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The stability of the robot's performance is very important, especially for the 
wheeled mobile robots that use swerve drives, which need kinematic control to 
reach the destination point. The study of robot movement known as kinematics 
is based on an examination of the geometric structure of the robot, with no 
consideration given to the mass, force, or acceleration that the robot 
experiences during movement. This study aims to model and simulate the 
kinematic control design of a wheeled robot that uses a swerve drive. This 
robot uses BLDC motor actuator so that the robot can reach its destination very 
quickly and steadily. The test is carried out by simulating and comparing the 
performance response using BLDC motors and DC motors. According to the 
testing and trials, the robot can reach its destination by modeling its kinematic 
control, and BLDC motors are found to be more reliable and efficient for driving 
and steering than DC motors. 

 
1. Introduction 
 

Wheeled mobile robots are one example of how science and technology have profoundly changed human life 
[1], [2]. Wheeled mobile robots are utilized for essential missions and a variety of tasks since they have a high degree 
of maneuverability [3]. This type of robot can be used as the basis for other independent robots or be equipped with an 
arm or other robot according to the needs. Wheeled robot technology has recently advanced, opening up a wide range 
of applications in the medical, hospital, industrial, and warehousing spaces [4], [5]. Based on the movement and Degree 
of Freedom, the wheeled mobile robot is divided into two, namely holonomic and non-holonomic. Non-holonomic robots 
cannot change their position instantly or quickly. Holonomic robots are robots that can change positions quickly or 
instantly [6], [7]. The examples of holonomic robots are omnidirectional, swerve drive, and others. The swerve drive 
system is usually called independent driving and independent steering [8], [9]. Swerve drive has 2 motors, namely for 
driving and for steering. The benefit of swerve drive is that it allows for a slight amount of wheel slippage, which 
enhances the robot's performance and increases its mobility since the wheels may concurrently conduct translational 
and rotational motions. 

Wheeled mobile robot control and stability are important in the field of robotics [10], [11]. Motion control is the 
core problem in wheeled robot systems that ensures smooth robot movement [12]. There are two different types of 
issues with mobile robots: systematic errors and non-systematic errors. The robot system's inaccuracies lead to 
systematic errors. Roads, outside disturbances, and alterations in the environment are examples of external 
disturbances that contribute to non-systematic errors. However, the major problem with this kind of application is one 
of the systematic errors, i.e., movement, which therefore, requires kinematic. The kinematic model is as fundamental 
as manipulator to a Wheeled Mobile Robot (WMR) [13]. Kinematics calculations depend on the robot's specifications, 
including the number of actuators used to control speed and wheel steering. The WMR kinematic model specifies the 
geometry of the WMR without taking into account the mass, inertia, or the coefficient of friction at the wheels. It also 
defines the limits between the position and velocity of the WMR body, wheels, and steering linkages [14]. The Kinematic 
on the mobile robot is divided into two, namely forward kinematic and inverse kinematic [1], [13]. Forward kinematics 
uses each wheel's angular velocity to determine the WMR's location and orientation. The angular velocity is determined 
via inverse kinematics using the position and orientation of the WMR [15].  

In this study, a BLDC motor is used. The BLDC motor was chosen because it has several advantages compared 
to DC motors and can speed up the robot reaching the destination point. There are several advantages of using a BLDC 
motor: high efficiency, high speed, small noise, rarely repaired, and easy to control [16], [17], [18]. BLDC motors are 
actually PMSM but they use a trapezoidal shape in the back-EMF signal [19]. BLDC motors are almost the same as DC 
motors, the difference is the commutation system. BLDC motors use an electric commutation system while DC motors 
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are still mechanical. Set the commutation system required an inverter [20]. The BLDC motor stator will receive the DC 
power source once it passes through the inverter. Since the rotor's location is also a basis for the commutation system, 
locating the rotor requires the use of a position sensor. A hall sensor is used by BLDC motors to detect the rotor's 
location [21].  

