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Differential drive wheeled mobile robot (DDWMR) is one example of a robot
with a constrained movement, Multiple Input Multiple Output (MIMO), and
nonlinear system. Designing a low resource position and heading controller
using linear MIMO methods such as LQR became a problem because of the
linearization of robot dynamics at zero value. One of the solutions is to design
a MIMO controller using a Single Input Single Output (SISO) controller. This
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task with four different path shapes. The proposed methods can track square,
circle, and two types of infinity shape paths, with the less well-formed shape
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1. INTRODUCTION

Emerging new technology making robots enable to live beside the human. Even if robots can only work
in controlled environments such as assembly lines, warehouses, or mapped environments, robot demands and
supply still increase nowadays [1]. One of the rising robot types is a wheeled robot that can autonomously
drive itself into a specific position [2], [3]. A wheeled robot driven only by two motors to move from one
position to another is called a different drive-wheeled mobile robot (DDWMR). DDWMR is a robot with a
nonholonomic system; it means the robot cannot move freely in all axes because there is movement constrain
applied [4].

DDMWR is also a nonlinear and multiple-input multiple-output (MIMO) system [5]. Designing a
controller for a nonlinear MIMO system is a challenging problem. One way to design the controller is by
linearizing the robot dynamics, such as LQR methods [6]. Robot motion dynamics must be precisely modeled
and linearized with the robot's real value [7]. However, it needs an exact knowledge of robot states, and such
information is rarely available in some cases [8]-[11]. Therefore, this works to simulate a control system for
nonlinear MIMO DDWMR without using linearization.

Controlling mobile robots can be done using model-based control or non-model based such as AI [12]-
[15]. A model-based robot is an excellent approach to control a robot because it is easier to analyze its stability
[16], [17]. However, it is hard to formulate the mathematical model representing all physical forces acting on
the robot [18], [19]. The more manageable and less computation option is to model a robot using the kinematic
models and ignore forces applied to the robot [20].

Another controller method that can be used and robust is PID, but it is a Single Input and Single Output
System, and it is a challenging problem to design a MIMO system using PID [21], [22]. PID can also be divided
into several control scenarios such as proportional only, PI, PD, and PID based on the system's needs [23].
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Some research also designs a PID in cascading architecture to create double proportional and derivative control
and combine PID with other control to overcome PID problems [24], [25].

Based on the previous research, this works will simulate a control system for the DDWMR Jetbot model
using DDWMR kinematic to reduce the computation and simulate a position control using low resource
proportional control. The proposed model also formulates the relation between right and left motor, linear
velocity, and angular velocity to simulate the robot behavior accurately. The system will be tested using
simulation in four different path shapes to find the best feedback using the Integral Absolute Error (IAE) metric
and analyze the robot's behavior.

2. METHOD

This research designed a proportional control system to control Jetbot position and heading. There is some
step to follow and the outcome needed to simulate the Jetbot control system, as shown in Fig 1. The first step
of this work is Jetbot kinematic modeling, which contains two motor velocities as the input and robot position
and heading as the monitored states. After the kinematic is formulated, the control system can be designed by
formulating the feedback and input using the Lyapunov stability criterion. The kinematic and controller model
was implemented into Simulink to simulate the response and find the best feedback gain using IAE metrics
and grid search.

Research Flow Research Outcome
ModelingDDWMR | Kinematic model of Jetbot with left and
Kinematic right motor velocity as the input

!

Design Control System
using Proportional Control

!

—————— Control system diagram and formula

Build Control System | Controller model, converter model and
Diagram using Simulink Jetbot model in Simulink
Testing and Feedback Gain | Feedback gain and IAE value dataset and
Search using IAE Metric the position graph of simulated robot

Fig. 1. Research Flow

The Control system in this works uses to control the robot position without considering the robot
orientation. It means the robot only tracks a specific position in the x and y axes. The system consists of a
trajectory generator that produces different goal positions for each time sampling, a position controller to
calculate robot wheel speed, and a robot plant that consists of the robot kinematic model. Converter needed to
convert the linear and angular velocity calculated by position control into each robot velocity using robot
mechanical specification. Fig. 2 shows the entire system used in this works.
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linear and angular wheel velocity
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Robot state

Fig. 2. Differential drive two-wheeled robot control system diagram.
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System diagram in Fig. 2 created in Simulink to simulate and observe the robot's entire behavior in Fig.
3. Robot states observed are local acceleration, local velocity, global velocity, angular velocity, and global
orientation. The Simulink model consists of four subsystems: trajectory, position controller, converter, and
jetbot kinematics. The trajectory is a subsystem built using Matlab code that takes times as the input and
positions in the x-axis and y-axis as the output. The position controller is the control subsystem to provide the
jetbot model with a proper control signal. Jetbot subsystem takes a left and right motor velocity as the input; it
needs a converter to convert the robot translation and angular velocity into robot right and left motor velocity,
as shown in Fig 3.
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Fig. 3. Differential drive two-wheeled robot system Simulink model.

