magnetic field bias and the
earth’ s magnetic field for UAV can be estimated. This
makes it less sensitive to MEMS sensor errors than oth-
er attitude algorithms.

1 System design of agricultural UAV

1.1 Introduction of coaxial sixteen-rotor UAV
platform

In order to meet the large load requirements of ag-
ricultural UAV, 8-axis multi-rotor UAV is improved by
increasing the number of driving units. The structure of
coaxial rotors and tilt structure of the rotor module are
proposed in the laboratory, and the electric-powered
multi-rotor UAV is named coaxial sixteen-rotor UAV.
Coaxial sixteen-rotor UAV’ s 16 motors work at the
same time, causing great vibration to the inertial meas-

"', In addition, during the liquid spray

urement uni
process, due to shaking of the liquid pesticide in the
pesticide box, additional disturbance torque is caused
during the flight of the UAV''". In order to spray pre-
cisely on farmland, accuracy of the attitude estimation
of the coaxial sixteen-rotor UAV needs to be improved.

The UAV’ s structure is shown in Fig. 1. Eight
equal-length arms are placed evenly around the center
of the UAV. On the tip of each arm, there are coaxial
rotors with 2 driving units. In counterclockwise direc-
tion the 8 rotors are numbered 1 —8. Among them, the
upper rotor of No. 2, 4, 6, 8 and the lower rotor of
No.1,3,5,7 rotate clockwise, while the upper rotor of
No.1,3,5,7 and the lower rotor of No.2,4,6,8 rotate
counterclockwise. The angle between the rotor’ s shaft
and the body plane is y(0 <y <90 °), and 2 adja-
cent rotor’ s shaft points opposite direction''>’. The
navigation coordinate system and the body coordinate
system are shown in Fig. 2.

The coaxial sixteen-rotor UAV not only has the
advantages of traditional multi-rotor UAV, but also its

£,

h-—-‘

Fig.1 Coaxial sixteen-rotor UAV
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Fig.2 Diagram of coaxial sixteen-rotor aircraft structure

unique coaxial rotors and tilting structure of the rotor
modules makes the anti-torque moments generated by
the upper and lower rotors on one axis cancel each oth-
er. The yaw of the UAV relies on the force component
of lift in the horizontal direction, unlike the traditional
UAV relying on anti-torque to control yaw'"’. This
structure makes the whole system more maneuverable.

1.2 Attitude estimation in EKF algorithm with 22

dimensional state vector

Traditional attitude estimation based on Kalman
filter uses 3-axis attitude angles as the state vector.
The integral value of the gyroscope is predicted value of
3-axis attitude angle, while accelerometer and magne-
tometer serve as observation sensors. Accelerometer in-
formation is used to correct the pitch and roll angles,
and magnetometer information is used to correct the

4151 Because the gyroscope and the accel-

yaw angle[
erometer are very sensitive to vibration, a large amount
of vibration information is superimposed on the collect-
ed original value, which has a great influence on the
corrected result of the attitude angle, resulting in a lar-
ger error between the estimated attitude angle and the
true value'"®’. Quaternion-based EKF with 22 dimen-
sional state vector uses unit quaternion ¢, North, East,
down velocity V and position § as state vectors. The
magnetometer, GPS and barometer are introduced as
observation sensors to correct the state vector. In addi-
bias a,,
bias m,, gyroscope bias w,, and earth magnetic field

tion, the accelerometer magnetometer
values M are also introduced as the state vector. These
state vectors are not directly modified by the state pre-
diction process, but modified by subsequent state ob-
servations. Therefore, the state vector is a 22 dimen-
sional vector. The state matrix equation is