This article is divided into several parts, namely the first section containing rigid body motion, the second section 
containing kinematic modeling of 3-wheel swerve drive, the third section containing mathematical modeling of BLDC 
motors, the fourth section presenting the simulation results of 3-wheel swerve drive using BLDC motors, and the last 
section is the conclusion of this article. 

 
2. Research Method 

 This chapter describes the rigid body, kinematic modeling of the 3-wheel swerve drive, and mathematical 
modeling of the BLDC motor. 

 
2.1 Rigid Body Motion 

Robot kinematics development starts with the idea of rigid body motion, emphasizing its geometrical 
characteristics. Rigid body motion consists of translational and rotational motion. 
 

 
Figure 1. Robot Motion at 2D 

  
Figure 1 is the movement of the robot body from the 𝑡 time to the t +  Δt. In Figure 1 it can be seen that there are 

2 types of movements, namely translational and rotational movements. Translational motion is a displacement 
movement that changes the distance from the initial position without changing the facing direction and rotational motion 
is a rotational movement that does not change the distance but changes the facing direction which results in an angle 
from the initial condition. In Figure 1 there are 2 points whose positions are always fixed, namely 𝐴 and 𝐵. the distance 

between points 𝐴 and 𝐵 can be denoted as 𝑟𝐴/𝐵. 

 

 
Figure 2. Translational Motion 

 
Figure 2 is the translational movement of the robot. Because the robot changes places, points 𝐴 and 𝐵 also 

experience a move, point 𝐴 to point 𝐴′ and point 𝐵 to point 𝐵′. Even though the robot changes places, the distances 𝐴 

and 𝐵 remain the same. Therefore, it can be denoted as in Equation 1 and Equation 2. 
 

𝑟𝐴/𝐵 = 𝑟𝐴′/𝐵′ (1) 

  
𝑟𝐴/𝐴′ = 𝑟𝐵/𝐵′ (2) 
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Figure 3. Rotational Motion 

 
Then, in Figure 3, the robot experiences rotation after translation. The rigid body motion in this instance revolves 

around a fixed axis, specifically, the axis 𝑧, which is associated with point 𝐴′ and an angular velocity of ω. In these 

conditions, the point 𝐵′ changes position to 𝐵′′ as far as 𝑟𝐵′/𝐵′′, the mathematical equation can be seen in Equation 3. 

 
𝑟𝐵/𝐵′′ = 𝑟𝐵/𝐵′ + 𝑟𝐵′/𝐵′′ (3) 

 
If Equation 3 is derived to time, the following mathematical form will be obtained as seen in Equation 4: 
 

d𝑟𝐵/𝐵′′

d𝑡
=

d𝑟𝐵/𝐵′

d𝑡
+

d𝑟𝐵′/𝐵′′

d𝑡
 (4) 

  
𝑣𝐵/𝐵′′ = 𝑣𝐵/𝐵′ + 𝑣𝐵′/𝐵′′ (5) 

 
Equation 5 is an equation of the change in velocity with time. 𝑣𝐵/𝐵′ is the speed of change of position from point 

𝐵 to point 𝐵′, 𝑣𝐵/𝐵′′ is the speed of change of position from point 𝐵 to point 𝐵′′ , and 𝑣𝐵′/𝐵′′ is the velocity of change of 

position from point 𝐵′ to point 𝐵′′ with reference to the axis of rotation at point 𝐴′. The notation 𝑣𝐵′/𝐵′′ equals the angular 

velocity (ω), the equation can be seen in Equation 6. 
 

𝑣𝐵/𝐵′′ = 𝑣𝐵/𝐵′ + 𝜔 × 𝑟𝐵′/𝐵′′ (6) 

 
2.2 Kinematic Modelling on 3-wheels swerve drive 

The science of robot movement known as kinematic modeling is based on the examination of robot coordinates 
alone, without taking force, torque, or acceleration into account [22]. In this section, 3-wheels swerve drive structure 
model is described. The model is very important to determine the kinematic equation of the robot [23]. Figure 4 describes 
the model of 3-wheels swerve drive robot. 
 

