180 Journal of Measurement Science and Instrumentation

Vol. 9 No. 2, Jun. 2018

Aircraft attitude estimation of MEMS sensor
based on modified particle filter
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Abstract: The non-linearity problem of aircraft system could not be overcome by using the MEMS sensor only. In order to

improve the accuracy of aerial vehicle attitude, an aircraft attitude estimation of the MEMS sensor based on modified particle

filter is proposed. The aircraft attitude is optimized by the conjugate gradient method, and the drift error of gyroscope is

reduced. Moreover, the particle weight is updated by the observed value to obtain an optimized state estimate. Finally, the

conjugate gradient method and the modified particle filter are weightily combined to determine the optimal weighting factor.

The attitude estimation is carried out with STM32 and MEMS sensor as the core to design system. The experimental results

show that the static and dynamic attitude estimation performances of the aircraft are improved. The performances are well, the

attitude data is relatively stable, and the tracking characteristics are better. Moreover, it has better robustness and stability.

Key words: aircraft attitude estimation; modified particle filter; MEMS sensor conjugate gradient method; weighted fusion

CLD number: TP212
Article ID: 1674-8042(2018)02-0180-08

0 Introduction

The aircraft attitude is an important part of aircraft
navigation and attitude control system'"*). The
precision of aircraft attitude directly affects the
carrier attitude control precision and positioning
accuracy. Attitude description parameters include

Euler angle and attitude
[3-5]

mainly cosine matrix,

quaternion, The attitude quaternion is widely
used in flight control system based on its small
computation, non-singularity and full pose. But the
quaternion belongs to the rotation vector, and its
four variables are not independent. It is constrained
by the normalized parameters. In the combination of
quaternion and nonlinear filtering algorithm, the
method based on quaternion to extend Kaman filter

[6.7] However,

algorithm is  commonly used.
nonlinearity of the system is strong, and the attitude
estimation is often inaccurate. For the actual strong
non-linear and non-Gaussian problem, this simple
method by using the mean and variance is not enough
to represent the true state distribution. The method
of particle filter (PF) algorithm™® completely

overcomes the problem of system nonlinearity and
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00121 - and it becomes the most

Gaussian hypothesis
suitable filtering method for nonlinear system at
present.

In this paper, an aircraft attitude estimation of
MEMS sensor based on modified particle filter is
proposed, which avoids the shortcomings of Newton
method. Taking the STM32F103 as the control core,
the attitude information module is composed of the
MEMS sensor, the three-axis gyroscope and three-
axis accelerometer. The latter two are used to collect
the aircraft attitude information in real time, and the
attitude estimation processing system is designed.
The acquired attitude information data is sent to the
STM32 microprocessor to preprocesses via the
wireless transceiver module. The data fusion and
attitude

estimation are completed in  the

MIiCroprocessor.

1 Conjugate gradient method correction

The postures of accelerometer and magnetometer
are better than the horizontal and magnetic north
poles, which can show good performance under static

state and non-magnetic interference mode. The
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magnetic field interference will bring a serious
deviation. Only a sensor can not estimate the precise
attitude information data. The corresponding
components of magnetometer on the three axes of
carrier coordinate system are m,, m, and m.. The
corresponding components on the three axes of the
coordinate system are a,, a, and a..

1) The error function can be defined as

E(q) = - EH

A

T m, my - my m.—m,

Quaternion optimization problem can be converted
into error function f(q) =E(q)"E(g). It is used to
calculate the minimum value of the problem.

2) The conjugate gradient method is used to
optimize the aircraft attitude. According to Eq. (2),
vector posture quaternion can be updated as

anin.(n—H) - Qmin,n _'_ }/ndn ’ (2)
glzl:vfnl? gzIZme dl s 'S (3)

_ g.d,
g.d,
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H 8 |
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where ¥, is the optimal step size, and d, is a gradient
and represents the iterative direction of the system.
3) According to the conjugate gradient method,

f(@=E(q)TE(g) can be calculated by
Vf=J"(@QEW, (5

where JT(q) is the Jacobin matrix of E(q).
The attitude correction process shown in Fig. 1 is

designed by adopting the conjugate gradient method
and MEMS sensor.
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Fig. 1 Iterative optimization of conjugate gradient method

In Fig. 1, f(¢) =E(@)"E(g) is the error objective
equation. When the objective function f(g) reaches
the minimum value, the difference between the
attitude angle and the true value of the quaternion is
the smallest.

