CCEAI 2020 IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 1487 (2020) 012040  doi:10.1088/1742-6596/1487/1/012040

Motion Analysis and Stability Control of Four-Wheeled
Omnidirectional Mobile Robot under Limited Hardware
Resource

Jun-nan Li, Xiao-yu Tang*, Fu-ren Xu and Rui-shan Huang

School of Physics and Telecommunication Engineering South China Normal University
Guangzhou, China

“tangxy@scnu.edu.cn

Abstract. Since widely used in factories, hospitals and other workplaces, the motion stability of
Mecanum omnidirectional mobile platform becomes more and more important. In this paper, an
improved PID algorithm based on integral separation method, anti-integral saturation method
and incomplete differential method was proposed to improve the control precision and motion
stability of omnidirectional mobile robot (OMR) under limited hardware resource. From the
analysis of the experimental data, it can be seen that by combining the Angle data with the motion
equation, the attitude of the omnidirectional mobile platform can be adjusted in a short time, and
the response speed can be greatly improved.

1. Introduction

With the development of modern engineering control technology and computer science, mobile robots
play an important role in various fields. Among many mobile platforms, the Mecanum wheel mobile
platform has gradually received more attention because of its three-degree-of-freedom mobility.
Omnidirectional mobile robots (OMRS) based on Mecanum wheels are playing an increasingly
important role in transportation, modern manufacturing and other fields because they realize the
movement of any direction and radius in the plane [1-2].

However, Because of the special physical structure of Mecanum wheels, the movement of wheels on
the ground is very susceptible to the ground friction [3], which cause OMR slide during driving and
cause the actual course to deviate from the set heading frequently. In order to solve the above problems,
many experts and scholars have proposed many methods to modify the attitude and position of robots.
T Jilek et al. described kinematic models of a mobile robot with a six-wheeled chassis. At the same time,
they proposed odometry method for estimation of robot's position and orientation [4]. Pouya
Panahandeh et al. proposed two non-smooth kinematic control strategies for the posture stabilization of
a differentially driven wheeled mobile robot [5]. In addition, in the field of engineering control, many
excellent researchers use the method of fuzzy control to solve the sliding problem of Mecanum wheel.
Zheng-cai CAO et al. presented a kinematic nonlinear state feedback control law to regulate the robot
by the fuzzy controller [6]. Hsu-Chih Huang et al. presented an intelligent fuzzy motion controller for
three-wheeled omnidirectional mobile robots to achieve trajectory tracking and stabilization. They used
the fuzzy theory to tune the parameters of the motion controller online [7].

This paper proposes a strategy to improve the OMR course accuracy under limited hardware resource.
Under the control of improved PID algorithm, the accurate control of Four-Wheeled Omnidirectional
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Mobile Robot is realized by using NXP MCU, MPU9250 space motion sensor and other electronic
components with reasonable price and excellent performance.

2. System Design of Omnidirectional Mobile Robot

The OMR in this article is composed of hardware circuit and integrated module, as shown in figure 1.
Hardware circuit mainly includes power supply module, MCU main control module, angle(migration
angle of OMR) measurement circuit, motor drive circuit, etc. Integrated module includes Bluetooth
module, Encoder module. Using the knowledge of electronic circuit and limited hardware resource, a
complete and feasible design scheme of OMR is obtained. The control system structure is shown in
figure 2.
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Figure 1. System scheme architecture diagram
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Figure 2. Schematic diagram of the circuit of the experimental device

Considering the price/performance ratio, the mobile system's MCU main control module uses the
MK66FX1MOVLQ18 (K66) based on the minimum system, which can perform various data
calculations and quickly process feedback information. The power supply module, divided into 3.3v,
5V, 12V and 24V circuits, acts on different circuit modules. Angle acquisition module adopts MPU9250,
which integrates high-precision gyroscopes, accelerometer, and geomagnetic sensors. It can accurately
measure the deviation angle between the actual direction and the preset direction of the mobile platform.
The K66 generates pulse width modulation (PWM) [8] signal and drives planetary speed reduction
motor through IR2104 motor driver. At the same time, K66 receives the motor speed information
returned by the photoelectric encoder, which is processed by the algorithm to control the motor speed.
The auxiliary debugging module is composed of Bluetooth module HC-05, which sends the speed of
each Mecanum wheel to the host computer and the robot yaw error of the whole mobile platform.