X, =[g" V'S o o M m]]

q=09% ¢ ¢ ‘13:|T V=1LV, 7V, Vd:IT

S = [Sn S, Sd]T W, = I:wxb () wzb]T

M = [MN M Mn]T m, = I:mxb m, mzb]T

a, = [a, ay, a’zb]T
(1)
The navigation coordinate system n is the North-
East coordinate system. The body coordinate system b
is defined at the origin of UAV, O, points to the front,
0,, points to the right and O, points to the bottom. In
the attitude estimation, the measure vectors of the body
coordinates can be converted to the navigation coordi-
nate by using the coordinate conversion matrix T, as
shown in Eq. (2). In quaternion, the inverse of T, is
the transposition of itself.
T b =
1-2(q; +¢5)
20919 + 9095)
2(9,5 = 9092)

209195 + 9092)
2(Q2Q3 _q0(h>
1-2(q +4q;)

(2)

The attitude angle estimated by the quaternion is

209192 — 9095)
1 -2(q; +4¢3)
2( 9295 + q0q;)

pitch = sin™ (2(q,95 + ¢0q,) ) (—%,%

2(9195 — 9092) T oW
1—2(q?+q§)> \~gupd
2(419> ~ 9043) _
T-2(g+g)) ™™
(3)

The roll angle of aircraft is defined as the angle

roll = tan™ ( -

yaw = tan”' (

between Z, axis and the vertical UAV X, axis lies in,

pitch angle is defined as the angle between X, axis and

ground level, yaw angle is between the X, axis of UAV

and the North.

1.2:1
The process of EKF attitude estimation algorithm

Prediction process of EKF

includes state prediction, error variance prediction,
magnetometer data fusion, GPS/barometer data fusion
and optimal estimate of error variance. The main
stream of EKF algorithm is shown as Fig. 3.

First, the current state is predicted by the optimal
estimate of the last state and the amount of control to
be applied, and the predictive state equation of the
system is established. The prediction process is cited to
be ¢ State Prediction’ , prediction equation is estab-
lished as
X (b +1, k) = Fapppn(k +1,k) X, (k)

+ Gy (b + 1, k)ug, (k)
+ Wy () (4)

90X, (K + 1)
where, F,y 0o (kK +1) = ———F7+—
22 22( ) aan] (k)
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Fig.3 Main stream of EKF algorithm

The matrix F,,,, governs the transition of the state
vectors X,,,, from moment k£ to moment £ +1. w,,,, re-
presents the process noise vector. It is assumed to be
zero mean white noise. G,,,, is a control maitrix and
Ug,, is control quantity.

In order to calculate the F,,,,, matrix, it is neces-
sary to find every update equation corresponding to
Xppar (k) in X, (k +1).

The quaternion renews according to the first order
Euler formula for the solution of differential equation,
rotate quaternion attitude from previous to new and nor-

malize it.
q4><1(k + 1) = q4x1(k)
0 -w, - w, -0, 4
N Al| o, 0 w, -, | 4
2 0w, -o, 0 w, q,
w, wy - W, O UE

(5)

3 I

Qo = doxa/ \/% +q, +q, tq;
Because the drift bias of gyroscope in the attitude
measure, the relation between the real value w and the

measure value @, is @ = , — @,. Atis the time in-

crement of the previous state to the current state which
depends on the update frequency of IMU data. Where
wzm ] M

The equation for the prediction of velocity from

w=lo o 0] 0, =0, o,

moment k£ to moment k£ + 1 is
0
0

Vi (B +1) =V (k) +T,54(0,5q =@, )AL + g

At

(6)

wherea, = [a, a, a,], a,is measure value of the
acceleration sensor in IMU. The relation between the
real value a and the measure value a, isa = a, - a,.
The equation for the prediction of velocity from
moment k& to moment £ +1 is
Sy (k +1) = 85,,(k) + Vi (k)A (7)
The predicted values of other state vector are
equal to the optimal estimate value at the last moment.
The state transition mairix can be obtained by the state
prediction equation updated.
0Xpa (k +1) _
X (k)
4x4 04)(6 F4><3 04X9

