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Abstract: An accelerometer-based gyro drift compensation approach in a dual-axial stabilization
platform is introduced in this paper. The stabilization platform consists of platform framework,
drive motor, gyro and accelerometer module and contorl board. Gyro is an angular rate detecting
element to achieve angular rate and rotation angle of the dynamic platform system. However, the
platform system has an unstable factor because of the drift of gyro. The main contribution of this
paper is to implement a convenient gyro drift compensation approach by using the accelerometer. In
contrast to a kalman filtering method, this approach is simpler and practical due to the high-precision
characteristic of the accelerometer. Data filtering algorithm and limit of threshold setting of total
acceleration values are applied in this approach. The validity and feasibility of the proposed approach
are evaluated by four tests under various conditions.

Keywords: gyro drift; accelerometer compensation; dual-axial stabilization platform; threshold limit

1. Introduction

A device which measures the attitude change of carrier by gyro and keeps a platform steady is
called a gyro stabilization platform. A gyro stabilization platform has various applications in military
affairs and the civil and industry fields [1,2]. It can be used in intelligent mechanical systems for
smooth movements. The technology of gyro stabilization platforms belongs to inertial techniques; it
can be used to detect and control inertial attitude. Recently, the high-precision laser or fiber optical
gyro has been used to measure the angular rate of the carrier. However, high cost and large volume
drawbacks of a laser or fiber optical gyro are the main reasons that make them unsuitable to small-scale
and foundation platforms [3]. Fortunately, micro electro mechanical system (MEMS) technology is
developed by semiconductor manufacting technology. The MEMS inertial sensor is generated by an
inertia principle and has the advantages of small size, low cost and low power consumption. It plays an
important role in various navigation systems of the industrial field. The core of MEMS inertial sensor
is the inertial measurement unit (IMU), which consists of a tri-axis gyro and tri-axis accelerometer
to measure the angular rate and the linear acceleration of the carrier. However, gyro drift error from
integral calculation in long time is not to be neglected [4,5]. Hence, a proper compensation method for
gyro drift is necessary to improve the accuracy and stability of the gyro stabilization platform.

Various compensation methods have been developed for gyro drift. A method for combining
the accelerometer and gyro sensors has been presented to improve the precision of epicardial motion
measurement. However, This application belongs to the domain of biomedical science and the scope
of its applicability is restricted within narrow limits [6]. A methodology for the calibration and
the drift compensation of a wearable device with accelerometer and gyroscope is also described
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to improve performance of the device. This method refers to calibration and compensation steps.
Compensation is completed in static drift aspect and dynamic drift aspect, so the logical algorithms are
incresed [7]. Moreover, motion compensation with a single-axis gyroscope and dual-axis accelerometer
for automotive SAR is presented in motion compensation systems which can cope with worse road
conditions. This compensation approach is generally suited to a low rotational dynamic situation [8].
A method is applied to correct the nonorthogonality errors in some cases where the cluster design
of the inertial measurement unit is inappropriate. So the computational procedure of this method
is complex [9]. Gyro sensor drift compensation method by kalman filter is presented to control a
mobile inverted pendulum robot system [10]. A calibration and compensation method for installation
errors of accelerometer in gyroscope strap-down inertial navigation system is proposed to improve the
accuracy of angular velocity [11]. The delay compensation method of tilt sensor based on the MEMS
accelerometer is presented to improve the accuracy in the tilt measurement. Data fusion technique
is applied in this method [12]. Drift model and compensation method for MEMS-based gyroscope
which uses a wiener type recurrent neural network is described to increase the accuracy of trajectory
reconstruction. However, a neural network method needs more data and takes longer to completea
task than other methods [13]. Considering a gyroscope drift model is a time-varying model, the
realtime parameter identification and model construction are necessary. In fact, it is difficult to realize
this process. So a more feasible approach is needed to solve the problem of gyroscope drift.

The characteristic of accelerometers that have high precision and less accumulative error compared
to gyro are considered in this paper. A convenient gyroscope drift compensation method for a
gyroscope-stabilized platform system by using accelerometer compensation strategy is proposed.
Compared with the above-mentioned methods, this approach is simple and convenient. Meanwhile,
computation of some complex compensation algorithms needs longer time, but computation of the
proposed method needs shorter time.