3. The omnidirectional motion mechanism of the Mecanum wheel

In this paper, a set of four Mecanum wheels with a diameter of 152mm is used for the mobile platform.
The many rollers are evenly distributed on the Mecanum wheel. The axis of the roller is at an angle to
the wheel rim. Figure 3 shows the Mecanum wheel selected in this paper. The axle of the wheel and the
rim are at an angle of 45< The envelope of these rollers under the rotation of the wheel, coincide with
the original circumferential surfaces of the wheel, which ensures that the wheels are attached to the
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ground [9]. While the wheel is moving, the rollers on the wheel also rotate, which causes the frictional
force in the circumferential direction of the roller to become the rolling friction force, which is negligible
for the overall movement of the wheel. Therefore, the study of the movement of the wheel is only
necessary to consider the force in the direction of the roller axis. Figure 4 shows the layout and
kinematics of the Mecanum wheel used in this article. In this paper, the inverse kinematics model is
used to calculate the speed of the four wheels according to the motion state of the chassis, so that the
wheels can be controlled by the motor to make the car move at the specified speed and direction.

Figure 3. Physical map of the OMR
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Figure 4. shows the layout and kinematics of Figure 5. shows the speed breakdown of the
the Mecanum wheel used in this article. rollers on the wheel.

The motion of the mobile platform is decomposed into X-axis translation, Y-axis translation, and
yaw axis rotation. Then the movement of the car can be broken down into three vectors, v, represents
the speed of the X-axis motion, v, represents the speed of the Y-axis motion, & is the angular velocity

of the yaw axis; R represents the vector from the geometric center to the axis of the wheel, and v
represents the moving speed of the car. And the speed of the X-axis motion, the speed of the Y-axis
motion, the moving speed of the car are,

¥ =7+ v, 1)
Uy =Vt @Ry )
Ty = Uy + @R, 3)

Analyze the speed of each wheel's axis position, taking wheel 1 as an example, the speed of the X-
axis motion and the speed of the Y-axis motion are,
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Vy1 = Vig— @R "cosO= v, — @W-a 4)
Vy1 = Uy — W' R-sin =0, — @+ b 5)

Analyze the speed of the rollers on the wheel: figure 5 shows the speed breakdown of the rollers on
the wheel. Depending on the speed ¥ of the wheel axis position, the speed of the roller can be
decomposed into a velocity v} parallel to the roller axis and a velocity v;” perpendicular to the roller

axis, wherein the velocity perpendicular to the roller axis is the speed at which the roller rotates axially,
so the wheel speed calculation ignores v, . € is the unit vector along the direction of the roller.

V=9 =T+ W) (G+e)= —S5H 5 (6)

The speed of the wheel can be determined from the speed of the roller,

—_ v _ v 11— 15\ — —
o= rose = iy = V2 (C T ) = v B )

According to (4) and (5) and (7),
Vg1 = —Vget+ G a+Vy — @b (8)

In the same way, the kinematic analysis of the remaining wheels can be performed, resulting in:

Vw1 -1
Vs | _| 1 1 —(a—b) ?ﬁ ;’t" @
Vo3| [-1 1 —(a—b) & i

1 1 w w

J in (9) is the Jacobian matrix of the system inverse kinematics. Reference the matrix J in (5), it is
known that rank(J) = 3. Therefore, it can be guaranteed that the equation solution has one and only one
solution. And the equation (8) reflects that as long as the angular velocities of the four wheels are
controlled resonably, various forms of motion can be realized.

4. Improved PID algorithm from three aspects
With the advancement of technology and the maturity of engineering technology, the requirements for
control accuracy are getting higher and higher, and the defects of classical PID control become more
and more obvious. Along with these are various improved and innovative PID control methods, such as
ADRC auto-disturbance PID, fuzzy PID and single neuron PID control methods.