 
Figure 4. Motion of Swerve Robot 3 Wheels 
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Before we determine the movement, the coordinates (frames) that the robot may utilize as a reference while it is 
moving must be found [24]. The frame on the robot body is determined by taking the midpoint of the robot body which 
is denoted as (𝐵) and the frame on the wheels is determined by taking the midpoint of each robot wheel which is denoted 

by (𝑊𝑖). To control the speed of the robot body which is affected by the wheel rotational speed of the robot body itself 

is denoted as (𝑣𝑊/𝐵), the mathematical form can be seen in Equation 7.  

 
𝑣𝑊/𝐵 = 𝑣𝐵/𝐵 + 𝜔 × 𝑟𝑊/𝐵 (7) 

 

Where 𝐯𝑊/𝐵 = (𝑥𝑊/𝐵̇ , 𝑦𝑊/𝐵̇ , 𝑧𝑊/𝐵̇ )
⊤
s the speed of the wheel against the robot body and 𝐯𝐵/𝐵 = (𝑥𝐵/𝐵̇ , 𝑦𝐵/𝐵̇ , 𝑧𝐵/𝐵̇ )

⊤
 

is the speed of the body against the frame [25]. Because the angular speed of the robot is only on the Z axis, the ω 
value in the Equation 7 is this and the Equation 7 can be solved with the cross product so that it becomes the following 
as seen in Equation 8.  

 

(
𝑥𝑊/𝐵̇

𝑦𝑊/𝐵̇
) =  (

𝑥𝐵/𝐵̇

𝑦𝐵/𝐵̇
) + (

−𝑦𝑊𝑖
𝜔𝑧

𝑥𝑊𝑖
𝜔𝑧

) (8) 

 
A homogeneous matrix is needed to calculate the robot's speed against the global frame as seen Equation 9, 

Equation 10, and Equation 11. 
 

𝝃𝐵/𝑆 = 𝐻𝐵/𝑆 𝝃𝐵/𝐵 (1) 

 𝝃𝐵/𝑆 = (
𝑹𝐵/𝑆 𝟎

𝟎𝑇 1
) (
𝑣𝐵/𝐵
𝜔𝑧

)  (10) 

 𝝃𝐵/𝑆 = (
𝑐𝑜𝑠(𝜃) −𝑠𝑖𝑛(𝜃) 0

𝑠𝑖𝑛(𝜃) 𝑐𝑜𝑠(𝜃) 0
0 0 1

)(

�̇�
�̇�

�̇�

)

⏟                  
spatial twist velocity

 
(11) 

 
Equation 11 is often called forward kinematic or spatial body velocity, θ is the angle that the robot has made 

based on the global frame, and ω𝑧 is the angular velocity in the z-axis. Finding the inverse kinematic is the primary 
objective of kinematic modeling in order to enable the robot to travel at a specific wheel speed in the direction of a 
predefined location. The inverse kinematic or often called body twist velocity can be calculated by using Equation 12, 
Equation 13, and Equation 14. 

 

𝝃 
𝐵/𝐵

= 𝑯𝐵/𝑆
−1  𝝃𝐵/𝑆 (12) 

 𝝃 
𝐵/𝐵

= (
𝑹−𝟏𝐵/𝑆 𝟎

𝟎𝑇 1
) (
𝒗𝐵/𝑆
𝜔𝑧

) (13) 

 𝝃 
𝐵/𝐵

= (
𝑐𝑜𝑠(𝜃) 𝑠𝑖𝑛(𝜃) 0

−𝑠𝑖𝑛(𝜃) 𝑐𝑜𝑠(𝜃) 0
0 0 1

)(

�̇�
�̇�

�̇�

)

⏟                        
body twist velocity

 
(14) 

𝒗𝑊/𝐵 = 𝑹𝐵/𝑆
−1 𝒗𝐵/𝑆 +𝝎 × 𝒓𝑊/𝐵 (15) 

 = (
𝑐𝑜𝑠(𝜃) 𝑠𝑖𝑛(𝜃)

−𝑠𝑖𝑛(𝜃) 𝑐𝑜𝑠(𝜃)
) (
�̇�
�̇�
) + (

−𝑦𝑊𝑖
𝜔𝑧

𝑥𝑊𝑖
𝜔𝑧

) (16) 

 
Based on Equation 15 and Equation 16, to get the parameter Body Twist Velocity in total, it can be calculated 

using the following equation as seen in Equation 17.  
 