2 Modified particle filter fusion
2.1 Modified particle filter optimization

Particle scarcity is the main drawback of particle
filtration. Doucet proved the inevitability of particle
scarcity phenomenon in the particle filter algorithm.
Therefore, the particle is assumed to initialize the
state variable xy ~ p(x,), and the modified particle
filter is defined as follows.

1) Initialization phase: £ = 0. The initial test
probability distribution p(x,) carries out the x§” | X,
samples of N particles: x§” ~p(xy);

2) The PF algorithm is used to update the
particles, and its general form can be expressed as

2N
_ OT D o
P, = E :’wj Lys e — Ve ] X
J=0

0 NO) T
[J/jfk\uﬂ) _yjfk\(/H)] . (6)
2N
_ WO p o)
P, = ij’ [ﬁjfk\(/ﬂ) 7yjik\(k~l):| X
j=0

i) NO) T
I:y](':k\(k D _y](fkuk 1)] ’ D

Hk :Pny;;, (8)
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P/(f) - Pi»l\v)(/ﬁn - Hku;er- (10)

3) The corresponding weights of particles are
calculated.

4) The re-sample particles and weights are
calculated, and they are expressed as

xih = (xVn  x), (1D

Pi”/ - (Pi?uﬂ) Pki))- 12

In the experiment, the 8-dimensional trajectories
of particles are analyzed to determine the optimal
position of the particle motion in Fig. 2. And the
average fitness of particle swarm iteration can reach
96% —99%, and the attitude parameters optimized
by particle swarm optimization are more credible.
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Fig. 2 Particle iteration processing

2.2 Weighted fusion

The error function E(k) is established by using the
conjugate gradient method to solve the quaternion
The

measured attitude angle data is modeled by the

update step size ¥, and the gradient direction d,.

particle, and the particle weight is updated by the
observed value to obtain the estimation and variance
of optimized state. The weight fusion is made to
determine the optimal weighting factor based on the
conjugate gradient method and the modified particle
filter.

N

Zﬁ[Ei » where g is
=1

the weighting factor for the i sensor. The total mean

The data fusion result is E; =

square error is written as

N

i=1
where §° is the variance of the 7 sensor. According to

(13

the mean square error criterion, the weighting factor

can be written as

B = —— (14)

522

i=1
where §; has the minimum Value, and its general form
can be expressed as

1
Nl
25

The sensor weights are determined only by their

8min - (15

&

variances. As long as the various sensor weights

meet Eq. (15), the total mean square error is the

minimum as

(16)

3 Hardware implementation

The three-axis magnetometer (TAM ) and the gyro
are used as attitude sensors. Sampling period of the
TAM is 10 s. The 10-order international geomagnetic
reference field (IGRF) model is used to approximate
the magnetic field distribution, and the measured
noise of magnetometer is assumed to be zero. The
attitude calculation module takes STM32F103 as the
And MEMS

gyroscope and three-axis accelerometer are used as

control core, sensor, three-axis
the posture information collection module to calculate
the attitude information data as shown in Fig. 3.
They communicate with STM32 via 12C protocol with
data bus and clock bus. The acquired attitude
information data is sent to the STM32 microprocessor

the The

microprocessor gesture

transceiver  module.

the

information. The data fusion and attitude estimation

via wireless

preprocesses current
are completed in the microprocessor.

The system samples at 100 Hz and stores 500
points of data. Because the magnetometer did not be
used, so the pitch angle and roll angle were static
test, horizontal sliding and dynamic testing. After

the processor completes the posture calculation, the
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data is sent to the host computer through the

2.4 GHz wireless data transmission module.

Three-axis
acclerometer

Conjugate gradient |——| Particle filter

Three-axis
magnetometer

MEMS sensor

Attitude calculation H

Fusion

Attitude detection

STM32 processing

Fig. 3 Hardware implementation

4 Experimental data analysis

4.1 MEMS performance parameters and
performance specifications
6-axis MEMS can effectively reduce the

measurement noise and improve the measurement

accuracy by wusing advanced digital filtering
technology. In the module, the attitude calculator is
the filter

algorithm, which can output the current attitude of

integrated  with proposed  particle
the module accurately in the dynamic environment.
The attitude measurement accuracy is 0. 01°, and the
stability is extremely high. The performance is even

The
MEMS sensor does not contain the magnetic field

better than some professional inclinometers.

meter. There is no observation of the magnetic field
on the yaw angle, so the yaw angle is calculated by
the pure integral. It can only achieve a short time of

And Xe
angles can be filtered through the gravity field

the rotation angle measurement. Y axis
correction. It will be no drift phenomenon.