This paper is structured as follows. In Section 2, motion equations of stabilized platform are
described. In Section 3, accelerometer compensation strategy is described. In Section 4, experiments
are conducted, datas are simulated and results are analysed. In Section 5, the concluding remark and
future work are mentioned.

2. Motion Equations of Stabilized Platforms

A stabilized platform is a device that can ensure the stability of the platform in a constant position
or changing position by a specified command. According to different demands and application fileds,
dual-axis or tri-axis is chosen from pitch axis, roll axis and heading axis to compose the stabilized
platform. The dual-axis-stabilized platform which includes pitch axis and heading axis is addressed in
this paper.

The coordinate system of dual-axis-stabilized platform is expressed in Figure 1. A stabilized
platform consists of internal frame and external frame. Internal frame is a pitch frame and external
frame is a heading frame. OX;Y};Z,, is the platform coordinate system. OX,Y},Z, is the pitch frame
coordinate system. OX}Y},Z), is the heading frame coordinate system. 0, is the pitch angle that
OX,YpZp rotates around the OX), axis. 0 is the heading angle that OX},Y},Z;, rotates around the
0Z;, axis.

When there is disturbed angular velocity w;, in the dynamic carrier relative to inertial space,
disturbed angular velocity is transmitted to the heading axis and pitch axis of stabilized platform,
which results in platform unstability. Compensation equations from kinematics analysis are necessary
to isolate disturbance. The relationship between carrier coordinate and heading coordinate is described
in Figure 2 when a pitch frame is separated. wyy, w,, and w;; are angular velocity component that
disturbed angular velocity wy, is decomposed in each coordinate axis. Analogously, angular velocity
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components in heading frame coordinate axis are expressed as w,y, Wy, and w,y,. Corresponding
expressions are written as follows.

Wyp = Wyp COS Oy, + Wy sin 6, 1)
Wyp = —Wyp SINby + wyy, cos by, )
Wzp = Wzp 3)

The relationship between pitch frame and heading frame can be described in Figure 3. Angular
velocity components in pitch frame are expressed as wyyp, wyp and wzy. Accordingly, the corresponding
relationship can be written as follows.

Wxp = Wy (4)
wWyp = Wy, €08 8 + Wy, sin 6y (5)

Figure 3. Relation between pitch coordinate with heading coordinate

Substituting Equations (1)—(3) into the above equation. Angular velocity component of moving
carrier in heading frame coordinate axis is expressed as follows.
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Wxp = Wyp COS B + Wy sin Oy, 7)
Wyp = —Wyp sin O cos O + wyp, cos O, cos 0 + wyp sin by (8)
Wzp = Wyp SIN O, sin 0 — wyy, cos O, sin 6 + w, cos Oy 9)

In practice, angular velocity component of output compensation angular velocity 6, and 9',[, of
stability control system in pitch frame coordinate axis are written as follows.

wyp = by (10)
Wy = 6, sin 6, (11)
Wi, = Oy cos ) (12)

Consequently, angular velocity component can be expressed as follows.

Wy = 9';: + wyp cos 0, + Wyp sin 6, (13)
wy = gy, sin tp — wyp sinby, cos Oy + w,p cos B cos Oy + wyp sin by

Wy = 6),c08 B + Wy, sin ), sin B, — wy, €08 B, sin 0w, cos b
The central premise of line-of-sight stabilization is that wy = 0 and w, = 0.

0 + wyp 08 B}, + wyp sin ), = 0 (14)

O 08 0y + W, sin B, sin 6, — Wy, cos B, sin B, cos B, = 0
Compensation angular velocity 6, and 6, are obtained as follows.

0y = —wxp 08 0], — wyy sin b (15)

6, = —wyyp sin @), tan B + wyp cos b tan 6y — wyy, (16)

wzp and wy, are measured by gyro sensor, which is installed in pitch frame. Substituting
Equations (4), (7) and (9) into Equation (15) and (16). Compensation angular velocity in pitch and
heading frame are obtained and represented as follows [14].

