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Abstract: Agriculture survey and evaluation UAV is kind
of advanced high-efficiency agriculture information
equipment that can be used to farmland measurement,
agricultural insurance assessments and other fields.
BeiDou Navigation Satellite System is China’s global
navigation satellite system which has been developed

independently , and currently it is rarely applied in

agriculture survey and evaluation UAV. Since BeiDou
navigation system can only provide location information,
an integrated navigation system that composed by BeiDou
Navigation Satellite System, Strapdown Inertial Navigation
System and Air Data System is proposed to improve the
navigation accuracy of UAV navigation system. Integrated
navigation system model is established, and to improve
the navigation system parameters solving speed, and also
to overcome the filtering divergence phenomenon caused
by the system model uncertainty, a modified two-step
adaptive Kalman filter algorithm for navigation parameters
solving is proposed. Simulation results show that the
proposed integrated navigation system and parameters
solving algorithm can effectively improve the UAV
navigation accuracy and prevent divergence of the filter.

Keywords: agriculture survey and evaluation; BeiDou
navigation satellite system; integrated navigation system;
Kalman filter

INTRODUCTION

To begin with we will provide a brief background on the
civilian Unmanned Aerial Vehicle (UAV). In recent years,
the research of civilian UAV has made great progress, and

it is applied in more and more fields, such as
communications relay, weather detection, disaster
monitoring, pesticide spraying, geological surveying,

mapping, traffic control, and many other fields [5,9].
Agriculture survey and evaluation UAV is kind of
advanced high-efficiency agriculture information
equipment, which can be used to measure farmland,
agricultural insurance assessments and other fields.
Currently the main navigation technologies used in
UAYV are Global Positioning System (GPS) and Strapdown
Inertial Navigation System (SINS). Single navigation
technology has its own shortcomings. In the filed of UAV
navigation, the usually employed navigation method is the
integrated navigation method that used the above two
method. SINS can not only provide real-time position,
velocity and attitude and other navigation information, but
also have the characteristics such as fast, better dynamic
performance and high accuracy in short term [6]. GPS
have several advantages such as higher positioning and
velocity precision, and not accumulated with time growth.
However, it can not be absolute dependent because it is
controlled by the America Government [2]. BeiDou
Navigation Satellite System (BD) is China’s self-developed
global satellite navigation system. From December 27,
2012 the BD has provide navigation services officially, the
service covers most of the Asia-Pacific region, and can
provide services such as positioning, velocity
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measurement, timing and so on [1]. BD will play an
important role in the civilian and military filed.

Since BD has just been put into service, then there are
fewer applications in UAV, let alone in agriculture survey
and evaluation UAV. In this article the BD is applied to
agriculture survey and evaluation UAV navigation.
However, the BD have some shortcomings such as
positioning accuracy is not high, the signal is easily lost,
and so on. Air Data System (ADS) can obtain the airspeed
and pressure altitude information of the UAV through
pressure, temperature and other information got from the
atmospheric sensors installed in the UAV. The ADS does
not depend on external conditions., being very
independent. The BD, ISINS and ADS are combined, then
an autonomous BD/SINS/ADS integrated agriculture
survey and evaluation UAV navigation system is constructed.

In this paper, the BD/SINS/ADS intergraded navigation
system is researched; we shall first briefly establish the
system model. An improved two step adaptive Kalman
filter algorithm is applied in this system, and this algorithm
can solve such questions as filtering divergence
phenomenon, and also this algorithm can improve the
settlement rate which can be provided [3]. The integrated
navigation system and the filtering algorithm have great
practical value.

MATERIAL AND METHOD
Error Model

We will provide in this section a basic error model
needed in the following Section. In this section, the error
model includes barometric altimeter error model, inertial
device error model and the air data computation model is
given, the error model as follows.

(1) Barometric altimeter error model

The barometric altimeter error has relevant with non-
linear relationship between hydrostatic and altitude, errors
caused by temperature compensation inaccurate and
pressure method errors. In the integrated navigation
system, the general barometric altimeter error is
approximately described by a first order Markov process [7],

ot

Where Oh, is the barometric altimeter error, 7, is

relevant time, and @), is measurement noise.

(2) Inertial device error model

Inertial device includes three gyros and three
accelerometers. Gyro drift consists of three components,
that is random constant drift, relevant drift and unrelevant
drift. The relevant time of relevant drift is generally greater
than 1 hour. In terms of short range UAV studied in this
paper, this relevant drift can be approximated by random
constant, and compared with the random constant drift,
this relevant drift 1-2 orders of magnitude is smaller, so
the gyro drift model can be simplified as constant

drift £, , €, and £, and white noise components @, , &,

and w,, and,
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Similar to the gyro drift model, the accelerometer drift
also contains the above three kinds of components. The
relevant drift is relatively small, and at the same time in
order to reduce the dimensions of the filter, the error
model of the accelerometer is also simplified by random
constant drift 0,.0, and [, and white noise components.

(3) The air data computation model

According to the parameters such as the pressure,
temperature and so on that were provided by the
atmospheric sensors installed in the body of UAV, based
on the atmospheric parameter model, the airspeed,
altitude and other information of the UAV are solved by the
Air Data System directly. In this paper, the low-altitude
UAV is studied, and its flight altitude is below 500 meters.