The Simulink model runs from Os until 10s with a fixed-step solver. To simulate an actual continuous
model but with discreet computation, the simulation used 0.01s as the step size. The odel (Euler) solver used
in this works to compute the integration and differentiation. The summary of the simulation configuration is
shown in Table 1.

Table 1. Simulink simulation solver configuration

Solver Parameter Value
Start time 0.0s
Stop time 10.0 s
Solver type Fixed-step
Solver odel (Euler)
Fixed-step size 0.01s

2.1. Jetbot Robot Specification

The robot used in this works is based on JetBot Robot by Waveshare powered by Nvidia Jetson Nano.
The robot mechanical consists of two active wheels powered by a DC motor on both left and right sides and
two passive wheels in front and back for balancing the robot. JetBot has a wheel with a radius (r) of 0.035
meters, and the distance between two wheels (2L) is 0.0575 meters, as shown in Table 2. Wheel radius will
affect the translation velocity of the robot, and the distance between two wheels will affect the angular velocity
of the robot. The bigger the wheel's radius, the robot's maximum velocity will be immense, and the distance
between two wheels affects the influence between two wheels.
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Table 2. Differential drive wheeled robot mechanical parameter

Robot Parameter Symbol Value
Wheel radius r 0.035m
Half distance between wheels L 0.0575 m

In addition to mechanical parameters, some parameters were observed or controlled, such as both wheels
and robot velocity, robot position, and robot angular position, as shown in Table 3. Those parameters were
used to build the robot kinematic model and control system. The observed parameter is robot linear velocity,
angular velocity, position, and orientation. At the same time, the controlled variable is the robot wheel's angular
velocity.

Table 3. Controlled and observed robot parameters.

Robot Parameter Symbol Unit
Robot translation velocity v m/s
Right wheel linear velocity \7 m/s
Left wheel linear velocity Vi m/s
Right wheel angular velocity Wy rad/s
Left wheel angular velocity w; rad/s
Robot velocity in the x-axis Vx m/s
Robot velocity in the y-axis Vy m/s
Robot angle calculated from the x-axis 0 degree
Robot angular velocity ] degree/s
Robot position in x-axis X m
Robot position in y-axis y m

Robots move forward or backward from the resultant of right and left wheels. If there is any difference
between the left and right wheel velocity, the robot will turn left or right. All robot parameters drawn in
cartesian coordinate are shown by Fig. 4 and Fig. 5.

>
O Xr X

Fig. 4. Robot parameter in the transverse plane
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Fig. 5. Robot parameter in the sagittal plane

2.2. Differential Drive Wheeled Mobile Robot Kinematic

The robot moves by utilizing the left and right wheel's linear velocity in two-wheeled robots with a
differential drive system. Even if the two motors move on their own, it affects the entire system states. The
robot wheel's linear velocity can be calculated from motor angular velocity and wheel radius in (1) and (2).

Uy = W, T €))

v, = wr (2)

Robot linear velocity and angular velocity can be calculated by using each left and right wheel velocity.
Robot linear velocity is the average of each wheel's linear velocity as in (3). Robot angular velocity can be
calculated from the difference between right and left wheel linear velocity as in (4). If the right wheel velocity
is bigger than the left, the robot will turn left and vice versa. The distance between two wheels also affects the
value of robot angular velocity.

UT+U1
— ) 3
v 3 (€)]
. U — U (4)
0= L

Substituting (1) and (2) into (3) and (4), we got an equation that explains the relationship between each
wheel angular velocity and robot linear and angular velocity in (5) and (6).