F
F3><4 I3><3 03><6
0

Fpm(k+1) =

F3x3 03x6
e At Ly Ly 05,
015,10 L,
(8)
where I is unit matrix, 0 is zero matrix.
F4><4 =
i 1 Wy — Wy wyb B wym Wy — Wy, i
2 2 2
W,y — Wy 1 W, — Wy wyb - wym
2 2 2 Az
wym - wyb W, — W,y 1 W, ()
2 2 2
W, — Wy wym B wyb Wy — Wy 1
L 2 2 2 -
4 2 ]
2
B D
Fps = 2 2 At
B @
2 2
@ 6%
L 2 2 2 -
a, a, a; a,
Fyy = b b, by b,
€ €y € €
-G -GGG 290 - 29,9,
Fio = | -2q¢: -2, -+% -4 +4
2909, - 2q,4; -2q0q; — 29,9,
= 2409>-24,95

2909; — 29,9, At

R R
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a; = 2[‘]2(‘12 -a,) +q(a, —a,) _‘]3(% _ayb)]At
a, =2[q;(a, -a,) +q,(a, -a,) +Qz(‘ly _ayb)]At
a; =2[q,(a, —a,) +q,(a, —a,) +‘I1(ay _ayb)]At
a, = 2[%(“:4 -ay) _’]3(’11 -a,) _‘IO(ay _ayb)]At
b, =-2[q(a, -a,) +¢(a, -a,) +‘Io(ay _ayl;)]At
b, = ‘2[‘10(‘11 -a,) +q,(a, —ay,) +¢11(‘1y _ayb)JAt
s =2[¢s(a, —a,) +q,(a, —a,) _q3(ay _ayb):lAt
o =2[q,(a, —a,) +q,(a, —a,) +‘I3(ay _ayb)]At
¢, =2[q(a, —a,) —q,(a, -ay,) +111(‘1y _ayb)]At
¢, =-2[q,(a, —a;) +q,(a, —a,) _’]3(% _ayb):lAt
C3 =_2|:112(az -a,) +q(a, —a,) _‘h(ay _a’yb)]At
¢ =2[q5(a, —a,) +q,(a, —a,) +q,(a, —a,) At

Estimated gyroscope and accelerometer noise are
used to estimate how errors in angles, velocities and
positions to change, which are gained using IMU data.
If these parameters become larger, the filter error will
grow faster. Without the corrections based on other
measurements (e. g. GPS and magnetometer) , this er-
ror estimate will continue to grow. These estimated er-
rors are captured in a large matrix called the ° State
Covariance Matrix’. Calculate ‘State Covariance Ma-
trix” P,,,,, is for calculating Kalman gain K. In order
to represent the reliability of state estimation X, ,
P,, .., is maintained by
Py (k +1,k)

= Frpurn (k + 1,5) Py () Flr 0 (K + 1,F)
+ G (k +1,5) Qg6 (k) G (k +1,k) + Qo
(9)

X,
—L u = [w,At w, At w At a,At

where, G = 9
ou,
a,At ayAt]. uis a control vector. Error growth in
the inertial solution is assumed to be driven by noise in
the delta angles and velocities, after bias effects have
been removed.
Q¢ 1s the covariance matrix of process noise

We- Q.  is the additional covariance matrix of
22x1

process noise that stabilizes the filter. F,, ,, matrix is
established in the former. The initial values of P,,,,,
and Q¢ can be given on the basis of characteristics of
different sensors. The calculation methods of G,,,, are
as follows.

In order to calculate the matrix G, 4, it is neces-
sary to find every update equation corresponding to
ug,,(k)in X,  (k+1). The amount of control chan-
ges the attitude, speed and direction of the aircraft by
controlling the speed of the motors. Therefore, the del-
ta angles and velocities are related to the control quan-
tity in the G, matrix. Matrix G, is calculated from
the quaternion and renewal equations according to
Eq. (5) and Eq. (6).