Table 1 shows the physical quantities output by
the MEMS sensor.

Table 1 MEMS sensor output data

m (kg) { (m) Ki(N +s?) Kq(N+m-=s?)
0.75 0. 25 3.13e7° 7.5e¢77
L, 1y (kg » m?) l: (kg *+ m?) J (kg + m?)
19. 6883 19. 681e? 3.938e 2 6e

The six-axis module uses a high-precision gyro
accelerometer MPUG6050, and the processor is used to
read MPU6050 measurement data. This module
to avoid developing MPU6050
complex I2C protocol.

allows the user
Sensor parameters are as
follows: acceleration: 6.1le °g; angular velocity;
7.6e*(°)/s; acceleration; 0.0lg; angular velocity;

0. 05 (°)/s; stance measurement stability; 0. 01 °.

4. 2 Accuracy comparison of attitude angle

measurement data

In order to test the effectiveness of fusion

strategy, the quaternion method, the conjugate
gradient method and the proposed method are used to
estimate the attitude angle data. According to
Tables 2—4, the the

quaternion method, and the error of attitude angle

attitude is measured by

data is relatively large.

Table 2 Quaternion attitude estimation data

Standard value (*) Measured value (°) Linear error (%)

Yaw Roll Pitch Yaw Roll Pitch Yaw Roll Pitch
—90.0 90.0 90.0 —105.0 103.0 83.0 16.7 14. 4 7.8

90.0 90.0 90.0 98.0 97.0 85.0 8.9 7.8 5.6

90.0 —90. 0 90.0 87.0 —109.0 84.0 3.3 21.1 6.7

90.0 —90.0 90.0 108. 0 —84.0 82.0 20.0 6.7 8.9
—90. 0 180. 0 —90. 0 —99.0 175.0 —81.0 10.0 3.3 10.0
—90.0 180. 0 —90.0 —80.0 166. 0 —80.0 11. 1 2.8 11. 1
—90.0 90.0 90.0 —97.0 84.0 85.0 7.8 6.7 5.6
—90. 0 90.0 90.0 —83.0 97.0 82.0 7.8 7.8 8.9

90. 0 180. 0 —90.0 85.0 174.0 —85.0 5.6 3.3 5.6
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Table 3 Conjugate gradient method attitude estimation data

Standard value (°) Measured value (*) Linear error (%)

Yaw Roll Pitch Yaw Roll Pitch Yaw Roll Pitch
—90.0 90. 0 90. 0 —94.0 93.0 87.0 4.4 3.3 3.3

90.0 90. 0 90. 0 —93.0 92.0 87.0 3.3 2.2 3.3

90. 0 —90. 0 90. 0 —86.0 —94.0 88.0 4.4 4.4 2.2

90. 0 —90. 0 90. 0 95.0 —92.0 86. 0 5.6 2.2 4.4
—90.0 180.0 —90.0 93.0 177.0 —86.0 3.3 1.6 4.4
—90.0 180.0 —90.0 92.0 178.0 —93.0 2.2 1.1 3.4
—90.0 90. 0 90. 0 95.0 87.0 85.0 5.6 3.3 5.6
—90.0 90.0 90. 0 —87.0 93.0 86.0 3.3 3.3 4.5

90. 0 180.0 —90. 0 86. 0 176.0 —85.0 4.4 2.2 5.6

Table 4 Particle filter fusion optimization pose estimation data
Standard value (*) Measured value () Linear error (%)

Yaw Roll Pitch Yaw Roll Pitch Yaw Roll Pitch
—90.0 90.0 90. 0 —94.0 93.0 87.0 4.4 3.3 3.3
—90.0 90. 0 90.0 —91.0 92.0 88.0 1.2 2.3 2.3