)
6= r(L ) ©)

We can project the robot's linear velocity into the x-axis and y-axis in global coordinate to calculate the
robot's global x-axis velocity (7) and y-axis velocity (8). However, angular velocity in global coordinate and
local coordinate has the same value as the local robot angular velocity (9).

v, = vcosH 7
v, = vsin@ 3
. vty 9)
6 =

L

The Simulink model was created using (5) until (9) to simulate the robot behavior with the mechanical
parameter of JetBot in Table 2. The robot will take the angular velocity of each motor as input and have eight
states to be observed and as a feedback variable, as shown in Fig. 6.
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Fig. 6. Differential drive two-wheeled robot Simulink model

2.3. Position Controller

Position control aims to calculate robot linear velocity and angular velocity to move into the desired
position. Position controls calculate robot linear velocity and angular velocity using error between robot states
and desired states from trajectory generator and control gain that prioritize either position or angle error
correction.

Position controllers accept goal coordinate as an input that consists of position in the x-axis and position
in the y-axis symbolled as u in (10).

u= [* Wl (10)

The position controller also needs a robot state to calculate the error. The robot state observed by the
position controller is the current robot position in the x and y-axis, also robot orientation in angle symbolled as
xin (11).

x=[x ¥ 6] (11)

Position control calculates the position error as in (12), (13), (14) to produce desired robot wheel velocity
and distance between robot and goal position as in (15).

ey = Xy — X (12)

€y = Yu—Vr (13)

-, 14

ee = tan_l <u) — 97” ( )
Xg = Xp

d= \/(xu - xr)z + (yu - yr)z (15)

Linear and angular velocities were calculated to produce v and w as in (16) and (17) using Lyapunov
stability. K}, is the gain for distance correction and Ky is the gain for orientation correction.

v = K,dcoseg (16)

w = K,(coseg sineg) + Kq(ep) (17)

The Simulink model was created by utilizing (12) until (17), as shown in Fig. 7. Using the proposed
method position controller can calculate the linear velocity and angular velocity or Jetbot Robot while
considering each state and its relationship.

Position controller outputted robot linear velocity and angular velocity. However, the robot only accepts
angular velocity for each motor. Therefore, a converter needs to convert the linear and angular velocity into
wheel linear velocity based on robot mechanical specification. The converter equations in (18) and (19) can be
obtained by rearranging and substituting (5) and (6) in terms of wheel linear velocity. The Simulink converted
model in Fig. 8 was created using (18) and (19) to simulate the system.

B 2v + 6L

o= 2 (18)
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Fig. 7. Position controller Simulink model
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Fig. 8. Converter Simulink model

2.4. Trajectory Generator

A trajectory generator is a function that generates the desired robot position in the global x-axis and y-
axis. These works use four kinds of trajectory to see the behavior of the simulated robot. The trajectory function
utilizes the trigonometry function to create a continuous path for the robot.

The first trajectory is a square-shaped trajectory calculated using (20) and (22) with rules (21) and (23).
The symbol a denotes the radius of the square calculated from the center.

x(t) = sint (20)
_(a x(t)>0 21
x(t) = {—a, x(t) <0
y(t) = cost (22)
_fa y@®>0 (23)
o={% o<

The second trajectory is a circle-shaped path calculated using (24) and (25). The symbol a also denotes
the radius of the circle.
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x = sin(t) a (24)

y = cos(t)a (25)

The third trajectory is an infinity-shaped trajectory calculated using Lemniscate of Gerono in (26) and
7).

x = cos(t)a (26)
y= sinéZt) . @7

The last trajectory is also an infinity-shaped geometry symbol but using Lemniscate of Bernoulli in (28),
(29), and (30). The difference between the Lemniscate of Bernoulli and the Lemniscate of Gerono is the scale
variable that makes the Bernoulli shape smoother than the Lemniscate of Gerono trajectory.

2
= - 2
scale 3= cos(20) (28)
x = scale * cos(t) a 29)
sin(2t
y = scale in( )a (30)

Testing proses was conducted by comparing the integral absolute error (IAE) results from square and
circle trajectory and trajectory generated by Lemniscate of Bernoulli and Lemniscate of Gerono. Square
trajectory has a very sharp turn compared with circle-shaped trajectory. Lemniscate of Gerono has a sharper
turn than Lemniscate of Bernoulli trajectory, although not as sharp as square trajectory.

3. RESULTS AND DISCUSSION

The simulation took four different paths, and the feedback gain was chosen by using integral absolute
error (IAE) as the metric to explore the simulated robot's behavior. The smaller IAE means the robot has better
performance at tracking the given trajectory. Robots start at position zero and face the x-axis direction in the
global x-axis and 0 in the global y-axis and will track the given path with the same radius from point O.

Fig. 9 until Fig. 12 shows that the increasing position feedback gain reduces the overall IAE for every
trial. The increase of feedback gain also increases the robot priority to correct its position more significantly
than the smaller position feedback value. Although there is some case in square trajectory trial that 9.5 gain
produce better IAE than gain with a value of 10 as shown in Table 4.