G4><3 04x3
G22><6(k> = 03><3 Tbn3x3 At
05,6
where,
L T 9]
O T
2
G, =
& % @
2
B TR
L2 2 2 -
. _
T,
g

Qo (k)

ay
L g,

o, is the noise variance of 3 axis gyroscopes and o, is
the noise variance of the 3 axis accelerometer. Each
time new IMU data is obtained, the EKF prediction
process is repeated.

The prediction process is repeated every time,
new IMU data is got until a new measurement from an-
other sensor is available. The EKF algorithm provides
a way of combining or fusing data from the IMU, GPS,
compass and barometer to calculate a more accurate
and reliable estimate of the position, velocity and an-
gular orientation. The updates of magnetometer and
GPS data fusion are made in distinct steps.

1.2.2 Magnetometer data fusion for EKF

When magnetometer data is available, EKF enters
the process of magnetometer data fusion. Data fusion of
magnetometer depends on the 3 basic formula based on
Kalman state vector correction. In the 22 dimensional
state, the geodetic magnetic state M is in the naviga-
tion coordinate system. The navigation magnetic state
M from navigation coordinate can be converted to body
coordinate by coordinate conversion matrix T',,. The
predicted value of magnetometer on body coordinate is

my,, =[m, m, m,]"
my, (k+1) = Tyuo ()M, (k) +my,, (k)

(10)
The observation value of the magnetometer is
Zy =2, Z, Z,]"

The renewal equation of the observation vector

m3x my

from moment k to moment k£ +1 can be expressed as
Z,50 (k) = Hypp (k) Xy (k) +v3,, (k) (11)
Taking the axis X as an example. First, calculate

the innovation v,, which is the difference between the
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predicted m,,, from Eq. (10) and the Z_; , from

Eq. (11) .
vmx = mx - Zm.x
m, = [1 _2(‘13 i qg)]MN +2(q,9, + %‘h)ME
+2(q9,95 + 909,) M), + m,, (12)
om
bi trix of X axis is H, = £,
Jacobi matrix o axis 1s H, oX,
om,
= 2q,My +2q;M;; - 2q,M),
99,
om,
=2q,My +2q,M; - 2q;M),
99,
om,
P ==2q,My +2q,My - 2q,M,
q>
om,
— =-2q;My +2q,M; - 2q, M,
99,

om, 2 v - -
oM, 9o T 41 =42 — 43

om,
oM, = 2(‘]1‘12 + %‘h)

om,

oM, = 209195 = 909,)

om

5 _ 1

om,,

So the observation matrix of the X axis is

om, om, OJm, om,

a9y 99, 09q, 9q;
d 0 0 0

BB N 2t e T g g
oMy oM, oM, om,

Jacobi matrix of Y axis and Z axis magnetometer

000O0O0OO

X:[

%

are similar to X axis. So,

Hy
H,,, = Hy

Hy
Then calculation of the Kalman gain is
_ Pyl
Ko = (13)

Hy 0, Py Hyr + R
where, R is observation noise, its value is determined
by the observation sensor.
Updating the state vector, the optimal estimate of
the state quantity is
Xzzn(k +1,k) = Xppy (b +1,k) + K 050,54
(14)
where, v,5,, = my (k+1) - H, ,,X,,,, (k +1)
Calculating the covariance of the current state ;
Ppy(k+1) = (I - KoorsHy00) Py (b + 1)
(15)
At this point, the magnetometer data fusion is
over. Next, the EKF data fusion of GPS/barometer is

carried out.

1.2.3 Data fusion of GPS/barometer for EKF

When GPS and barometer data are available, EKF
enters the process of GPS/barometer data fusion. The
EKF algorithm is used in magnetometer data fusion,
and the Kalman filter algorithm is directly used in data
fusion of velocity and position. The sensors for velocity
and position data fusion are GPS and barometer. GPS
directly measures the velocity and position of the hori-
zontal direction and the barometer measures the posi-
17 which satisfies the 3
prerequisites of Kalman filier'"®.