9.;7 = —Wxp 17)
6, = —wzp(cos 9,,)_1 (18)

When the above conditions are satisfied, angular motion disturbance of moving carrier is isolated
and line-of-sight of camera module of stabilized platform is stabilized.

3. Accelerometer Compensation Strategy

Accelerometer measurement value is introduced to compensate the gyroscope drift in a gyroscope
stabilized platform. Pitch angle of stabilized platform can be calculated by using accelerometer
measurement value. Specifically, accelerometer is installed in pitch frame. Gyroscope compensation in
pitch direction is considered in this paper.

Gyro drift is a slow changing and random process. Attitude angle is obtained by integral
calculation of angular velocity. Attitude measurement errors are easily produced due to gyro drift.
The longer work time, the greater the error [15]. To solve this problem, a gyro drift compensation
method is applied to increase the accuracy of attitude estimation. Gyro drift model is represented
as follows.

Weyro = w + b (19)
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where Weyro is the gyro output data from the actual measurements. w is the real angular velocity. b is
the gyro drift.

When there is no accelerating or decelerating motion in a carrier and stabilized platform is at
horizontal position, the axis z, of pitch frame coincides exactly with the axis z,, of geographic coordinate
system. The output of y,c axis accelerometer is zero when carrier starts moving and stabilized platform
is not at horizontal position. At this time, the output of v, axis accelerometer is not zero and assume
it is y,. Pitch angle is represented as follows by using trigonometrical function [16].

Bacc = —arcsin(y,) x 180(7r) ! (20)

Comparing this angle with pitch angle ¢, which integrates from a gyroscope signal, a
compensation angle is obtained to adjust gyroscope drift by restricting and scaling.

When there is continuous accelerating or decelerating motion in carrier. The output signal of
accelerometer includes acceleration information of carrier, pitch angle of stabilized platform can not
be extracted and compensated in this time. However, instantaneous acceleration and deceleration of
carrier can be obtained by data filtering algorithm and limit of threshold setting of total acceleration
value, then gyroscope compensation is completed. The detailed compensation algorithm step is

described in Figure 4.

Signal filtering of
gyroscope and accelerometer

!

Computing
gyrascope angle Ogyro

Computing
accelerometer angle O

| Scaling and limiting |

P E——

| Compensating gyroscope angle |

Qutput angle

Figure 4. Accelerometer compensation algorithm.
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Ayotar1 1s the total acceleration value. Ay, is the consecutive multiple total acceleration value.
Ty and T, are the corresponding limited thresholds, respectively. An accelerometer compensation
algorithm is easier and more practical than the kalman filter method. It is more applicable to a stabilized
system in this paper. Specifically, the accelerometer compensation algorithm is uncomplicated
compared to the mentioned methods in Section 1. Hence, run time and adjusting time of the stabilized
system are short.

4. Experimental Analysis and Results

The experiment of accelerometer compensation method applied in gyroscope-stabilized platform
systems is conducted in this section. Gyro and accelerometer are the main sensing device in the
experiment. Gyro senses angular motion information and the accelerometer senses linear motion
information. When there is no accelerating or decelerating motion, the accelerometer senses deflection
of platform relative to horizontal plane and compensates gyro drift. Tri-Axis inertial sensor ADIS16350
is chosen as IMU. It involves micromechanics and mixed information technology. It provides the
calibrated digital inertial reaction and communicates with external devices by an SPI interface. Its
structure and stabilized platform structure are shown in Figures 5 and 6. The experiments are divided
into four groups, which contain carrier position changes under different motion states.

control board

b«}wﬁng degree of
freedom

pitch
degree of
freedom

ineytial sensor

Figure 6. Stabilized platform structure.