Assuming the atmosphere sensor pressure sensor is
P., total pressure is P, temperature is T , then pressure

altitude formula is calculated as follows®!:
H b =145442>{ 1—(
P

According to the total atmospheric pressure P

measured by the atmospheric sensor, and the atmospheric
density o about the altitude of the UAV situated, the

indicated airspeed can be calculated as follows.
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V,=,2xPR/p, (4)
Next, the following formula is used to convert the - — =y . =
indicated airspeed to true airspeed, BETRMATARBRRZRRICRZR |
V, =V, x[ 1+ (1~ Hp)x 0.05/1000 ®)
If the wind velocity is small during UAV operation, due — el £ e e
to system accuracy limitations, wind velocity can be MREANEATHRER ), BT REBERS , 7
approximately zero; if the wind velocity is large, the RBSEBHE  £ROERA | A ARIE TR [4] 32 ) B R
algorithm proposed by the reference [4] can be used to ’ '
estimate wind velocity. If the wind velocity information of ~ FAMXEEHTRIEMNHE ., ST AL E K E
UAV location is obtained, then the following formula can
be used to calculate the UAV’s ground velocity, R, DARNATRHE LRGN HIRE
V, =i +V,, (6)

V, is the wind velocity vector, V; is the ground velocity

vector, and V, is true airspeed vector.

Integrated navigation model

(1) State equation

State equation of the UAV navigation system composed
by three errors equation include velocity error, position
error and platform misalignment angle error equation.
According to the mechanics choreography equation and
attitude error equation of SINS system, the state equations
of the integrated navigation system can be obtained as

follows,
X (t)=F(t) X (t)+

Wherein W is irrelevant white noise with zero mean,
and it satisfied E[W()W'(7)] =Q(t) Xt-7) .
State variables are

=(@.4.@.0v,.0v,.0v, L

Where, @, @ and ¢, is platform error angle; dv, ,
ov, and dv, is the velocity error along the east, north and

up direction; L , oA and Sh is latitude, longitude and
altitude error. The rest are gyroscopes and accelerometers
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constant error, and noise modeling of gyroscopes and
accelerometers re zero mean white noise. F(t) is the

state transition matrix of dimensions of 16 multiplied by 16.

(2) Measurement equation

Chose velocity difference between the UAV ground
velocity vector obtained from the Air Data System
converted to the navigation frame velocity and the SINS
velocity, position difference between the UAV position
obtained from the BD receiver and the latitude and
longitude information of the SINS, and altitude error
between height value measured by Air Data System and
SINS altitude as measurements, the following measure
equation can be constructed,
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Where HL4=H(@25H @6F , H47)=HE8H 6,9 |
and V(t) is the measurement noise.

The two-step adaptive Kalman filter

Because the on load ability of the UAV is limited, thus
the calculation speed is affected, and the fast filtering
algorithm is needed. In the two-step Kalman filtering
algorithm, the Kalman filter is decomposed into two parallel
reductions that filtering respectively, and the reduced order
filter greatly reduces the amount of calculation.

In order to improve the filtering speed, the two-step
Kalman filtering algorithm is used as navigation solver.
Because of the mathematical model and noise statistical
model of the SINS, ADS and BD system is not accurate, so
that the model and the obtained measurement values do
not match, which will lead to filtering divergence. Therefore
the traditional two-step Kalman filtering algorithms is
improved as adaptive filtering, which can restrain the
divergence of Kalman filter, and can improve the
navigation accuracy of the integrated navigation system.

Consider the following linear discrete stochastic
systems,
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% = AcXea t B+ (10)
B, =h,, 11)

Yi = Hix 1, (12)

R x ARGRS ; b HREAR ; & HIRRHS

Where x, is the state of the system; b, is the
%

E[{k{,T] = Q94 ; 7 is the measurement noise vector.

deviation vector; is the process noise vector,

The first step is to ignore the deviation term (that is let
b=0), and add the adaptive filter, then the unbiased filter

M& . E[&E |=Q0, ; nNBRARFER

E|:,7k,7|T:| =Ry o
E-SRZRRED (AHb=0) , FMABBNKE

can be constituted as follows, T, WA TTREIRKER
X = AcXn (13)
% =% K, (k)R (14)
Y =H X, (15)
fe = Y = Yo (16)
K (k) =B (K)H{ [H P (K H +R] )

34



Vol. 41, No. 3/2013

INMATEH — Jgu’caltuml Qiueexm'

P (k)= AT, (k-1) AL, +Q., (18)
T.(k) = (1 =K, H, )P (k). (19)
R, (k) =[F, (K)HT = F (k) H] (G (k) - HE () HT T (20)
M =[HA HA’ HA' T, 1)
C,(k)
F (KH =(M™M) "M éz:(k) , 22)
6.
E (k)= A B () +(7. () = £ (k) HI (G, (K) HjAmHU*HJnUQ-Qw»jAg,(m)
C (k) =C (k=1)+(y,yi, -C (k-1)) /k, (24)

Where 7((,) means state estimation value obtained by

ignoring the deviation; |5X is the error covariance about )?(,) .