Table 4. Differential drive wheeled robot-controlled and observed parameter.

Trajectory Type
Robot Parameter Square CircleJ }éei’(l))no Bernoulli
Position Feedback gain 9.5 10 10 10
Orientation Feedback gain 0.5 10 10 10
x axis [AE 88.782 65.365 70.469 71.724
y axis IAE 97.757 76.28 65.485 46.84

That happened because of too much gain, creating a more significant overshoot when the robot turned
sharply, especially in a square-shaped trajectory in Fig. 9. The significant overshoot makes the robot need to
do more works to correct its position. Although it can touch the desired position, the entire shape of the
trajectory becomes distorted.

This case also happens in the Lemniscate of Gerono trajectory in Fig. 12 with a sharper turn than the
Bernoulli trajectory Fig. 11. However, in Lemniscate of Gerono trajectory, the turn is not as sharp as the
squared-shape trajectory, and so the orientation error is smaller, making the overshoot damped. The proposed
control method is good enough to follow turns not over 90 degrees as in square trajectory.

The proposed algorithm can only correct it when the robot detects an error and gives linear reaction with
proportional feedback gain. Thereby high velocity near a turn will produce a significant overshoot. The
overshoot effect can be reduced by decreasing the proportional feedback gain but with the cost of the robot's
ability to track goal position.
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Fig. 9. Variation of gain versus IAE result in square-shaped trajectory test surface graph
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Fig. 11. Variation of gain versus IAE result in Leminscent of Bernoulli trajectory test surface graph

Circle, Gerono, and Bernoulli trials give an excellent result in tracking and producing correct trajectory
shapes. The robot starts at point O and then tracks the goal position even if the goal position is always moving.
The robot can follow Circle, Gerono, and Bernoulli trajectories asymptotically, while in square trajectory robot
can follow the trajectory with deformation on every side Fig. 13.

Deformation shape in square trajectory trial happens because of the correction when robot turn at the
corner. When the robot reaches the corner, the orientation error will become more prominent than the position
error as it will prioritize correcting its orientation over the position. The more significant error will make a
more significant overshoot. As such, the robot orientation will slightly be misaligned. The robot will keep
moving even if there is any misalignment in robot orientation, and when the robot moves forward with
misaligned orientation, it makes a deformed robot path. Even if the robot finally corrects its position and
orientation, it will repeat in the next square corner.

Path Tracking and Position Control of Nonholonomic Differential Drive Wheeled Mobile Robot (Muhammad Auzan)


http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&

ISSN 2338-3070

Jurnal Ilmiah Teknik Elektro Komputer dan Informatika (JITEKI)

Vol. 7, No. 3, December 2021, pp. 368-379

377

Fig.

Integral Absolute Error

gerono x Axis Integral Absolute Error Vs Feedback Gain

[ ]
2 & B8 8
S o © o

o e

10 10
Position Proportional Gain

Tetha Proportional Gain

= N ow & @
S
)

=
=

Integral Absolute Error

S S
s &

]
)

oo

gerono y Axis Integral Absolute Error Vs Feedback Gain

0 10

Position Proportional Gain
Tetha Proportional Gain

12. Variation of gain versus [AE result in Lemniscent of Gerono trajectory test surface graph

The possible solution to reduce the big overshoot problem when robots encounter sharp turn is by
reducing the orientation feedback gain. Reducing the orientation feedback gain will reduce the overshoot. The
best feedback gain for a square trajectory is 9.5 for position feedback and small orientation feedback gain that
is 0.5 instead of 10, like other trajectory trials. 9.5 feedback gain for position feedback is used to correct robot

position, and 0.5 orientation feedback gain is correct the orientation problem with the smallest possible
overshoot.
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CONCLUSION

15

The proposed controller can track a different trajectory type, such as continuous turn created from Circle,
Gerono, Bernoulli, and sudden turn in a square-shaped trajectory. The controller can prioritize position tracking
or orientation correction by adjusting the position feedback gain and orientation feedback gain. Increasing
position feedback gain and orientation feedback gain will decrease the IAE when the robot tracks a continuous
turn and continuous moving goal position. For tracking a sudden turn, the smaller orientation feedback is better
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to reduce the orientation correction overshoot. The proposed control algorithm still needs improvement,
especially when the robot faces a sudden turn, such as the square shape trajectory tested in this work.
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