1) The probability distribution of the current state
must be a linear function of the previous state and the

tion in the vertical direction

control quantity to be performed, and a Gaussian noise
is superimposed.

2) The measurement of the state must be a linear
function of the state superposed Gaussian noise.

3) The initial state distribution is a Gaussian dis-
tribution.

The velocity and position observations provided by
the GPS/barometer are as follows.

Zoo =LV, V, V. 5§ 51"

Jacobi matrix of velocity and position is
av, oV, avV, 8S, 8S, aS, .
0X, 09X, oX, odX, 09X, an]
= [06  Loxs Ogu12 ] (16)

When the measured values of GPS and barometer

H, =

vs

arrive, the innovation can be obtained according to the

current measured values and the previous predicted

19]

values'™' | so the innovation in the process of Kalman

filter is v,,.

V-V
V.-V
vV, -7V

v, = : 17

.=l sl (17)
S, -8,
LS, - S,
Then calculation of the Kalman’ s gain K, is
P22X22HEX22

Kv522 x6 —

T (18)
H, 0, PrrHe, + Ry
where, R is measurement noise and its value is deter-
mined by the observation sensor.
Updating the state quantity, the optimal estimate
of the state quantity is
X22x1 (b +1,k) = Xy (k+1,k) + K o) V6
(19)
Through ‘ State Correction’ , the optimal estima-
tion state is obtained and the variance mairix is upda-
ted. The optimal estimation state is iterated into the
next state prediction process.
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estimation of error

The optimal covariance
Pzzxzz(k +1)is
Ppun(k+1) = (Inwm — Koyl ox)
Py (b +1,k) (20)

So far, the data fusion of magnetometer and GPS/
barometer has been completed. It is able to correct the
states by using knowledge of the correlation between

different errors and different states ™’ .

2 Experimental design and algorithm veri-
fication

2.1 Construction of test platform

In order to verify the feasibility of the algorithm, a
double IMU hardware platform based on STMF429 is
designed'™’. Tt is mainly composed of coaxial sixteen-
rotor UAV, inertial measurement unit MPU6000 ( inte-
grated gyroscope, acceleration and barometer) , mag-
netometer of LSM303D and NEO-M8N GPS module.
Another group of sensors using MTi inertial measure-
ment unit of Holland Xsens company, which has its
own Kalman filter algorithm, directly output the high-
precision attitude angle. The precision of the roll angle
and the pitch angle in the algorithm are +0.3 °, and
the precision of the yaw angle is £0.5 °. The product
provides high-quality orientation and positioning, be-
longing to the high-performance IMU. The internal pro-
cessor has low power consumption. The output heading
angle does not drift, and simultaneously provides 3-di-
mensional acceleration, angular, velocity and magnetic
field strength passing through the nucleus. MTi is a
measuring product with excellent performance for the
stability and control of cameras, robots, vehicles and
other series of equipment. The test platform is shown in

Fig. 4.

I

Fig.4 The hardware platform of UAV

In order to ensure the safety of flight test, the atti-
tude angle of MTi is used to guide the flight. The EKF

algorithm with 22 dimensional state vector only per-
forms attitude estimation on sensor data without guid-
ance of the flight process. The estimated states are not
used for control of the UAVs. All the flight data inclu-
ding the measured sensor data and state vector esti-
mated are stored on board the flight control unit'*?’.
Data acquisition of the MPU600O inertial sensor is per-
formed at a sampling frequency of 50 Hz. LSM303D
Magnetometer updating frequency is 10 Hz, and the
NEO-M8N GPS updating frequency is 5 Hz. Therefore,
the EKF algorithm of 22 dimensional state vector runs
on the STMF429 master control hardware platform. The
attitude estimate period is 15 ms and the attitude con-
trol period of UAV is 20 ms.

In order to verify the validity of the algorithm, the
test is divided into static test and dynamic test. Static
tests are used to verify the suppression of low-cost gyro-
scope drift by the EKF algorithm. While the dynamic
tests verify the accuracy of the algorithm.