The PID is divided into a continuous type PID and an incremental type PID. Continuous PID control
is the analog PID control of analog signals. The formula is:

u(t) = Kye(t) + K;[ e(t)dt + Kyd[e(t)] (10)

K, is the proportional coefficient, K; is the integral coefficient, and K|, is the differential coefficient?
The digital PID control, that is, the so-called discrete PID control, can be obtained after the
continuous PID control is discretized by a certain discretization method:

u®) = Kp[e(t) — e(t—1)] + Kie(t) + Kq[e(t) — 2e(t—1) + e(t — 2)] (11)

Incremental PID only calculates the increment of the output, and avoids the original integral link
taking up a large amount of calculated storage space, resulting in data overflow loss. In our
omnidirectional mobile robot control system, sampling is performed at regular intervals, so we use
incremental PID as the control core of the system [10].

In this paper, under limited hardware resource, for the omnidirectional mobile robot control system,
the classic incremental PID is improved in three aspects, namely the following integral separation, anti-
integral saturation, and incomplete differential three major improvements.
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4.1. The Integral Separation PID Improvement

When the omnidirectional mobile robot is started or shifted to a specified value, the accumulation of
points will occur in a short time, causing the system to overshoot and oscillate. The integral separation
method [11] can solve this problem just right. The basic principle is that when the deviation is large,
that is, the deviation between the actual value and the ideal set value is large, the integral action is
cancelled to avoid overshoot; and when the deviation is small, add integral action to eliminate steady
state error.

The improved PID control algorithm formula is:

u(t) = Kyle(t) — e(t —1)] + BKie(t) + Ky[e(t) — 2e(t —1) +e(t —2)] (12)
B is called the integral switching coefficient, and its value range is:
1 Je(®)<e
B =
0 le(®)]>e
4.2. Anti-Integral Saturation PID Improvement
In the mobile platform control system, it is possible that the system will accumulate deviations in a
uniform direction, causing supersaturation; and to solve this problem, we introduce an anti-integration
saturation method [12] to solve. The basic principle is: when calculating the current deviation e(t), first
judge the previous deviation e(t-1). If the maximum limit of the omnidirectional mobile robot is

exceeded, only the accumulation of negative deviation is performed.
The improved PID control algorithm formula is:

u(t) = Kyle(t) — e(t—1)] + aK;e(t) + Kgle(t) — 2e(t—1) +e(t—2)] (13)
{ 1 (e(t-1)>max and e(t)<0) or (e(t-1)<mine(t)>0)
a=
0 other

a we call the suppression saturation coefficient.

4.3. Incomplete Differential PID Improvement
When we introduce the differential coefficient K it is easy to cause high-frequency interference to the
omnidirectional mobile robot system. At this time, we can introduce a first-order low-pass filter to filter
out high-frequency interference, so-called incomplete differentiation[13].

The improved incomplete differential PID formula is:

u(t) = Kple(t) — e(t—1)] + Kie(t) +yUa(t) + (1 —y)Us(t - 1) (14)
Uy(t) = Kyle(t) — 2e(t—1) +e(t — 2)] (15)

v that we call the proportion of trust.
The basic structure diagram can be expressed as figure 6.
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Figure 6. The basic structure diagram



CCEAI 2020 IOP Publishing
IOP Conlf. Series: Journal of Physics: Conf. Series 1487 (2020) 012040  doi:10.1088/1742-6596/1487/1/012040

4.4. Combination and complementation of three improved methods
In order to improve the heading accuracy of mobile robots under limited hardware resource, this paper
combines three improved methods to avoid overshoot of the system and quickly eliminate the steady-
state error by integral separation. The anti-integration saturation prevents the deviation. Over-saturation
caused by accumulation, but not completely differentiated, improves the anti-interference ability of the
system and makes up for the shortcomings of the traditional PID control algorithm.

The overall control strategy of the improved system is shown in figure 7.
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Figure 7. The overall control strategy
5. Actual Measurement Analysis