4.1. Experimental Analysis

The experiment is divided into four groups. The experimental types are described by collecting
and analyzing gyro signal data and accelerometer signal data under different motion states of stabilized
platform. The detailed structures are shown in Figure 7. Angular output from gyro and angular
output from the accelerometer are obtained. Angular variation is described by using the proposed
accelerometer compensation method. Specifically, angular variation which uses the Kalman filtering
method is described as auxiliary description. Kalman filtering is the recursive form of linear minimum
variance estimation. The state equation and observation equation of the system can be decribed as
follows [17].
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Xp = AXg_1 +BU_1 +Q (21)
Yy = HX; + R (22)

where the actual angle 6 and gyro constant deviation b are chosen as state vector Xj. Y is observation
from accelerometer. U is angular velocity from gyro. Q and R are process noise and observation noise
of the system. One-step state prediction is represented as follows.

Xijk-1 = AXy_1/k-1 + BU (23)

The state at time k is predicted according to the state at time k — 1. Its covariance matrix is
represented as follows.
T
Pejg—1 = AP1/k1 A" +Q (24)

Kalman gain is represented as follows.

K = Peje—1H' (HPy/g1H' +R)™! (25)
The state estation is described as follows.

Risk = K1 + Ke (% — HXgjx1) (26)
The state covariance matrix is described as follows.

Pij = (I = KeH)Piji—q (27)

Experiment 2
a=0 & Sp=0 a=0 & Gp=0

Experiment 1

a®0& 6p*0

Experiment 3
a+0 & Gp=0

Figure 7. Experimental schemes.

In the first experiment, there is no accelerating or decelerating motion and no pitch or swing
motion in carrier. In the second experiment, there is no accelerating or decelerating motion, but there
is pitch and swing motion in carrier. In the third experiment, there are short-term accelerating or
decelerating motion, but no pitch and swing motion in carrier. In the fourth experiment, there have
short-term accelerating or decelerating motion, and with pitch or swing motion in carrier.

4.2. Experimental Results

4.2.1. The First Experiment (No Accelerating/Decelerating Motion And No Pitch/Swing Motion
in Carrier)

To clearly describe angular variation at different moments, different types of angular outputs are
shown in Figure 8. It represents angular variation under the condition of no accelerating or decelerating
motion and no pitch or swing motion in carrier.



Electronics 2019, 8, 594 8 of 12

Figure 8a shows angular outputs of gyro and accelerometer. There is an additional carmine line
in Figure 8b, which represents angular output after applying the proposed compensation method.
Figure 8c is similar with Figure 8b, but there is an additional blue line, which represents angular output
after Kalman filter. Figure 8d shows angle outputs after applying the proposed compensation method
and Kalman filtering method. It is observed that angle output gradually becomes zero after using the
proposed compensation method and Kalman filtering method. That is to say, applying the proposed
compensation method for gyro drift can achieve a similar effect that is comparable with the Kalman

filtering method.
100 100
——angular output of gyro —— angular output of gyro
angular output of accelerometer angular output of accelerometer
—— angular output after compensation
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=l =)
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Figure 8. Experiment 1 (Red line is angular output of gyro. Green line is angular output of
accelerometer. Carmine line is angular output after compensation. Blue line is angular output after
Kalman filter.). (a) Angular outputs of gyro/accelerometer; (b) Applying the proposed compensation
method; (¢) Applying Kalman filtering method; (d) Comparison of two methods.

4.2.2. The Second Experiment (No Accelerating/Decelerating Motion But Have Pitch/Swing Motion
in Carrier)

Figure 9 shows results of angle variation under the condition of no accelerating or decelerating
motion and with pitch or swing motion in carrie. Figure 9b shows that angular output result is better
after compensation. It also can be observed that angle changes become more smaller after using
accelerometer compensation method than using Kalman filtering method in Figure 9d.