2.2 Control strategy of coaxial sixteen-rotor UAV

The agriculture UAV has the characteristics of
large load and strong vibration when it works, and the
continuous spraying of pesticides will cause a non-neg-
ligible disturbance to the flight system. Due to this dis-
turbance together with the external disturbance ( such
as wind) , the position accuracy of UAV will be greatly
reduced. Therefore, the control sirategy of coaxial six-
teen-rotor UAV is based on the method proposed by the

laboratory before! ! . the control method of combining

ADRC and PID. The inner loop is attitude loop, which
adopts classical PID control. The outer loop is position
loop, which adopts ADRC control method. Through
simulation and actual wind disturbance test, it is veri-
fied that the controller has strong anti-jamming ability.
The block diagram of the overall structure of the control
system is shown in Fig. 5.

As shown in Fig.5, X,, Y,, Z,is the desired po-
sition S,, S,, S, is the current position; 6,, ¢, , ¥, is
the current attitude angle, the current position and cur-
rent attitude angle are provided by EKF; 6,, ¢, is the
desired angle output by position controller; w, ,0,, ®,
is the desired angular velocity which is output by atti-
tude controller; 7', is the desired lift force output by al-
titude controller, and the expected yaw angle ¢, is di-
rectly controlled by attitude controller, (2, represents
the control quantity.

The position loop is designed based on ADRC
method. It consists of 3 parts: tracking differentiator
(TD), extended state observer (ESO) and non-linear
state error feedback control law ( NLSEF). The control
block diagram is shown in Fig. 6.
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Fig.6 The control block diagram of ADRC control method

In Fig. 6, P, is the desired position and P, =
(X, Y, Z,];S,,S,, S, represent the approxima-

tion of the desired position; V,, V,, V, represent the

approximation of the desired velocity; V., V,, V, repre-
sent the desired velocity provided by EKF; e, ei, el

represent the tracking error of triaxial position and e
v
5 9
Through the design of position controller, the output of

are obtained. W repre-

e’ e’ represent the tracking error of triaxial velocity.

position controller ¥, F , F,
sents the estimated value of total disturbance consisting
of system model uncertainty and external disturbance.
For the specific mathematical derivation of the
control method combining ADRC and PID, please refer

to Ref. [25].

2.3 Static test and result analysis

Put the coaxial sixteen-rotor UAV on the horizon-
tal ground and the yaw angle remains at a non zero an-
gle. Because in zero angle, the yaw angle will jump
between 0 — 180 °. The static test has been executed
for approximately 320 s on the horizontal ground. Fig.7
shows attitude estimation under static conditions to re-
flect gyroscope drift.

The experiment shows that without introducing the

vibration interference caused by motor work and exter-
nal wind disturbance, the precision of the roll angle
and the pitch angle of the algorithm are +0.1 °, the
precision of the yaw angle is +0.2 °. Due to the hori-
zontal ground can not maintain a strict level, there are
different degrees of small angle values for the roll angle
and the pitch angle. The test results show that the EKF
algorithm of 22 dimensional state vector has great ad-
vantages for reducing the drift of the gyroscope, and
can maintain stable high precision.
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Fig.7 Three axis attitude angle under static condition

2.4 Dynamic test and result analysis

In order to verify the effectiveness of the EKF al-
gorithm of 22 dimensional state vector in UAV dynamic
conditions, the dynamic test flies along a high-maneu-
vered trajectory with a flight time of approximate 400 s.
Take the attitude angle of the MTI sensor output as a
reference. The parameters of the test UAV are shown

in Table 1.

Table 1 Experimental UAV parameters
Parameters Value
Unladen weight (kg) 14.532
Full-load weight (kg) 24.532
Rod length (m) 1.265
Flying height (m) 100
Flying radius (m) 75
Flying time (s) 400

The scene of the flight test is shown in Fig. 8. The
2D trajectory and the height trajectory of the flight test
are shown in Fig. 9 and Fig. 10. Take the take-off posi-
tion of the UAV as the origin and record the location of
every moment during the flight.