5.1 Analysis of experimental results with or without feedback angle adjustment

The OMR used in our experiments is shown in Figure 3. In the experiment, the robot's walking deviation
is due to the uneven friction of the wheel and the internal mechanical structure of the four wheels. In the
experiment, we divided the two cases to measure the lateral angle of the robot and the offset angle after
6 seconds of continuous motion. The first case is to use the feedback angle data of the MPU9250 to
adjust the heading angle of the robot. The second case is the feedback angle data of the MPU9250 is not
used to adjust the heading angle of the robot. The experiment analyzed the longitudinal and lateral
movements of the robot for 6 seconds. We assume that the heading direction set for the robot is 0< then
the deviation angle(Yaw) between the actual heading of the robot and the set heading direction is shown
in Figure 8.From the experimental data, after 6 seconds of motion, the longitudinal motion deviation
angle of the robot does not exceed 3< and the lateral motion deviation angle is as high as 25.5< It is
obvious that the lateral movement produces a larger heading angle deviation than the longitudinal
movement. This is because when the robot moves laterally, it is necessary to use the friction generated
by the rollers on the Mecanum wheel to counteract the force on the longitudinal component, thus causing
a loss of speed during the friction transmission, which cannot be avoided.
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Figure 8. Robot’s yaw without angle feedback

To solve the problem of heading offset of the robot, this paper proposes an improved PID algorithm,
which uses the angle feedback information collected by the MPU9250 to correct the heading direction
of the robot. Figure 9 shows the robot's heading angle changes during lateral and longitudinal directions
when using the improved PID control algorithm. From the experimental results, we can easily find that
the improved PID algorithm has a significant effect on adjusting the lateral motion state of the robot.
And the results show that the robot's heading angle changes from —1.0 to 1°during longitudinal motion,
and from —1 to 0.5°during the lateral motion.
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Figure 9. Robots yaw in the improved PID control

5.2 Analysis of Experimental Results of Improved PID Algorithm for System Response Speed

We used Bluetooth as a debugging aid to measure the number of pulses returned by the encoder of the
motor corresponding to the four wheels as measurement data, return to the computer via Bluetooth, and
export the effect of drawing the graph analysis test.
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Figure 10. Traditional PID and improved PID actual measurement curve

In figure 10(a), it shows the actual measurement curve of the traditional PID before improvement.
The frequency of the pulse acquisition data is 50Hz, so we can easily see from the figure 10(a) that the
response speed of the traditional PID is about 1.78-2.0s. Not only that, the traditional PID algorithm
obviously shows the speed overshoot phenomenon. Figure 10(b) is the actual measurement curve of the
improved traditional PID. The response speed of the improved PID is nearly 1.2-1.3s, which represents
a 20-30% improvement in response speed compared to traditional PID algorithms. In figure 10(b), we
can see from the graph that the first-order low-pass filter designed by the algorithm filters out the high-
frequency interference. At the beginning, when the deviation is large, there is little overshoot, and when
the deviation is smaller than our setting. Adding the integral term to the threshold eliminates the steady-
state error. It can be seen that the curve after the improvement is relatively flat, and the four waveforms
are basically coincident, indicating that the speeds of the four wheels tend to be consistent. After several
sets of experimental tests, we can obtain the multiple sets of comparative data shown in Table 1.

Table 1. Improved pulse data statistics of PID algorithm

Ideal number Respons  Overshoot  Fluctuation
of pulses e time(s) amplitude rate range

100 1.2-1.3 -10.8%-5.4% 5-10 pulses
120 1.6-1.7 -12.6%-6.2% 7-11 pulses
140 2.3-25 -13.2%-6.5% 8-15 pulses

6. Conclusion
In this paper, in order to improve the OMR course accuracy under limited hardware resource, an
improved PID algorithm is proposed.

Through the improvement of the traditional PID in three aspects: the integral separation method, the
anti-integral saturation method and the incomplete differential method, the response time of the system
is improved. By using the improved PID algorithm and the angle data returned by MPU9250, It skillfully
solves the problem of deviation caused by the skidding of the fetal membrane in the process of motion
of the mobile robot, avoids the overshoot phenomenon at the beginning of the operation of the mobile
robot, and filters out the high frequency interference of the mobile robot. Experimental data shows that
the lateral heading angle of the robot after 6 seconds of continuous lateral motion has dropped from -
15.5<at the beginning to -1-0.5<and then the settling time of the improved PID control algorithm was
improved by 0.58-0.7s and that the overshoot speed decreased about 10% in the motion. The stability
and anti-jamming performance of mobile robot are improved. This improved algorithm is certainly not
the best, but in the case of limited system hardware environment, we have been able to achieve good
results. We will further improve the PID algorithm and the control strategy of the system in the future
work, and strive to break through the limited hardware resource, so that it is well suited to different
hardware environments.
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