4.2.3. The Third Experiment (Has Short-Time Accelerating/Decelerating Motion but no Pitch/Swing
Motion in Carrier)

Figure 10 shows results of angle variation under the condition of short-time accelerating or
decelerating motion and no pitch or swing motion in carrie. Figure 10b shows that angular output
result is better after compensation.
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Figure 9. Experiment 2 (Red line is angular output of gyro. Green line is angular output of accelerometer.
Carmine line is angular output after compensation. Blue line is angular output after Kalman filter.).
(a) Angular outputs of gyro/accelerometer; (b) Applying the proposed compensation method; (c)
Applying Kalman filtering method; (d) Comparison of two methods.
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Figure 10. Experiment 3 (Red line is angular output of gyro. Green line is angular output of
accelerometer. Carmine line is angular output after compensation. Blue line is angular output after
Kalman filter.). (a) Angular outputs of gyro/accelerometer; (b) Applying the proposed compensation
method; (¢) Applying Kalman filtering method; (d) Comparison of two methods.
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4.2.4. The Fourth Experiment (Have Short-Time Accelerating/Decelerating Motion Have Pitch/Swing
Motion in Carrier)

Figure 11 shows results of angle variation under the condition of short-time accelerating or
decelerating motion and pitch or swing motion in carrie. It can be observed that angle changes are
optimized after using accelerometer compensation method in Figure 11b. It can also be observed
that angle changes are better after using an accelerometer compensation method than using Kalman
filtering method in Figure 11d.

100 100

50 /' 50
=) / =)
[ (7]
=2 z
T Of—— \Jf L«'\. / L__ s 0
[=2) =2
5 3
© ©
-50 -50
-100 -100
0 125 250 375 500 625 750 0 125 250 375 500 625 750
time (s) time (s)
(a) (b)
100 100
50 50
=) =
(7} (7]
=2 koA
<} 0 @ 0
=) =l
2 3
© ©
-50 -50
-100 -100
0 125 250 375 500 625 750 0 125 250 375 500 625 750
time (s) time (s)
(c) (d)

Figure 11. Experiment 4 (Red line is angular output of gyro. Green line is angular output of
accelerometer. Carmine line is angular output after compensation. Blue line is angular output after
Kalman filter.). (a) Angular outputs of gyro/accelerometer; (b) Applying the proposed compensation
method; (c) Applying Kalman filtering method; (d) Comparison of two methods.

To further compare the performance of the proposed method and kalman filtering method, the
performance index RSME (Root mean Squared Error) is adopted. Specifically, in order to compare the
output values in detail, the maximum and minimum values of gyro angular outputs are calculated
in four experiments. Maximum and minimum of accelerometer angular outputs are calculated in
four experiments. Maximum and minimum values of angular outputs from the proposed compensate
method and kalman filtering method are calculated and analyzed. Comparison resluts are shown in
Table 1.

According to the above experiments, it is observed that angular output results are better after
applying the proposed compensation method. Specifically, the angle value will increase with time
when there is no compensation method for gyro drift.
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Table 1. Comparison values of different model output.

11 0f12

Variables (°)

Test Gyro Output  Accelerometer Output Compensate Output Kalman Filtering Output RMSE

1 Maximum 0.0121 0.0768 0.0121 0.0018 0.7129
Minimum —9.3479 —0.6044 —9.3479 —0.8931 ’

5 Maximum 72.2037 49.6233 64.5023 128.0119 36.2793
Minimum —99.7089 —58.7377 —95.1445 —125.7425 ’

3 Maximum 1.1440 31.7862 6.2761 5.7730 1.4792
Minimum —8.7321 —23.5145 —5.0088 —5.1348 ’

4 Maximum 64.2018 90 55.7620 76.8738 22 5706
Minimum —66.5831 —90 —49.8283 —86.9542 ’

5. Conclusions

A convenient gyro drift compensation method for a gyro-stabilized platform system by applying
an accelerometer compensation strategy is proposed in this paper. This method is based on the
high-precision characteristic of accelerometer. Simultaneously, data filtering algorithm and limit of
threshold setting of total acceleration value are applied in this method. Motion equations of a stabilized
platform are described and analyzed. The proposed method is simple and convenient compared with
other compensation methods. Especially, in comparing with a complex compensation algorithm
which needs long time, the proposed method needs shorter time. Compared with the kalman filtering
method, this method provides an uncomplicated calculation. The efficiency and performance of the
proposed compensation method are demonstrated by experiments. Future work will focus on applying
the stabilized platform system to complete the real-time tracking task for the target.
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