The second step is estimated deviation vector from
residuals of the unbiased filter, and then deviation filter can
be obtained.

R X, RERHREESHGRSMHEIHE, P X
%) BREMHE,

E=HRNERERRBOBREFI DT REDE
BEREIRE

U, (k+1)= AV, (k) +B,, (25)

S(k)=HWU, (k)+C,, (26)

v, (k) =U, (k) =K, (k) S(k), @7)

M (k+1)=M (k)= M (k) S™ (k)] H,P, (k) HY +R, +S(k)M (k)S" (k)] S(k)M (k). (28)
K, (k) =M (k+1)[V (k) H{ +Cl R, (29)

b =[1 =K, (k) S(K) ]by + K, (K) i, (30)

3, =V, (k)b (31)

The estimate of the linear discrete systems containing
deviation can be obtained by adding results of the two sub-
filters,

X

RESULTS
Simulation results

In order to verify the effectiveness of the proposed
integrated navigation method and filtering method, the
computer simulation experiment was carried out. UAV
motion model was generated by aircraft modules in
aerosim toolbox in Matlab, and a track including linear
motion, acceleration, turning, circling, climbing, descend
and other state of the UAV were designed.

A simulation experiment was done and 500 seconds
simulation data were used. SINS sampling frequency is
100hz, BD data sampling period is 1 s, combined period is
1 s. In simulation experiments, the gyro constant drift is 0.2

°/ h, accelerometer zero bias is 10’4g . The initial position

errors are 5 m, 5 m and 10 m respectively; the initial
velocity error is 0.1 m/s; initial platform misalignment error
of 20", 20" and 50" respectively. The measurement noise
of the BD receiver is white noise, and the standard
deviation of the white noise is 8 m.

In order to illustrate the problem better, in this paper
simulation experiment of SINS and SINS/BD/ADS
integrated navigation system were done, respectively. The
traditional Kalman filter algorithm and the improved two-

:Xk+5'
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step adaptive Kalman filter proposed in this paper were
employed in above two systems respectively to calculate
the navigation parameter. According to the estimation of
the error of navigation parameters, navigation parameters
of the integrated navigation system were corrected.

The simulation results shown in Figure 1 and Figure 2,
where the dotted line was the result for the SINS system
using conventional Kalman filter, and the solid line was the
result for the SINS / BD / ADS integrated navigation system
with improved two-stage adaptive Kalman filter algorithm.
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From figure 1 and figure 2, the simulation calculation
results showed that due to the influence of various factors
such as noise and error, navigation precision of single
navigation mode is low. And for long time navigation the
navigation parameters which are obtained by SINS calculating
would be divergent. As the BeiDou Navigation Satellite
System and the Air Data System were introduced in
BD/SINS/ADS integrated pattern, their position and
velocity information also were introduced, and then the
velocity error and position error convergence rate is
improved obviously. The system has good fault tolerance
performance and can effectively restrain the error caused
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by the gyro drift and improve the precision of navigation
system. At the same time the adaptive two step Kalman
filter is adopted to avoid the divergence of navigation parameters.

Prototype UAV

In this paper, the prototype UAV of the agriculture
survey and evaluation UAV we studied, is electronically
moving fixed-wing UAV and technical indicators of the
UAV as follows.

The takeoff gross weight is 10kg, flight altitude is
800m, cruising speed is 50km/h, the tasks load is 3-5kg,
life time is 1 hour, engine power 2kw, and 3 maximum
wind resistances. The prototype UAV that can be seen in
figure 3, and figure 4 is flight test image.

INMATEH — Agricultural Engineeting

E A BENXATRSEENFREEKSE  BRTSNSH
P4 8

TAGEHL

EAXH , RUBEFETANREHEERET AN,
HARERTT,

BYEEERN 1027, ¥TEENR 800K , MiRE
50 2B/, FF5 R 3-5KG, EMENR 1 M, &
HLIIE 2kw , ZFATH 3HFX. TAVHENLE 3, B 4
= TNRE &,

Fig. 4 - Flight test image / 777 15

CONCLUSIONS

For the reason that the right of GPS controlled by others
and lack of autonomy, the BD system is studied in the
application of the agriculture survey and evaluation UAV
navigation system. In order to improve the agriculture survey
and evaluaton UAV navigation system precision,
BD/SINS/ADS integrated navigation system is proposed in this
paper. The system has better fault tolerance performance, and
external reference information is introduced to improve the
navigation precision and reliability of the navigation system.

Because of the uncertainty of the model, filtering
divergence phenomenon will appear in the process of filtering.
To prevent the happening of the filtering divergence, an
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improved two-step adaptive Kalman filter algorithm is proposed.
This algorithm can not only improve the calculating speed but
also avoid filtering divergence. In this paper, a numerical
simulation results show that the proposed BD/SINS/ADS
integrated navigation system and improved two-step adaptive
Kalman filter navigation algorithm can effectively improve the
agriculture survey and evaluation UAV navigation accuracy.
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