𝑣𝑊/𝐵 = (
1 0 −𝑦𝑖
0 1 𝑥𝑖

) (
𝑐𝑜𝑠(𝜃) 𝑠𝑖𝑛(𝜃) 0

−𝑠𝑖𝑛(𝜃) 𝑐𝑜𝑠(𝜃) 0
0 0 1

)(

�̇�
�̇�

�̇�

) (17) 

 
Equation 17 is applied to control 1 wheel, so to control 3-wheels the equation is as seen in Equation 18. 
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[
 
 
 
 
 
 
 
𝑥𝑤1/𝐵̇

𝑦𝑤1/𝐵̇

𝑥𝑤2/𝐵̇

𝑦𝑤2/𝐵̇

⋮
𝑥𝑤𝑁/𝐵̇

𝑦𝑤𝑁/𝐵̇ ]
 
 
 
 
 
 
 

=

[
 
 
 
 
 
 
1 0 −𝑦1
0 1 𝑥1
1
0
⋮
1
0

0
1
⋮
0
1

−𝑦2
𝑦2
⋮

−𝑦𝑁
𝑥𝑁 ]

 
 
 
 
 
 

𝑯𝐵/𝑆
−𝟏 [

𝑥𝐵/𝑆̇

𝑦𝐵/𝑆̇
𝜔𝑧

] (18) 

 
Based on Figure 4, to determine the position of each wheel, the width and length are divided into 2 so that it 

becomes as seen in Equation 19. 
 

[
 
 
 
 
 
 
𝑥𝑤1/𝐵̇

𝑦𝑤1/𝐵̇

𝑥𝑤2/𝐵̇

𝑦𝑤2/𝐵̇

𝑥𝑤3/𝐵̇

𝑦𝑤3/𝐵̇ ]
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
 
 
1 0 0
0 1 𝐿

1 0
𝐿√3

2

0 1
𝐿

2

1 0 −
𝐿√3

2

0 1 −
𝐿

2 ]
 
 
 
 
 
 
 
 
 
 

𝑯𝐵/𝑆
−𝟏 [

𝑥𝐵/𝑆̇

𝑦𝐵/𝑆̇
𝜔𝑧

] (19) 

 The translational wheel speed is,𝑢𝑖., and the steering angle control is α𝑖.The equation is as seen in Equation 20 
and Equation 21. 

 

𝜶𝒊 = 𝑎𝑟𝑐𝑡𝑎𝑛
𝑦𝑤𝑖̇

𝑥𝑤𝑖̇
 (20) 

 𝒖𝒊 = √(𝑥𝑤𝑖̇ )
2 + (𝑦𝑤𝑖̇ )

2 (21) 

  
2.3 Mathematic Modelling of BLDC Motor 

Based on Figure 5, we can determine the mathematical equations and see the behavior of the BLDC motor. In 
the mathematical modeling of BLDC motors, machine parameter assumptions include the induced current (I) and 
voltage (V) on the permanent magnet (PM) rotor side and the harmonics on the stator winding side. Additionally, stray 
and iron losses (Li and Ls, respectively) are disregarded [26]. So the mathematical modeling of bldc can be written as 
seen in Equation 22, Equation 23, Equation 24, and Equation 25. 