The performance of the EKF algorithm in attitude
angles is shown in Fig. 11. As can be seen from Fig. 11,
the roll angle, the pitch angle and the yaw angle can
accurately track the attitude angle output of the MTi
sensor. High precision solution can be maintained un-
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der frequent large angle motion and attitude tracking
has good real-time performance. It is proved that the
algorithm has very high accuracy of attitude estimation.
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Fig.9 2D trajectories during the flight test
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0 100 200 300 400
Time (s)
Fig.10 Height trajectories during the flight test

The performance of this EKF algorithm in the po-
sition and velocity estimation are shown in Fig. 12 and
Fig. 13. The velocity and position information of GPS
output is used as reference. As shown in the figure, in
terms of position and velocity estimation, the algorithm
performs well. It not only guarantees the long-term ac-
curacy of the algorithm, but also guarantees long-term
reliability. According to precision of NEO-M8N GPS,

the error of horizontal position estimation is 1 m in the

East and North, while according to precision of barom-
eter, the error of vertical position estimation is 0.5 m.
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Fig. 11 Attitude estimation in comparison to MTi output

during the flight test
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Fig.13 Estimated North-East-Height velocity comparison
to GPS output during the flight test
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The performance of the proposed EKF algorithm in

the accelerometer bias and gyroscope bias estimation is
shown in Fig. 14 and Fig. 15. The initial values of ac-



134

HIGH TECHNOLOGY LETTERSIVol. 26 No. 2 |June 2020

celerometer bias and gyroscope bias are 0. As shown in
Fig. 14, the accelerometer bias is always less than
0.1 m/s’ and there is no jump phenomenon, which in-
dicates that the filter is stable.

Gyroscope bias is fluctuating when the power is
on, which shows that the influence of power on gyro-
scope is great, but the gyroscope bias converges rapidly
and remains stable after short time compensation by the
filter.
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Fig.14 Accelerometer bias error estimates
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Fig.15 Gyroscope bias error estimates

My, M, M, stand for the strength of North,
East, Down earth magnetic field. In a certain region,
the variation range of geomagnetic field is small, and
the optimal estimation can be obtained by the EKF al-
gorithm in the form of °self-learning’. As shown in
Fig. 16, the filter keeps learning the earth’ s magnetic
field during flight and these value will change slowly.

As shown in Fig. 17, M, , M., M, stand for the bi-
ases of X, Y, Z body magnetic field and the initial val-
ue is obtained by magnetometer calibration. As earth
magnetic field, M,, M , M, can also be obtained by

* self-learning”’ .
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Fig.17 Earth magnetic field estimates

3 Conclusion

The structure of coaxial rotors meets the large load
demand of agricultural UAV. The tilt structure of the
rotor module solves the problem of insufficient yaw di-
rection control torque caused by traditional UAV rel-
ying on anti-torque to control yaw. The creative design
improves the mobility and reliability of agricultural
UAV.

Attitude estimation method based on EKF algo-
rithm with 22 dimensional state vector for low-cost agri-
cultural UAV is proposed. The bias errors of gyro-
scope, accelerometer and magnetometer are introduced
as the state vector, which makes the optimal estimation
of the attitude angle more accurate. It is worth mentio-
ning that all the sensors used in this EKF algorithm are
very cheap. Some of the performance indicators of
MEMS MPU6000 and
LSM303D are not as good as that of high precision in-

inertial sensors such as
ertial measurement unit MTi. However, the accuracy
of attitude estimated by EKF algorithm is quite similar
to that of MTi output attitude angle.

The EKF algorithm with 22 dimensional state vec-
tor has fused the data from the MPU6000, magnetome-
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ter, GPS, barometer sensors to calculate a more accu-
rate and reliable estimate of position, velocity and atti-
tude angle. It has good performance in both dynamic
and static tests.
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