90. 0 90. 0 90.0 91.0 88.0 88.0 1.2 2.3 2.3

90. 0 —90. 0 90. 0 92.0 —92.0 89.0 2.3 2.3 1.2

90. 0 —90.0 90. 0 89.0 —91.0 88.0 1.2 1.2 2.3
—90.0 180.0 90. 0 —89.0 178.0 —88.0 1.2 1.2 2.3
—90.0 180. 0 —90.0 —88.0 179.0 —89.0 2.3 0. 56 7.8
—90.0 90. 0 90. 0 —91.0 92.0 88.0 1.2 2.3 2.3
—90.0 90. 0 90. 0 —88.0 91.0 89.0 2.3 1.2 1.2

90. 0 180.0 —90. 0 89.0 178.0 —88.0 1.2 1.2 2.3

After the estimation by the conjugate gradient 4.3 Relative error comparison of attitude

method, the measurement error is reduced. But with
the increase of measurement time, the error of
measurement increases. 1The measurement error is
kept near 2° after the weighted fusion algorithm is
adopted. The convergence of measured value is good,
which means that the weighted fusion method can
reduce small gyro drift error. The measured value is
relatively stable, and the attitude estimation data can

maintain good convergence performance.

estimation method

In order to test the validity of the attitude angle of
Figs. 4 5 the
comparisons of three attitude angle measurement

proposed method, and show
errors by using the proposed method. When the
attitude change is large, the three kinds of attitude
angle measurement errors reach 3° in Fig. 4. The

pitch angle vibration trend is relatively violent.

1 000
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3
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Fig. 4 Attitude estimation when attitude change is large
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Fig. 5 Attitude estimation when attitude change is small

the roll angle and heading angle
and the
Three

kinds of attitude angle measurements will tend to be

Meanwhile,

vibration trends are relatively slow,

maximum measurement error is about 3.5°.

stable after a certain time.

When the attitude change is small in Fig. 5, the
measurement error is up to 0. 4°. The heading angle
vibration trends are relatively intense, and the pitch
angle and roll angle vibration trends are relatively

Quaternion attitude

slow. The maximum measurement error is about
0.3° It shows the proposed particle filter weighted
fusion method can reduce the measurement error.
The aircraft has good static performance and dynamic
performance.

The quaternion method, the conjugate gradient
method and method in Ref. [4] are used to track the
attitude of the vehicle for 120 s, as shown in Fig. 6,

respectively.

Conjugate method attitude

5
é:_.“
-4 . ; i 5 ! ’ -4 , . ’ . : ,
0 20 40 60 80 100 120 0 20 40 60 80 100 120
t(s) 1(s)
1 Literauture [4] attitude Particle filter confusion method attitude

60 80 100 120

t(s)

20 40

60 80 100 120

t(s)

0 20 40

Fig. 6 Comparisons of estimation errors in pitch angle attitude

The measured error is smaller than other methods
by particle filter weighted fusion method. It indicates
that the aircraft attitude estimation could remain
relatively stable, and weighted fusion reduces the
attitude angle estimation error.

4.4 Step tracking comparison

In order to detect tracking characteristics of the
aircraft of proposed method, the feedback control
system with the optimized method is added to the
UAV model by using the Matlab software test
environment in Fig. 7.

Fig. 7 Aircraft control platform
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The step size of the simulation is set to 0. 001 s,
and the 4 order (Runge Kutta) is used to track the
step. The yaw angle, pitch angle and roll angle are
subjected to step tracking with amplitude of 30° in
Figs. 8—11.

z (m)

Fig. 8 z step curve

Fig. 9 x.y step curves

It can be seen that the proposed method can better
track the position and attitude of the aircraft from the
step tracking curves of Figs.8—11. In the cases of
external interference and uncertainties of UAV own

parameters, the proposed method is more robust.

30

Fig. 10 y step tracking contrast curve

¢ ()

Fig. 11 0, ¢ step tracking contrast curves

5 Conclusion

The weighted density of particle is obtained by
combining the modified particle filter and the
conjugate gradient method. The conjugate gradient
method is weighted with the particle filter. The
attitude analysis system based on STM32 is designed
as the core, which can make the attitude of aircraft
have good static and dynamic characteristics. The
attitude angle based on modified particle filter
weighted fusion is stable and accurate. Moreover, it
has better robustness and stability.
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