 

 
Figure 5. BLDC Motor Equivalent  

 

𝑣𝑎𝑏 = 𝑅(𝑖𝑎 − 𝑖𝑏) + 𝐿
d

d𝑡
(𝑖𝑎 − 𝑖𝑏) + 𝑒𝑎 − 𝑒𝑏 (22) 

 𝑣𝑏𝑐 = 𝑅(𝑖𝑏 − 𝑖𝑐) + 𝐿
d

d𝑡
(𝑖𝑏 − 𝑖𝑐) + 𝑒𝑏 − 𝑒𝑐 (23) 

 𝑣𝑐𝑎 = 𝑅(𝑖𝑐 − 𝑖𝑎) + 𝐿
d

d𝑡
(𝑖𝑐 − 𝑖𝑎) + 𝑒𝑐 − 𝑒𝑎 (24) 

 𝑇𝑒 = 𝐾𝑓𝜔𝑚 + 𝐽
d𝜔𝑚

d𝑡
+ 𝑇𝑙 (25) 
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Where v,i, and e are denoted as phase voltage, phase current, and phase back-EMF. R and L are denoted as 
the resistance and inductance of each phase. 𝑇𝑒 and 𝑇𝐿are denoted as the electric torque and the load torque. J is 

denoted as the rotor inertia, 𝐾𝑓 is the friction constant, and ω𝑚 is the rotor speed. Because the distance between the 

phases is 120 degrees, back-EMF and torque on bldc motors can be expressed as seen in Equation 26, Equation 27, 
Equation 28, and Equation 29. 

 

𝑒𝑎 =
𝐾𝑒
2
𝜔𝑚𝐹(𝜃𝑒) (26) 

𝑒𝑏 =
𝐾𝑒
2
𝜔𝑚𝐹 (𝜃𝑒 −

2𝜋

3
) (27) 

 𝑒𝑐 =
𝐾𝑒

2
𝜔𝑚𝐹 (𝜃𝑒 −

4𝜋

3
) (28) 

 𝑇𝑒 =
𝐾𝑡

2
(𝐹(𝜃𝑒)𝑖𝑎 + 𝐹 (𝜃𝑒 −

2𝜋

3
) 𝑖𝑏 + 𝐹 (𝜃𝑒 −

4𝜋

3
) 𝑖𝑐) (29) 

  
Where 𝐾𝑒 and 𝐾𝑡 are back emf constants and torque constants for BLDC motors. θ𝑒 is electrical angle or equal 

mechanical angle times number of pole θ𝑒 =
𝑃

2
θ𝑚. F is a function of the trapezoidal or sinusoidal waveform of back-

EMF's BLDC motor [27]. 
 
 

d𝐼𝑎
d𝑡
= −

3𝑅𝐼𝑎
𝐿

−
2𝐸𝑎
3𝐿

+
𝐸𝑏
3𝐿
+
𝐸𝑐
3𝐿
+
2𝑉𝑎
3𝐿

−
𝑉𝑏
3𝐿
−
𝑉𝑐
3𝐿

 (30) 

d𝐼𝑏
d𝑡
= −

3𝑅𝐼𝑏
𝐿

+
𝐸𝑎
3𝐿
−
2𝐸𝑏
3𝐿

+
𝐸𝑐
3𝐿
−
𝑉𝑎
3𝐿
+
2𝑉𝑏
3𝐿

−
𝑉𝑐
3𝐿

 (31) 

  
d𝜔𝑚

d𝑡
= −

𝛽𝜔𝑚

𝐽
+
𝑇𝑒−𝑇𝑖

𝐽
 (32) 

 
d𝜃𝑚

d𝑡
= 𝜔𝑚 (33) 

and based on Equation 30, Equation 31, Equation 32, and Equation 33, the state space model is obtained which is 
shown in Equation 34: 
 

[

𝑖�̇�
𝑖�̇�
𝜔𝑚
𝜃𝑚

] =

[
 
 
 
 
 
 
 −
𝑅𝑎
𝐿𝑎

0 0 0

0 −
𝑅𝑎
𝐿𝑎

0 0

0 0
−𝑏

𝐽
0

0 0 1 0]
 
 
 
 
 
 
 

[

𝑖𝑎
𝑖𝑏
𝜔𝑚
𝜃𝑚

] +

[
 
 
 
 
 
 
 
2

3𝐿𝑎

2

3𝐿𝑎
0

−
2

3𝐿𝑎

2

3𝐿𝑎
0

0 0
1

𝐽
0 0 0]

 
 
 
 
 
 
 

[

𝑉𝑎𝑏 − 𝐸𝑎𝑏
𝑉𝑏𝑐 − 𝐸𝑏𝑐
𝑇𝑒 − 𝑇𝐿

] (34) 

 
3. Result and Discussion 

The robot will move toward the desired point. The robot's starting location is (𝑥, 𝑦, θ)⊤ = (0m, 0m, 0∘)⊤ then the 

robot will move towards the point (𝑥∗, 𝑦∗, θ∗)⊤ = (5m, 10m, 180∘)⊤ and compare the performance of swerve drives using 
BLDC and DC motors. The BLDC motor's specifications are listed in this article [28]. The parameters of the DC motor 
used follow this article [29]. The following is the result of the simulation. 
 
3.1 Simulation kinematic of 3-wheels swerve drive using BLDC motor 

Considering the outcomes found in Figure 6(a), the robot starts moving from the initial coordinates (green arrow 
direction), namely (0,0) in the facing direction 0∘ to the destination point (black arrow direction), namely (10,10) in the 

facing direction 180∘, showing within 7 seconds the robot has arrived at the destination point, Figure 6(b) provides the 
evidence of this, showing that the robot may halt at the target when the error number reaches 0. This means that the 
kinematic control has worked as desired when using the BLDC motor. This is also evident in Figure 7(a) which is the 
speed response of each wheel, the speed response of each wheel can be seen at the beginning of the robot moving 
the speed of each wheel is very high but when it reaches the destination the speed will decrease until it reaches 0 rpm 
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or the motor stops moving. Figure 7(b) shows where each wheel is located. When the robot reaches the required angle, 
its wheel position will either remain constant or shift at the beginning of its movement. 

  
(a) (b) 

 
Figure 6. (a) Body Posture Robot using BLDC Motor, (b) Error Trajectory using BLDC Motor 

 
Based on Figure 6(b) and Figure 7(a), the use of BLDC motors in driving can accelerate the robot to reach a 

predetermined point. The speed of the BLDC motor reaches 700 RPM at the start of the robot's movement and the 
speed will start to drop to 0 when the robot approaches the predetermined point. The speed response using a BLDC 
motor is also very good because there is no oscillation and it is very stable. Figure 7(b) shows how steady the BLDC 
motor's reaction to steering is. It is proven that there is no oscillation and when the robot has approached the 
predetermined facing direction the steering angle will start to stabilize and keep the steering angle from changing until 
it reaches the desired facing direction. In terms of the performance, when the robot uses a BLDC motor, the robot runs 
quickly, accurately, and stably. Meanwhile, when the robot uses a DC motor, it runs fast but not accurate and unstable. 

 

  
(a) (b) 

Figure 7. (a) Speed of Each Wheel using BLDC Motor, (b) Position of Each Wheel using BLDC Motor 
 
3.2 Simulation kinematic of 3-wheels swerve drive using DC motor  

The robot has moved successfully from the starting location (green arrow direction), which is (0,0), with facing 

0°, to a predefined place (black arrow direction), which is (10,10), with facing 180°, as shown by Figure 8(a) and Figure 
8(b). Even if everything is quiet, there is an oscillation, as seen by the trajectory traces (shown in gray) that are not 
inside the preset spot. The robot reaches a predetermined point very quickly which is evident in Figure 8(b) where the 
error value reaches 0 in the 4th second. Though the robot has accomplished its objectives, Figure 9(a) illustrates that 
the usage of a DC motor for driving indicates that the speed response of each wheel still cannot reach 0 RPM. This 
means that if the simulation time is extended, the robot will continue to move in oscillatory translation until it reaches its 
destination and the speed will be 0 RPM. 
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Figure 8. (a) Body Posture Robot using DC Motor, (b) Error Trajectory using DC Motor 
 
Figure 9(b) illustrates how poorly a DC motor works for steering since the robot continues to move and oscillate 

while steering in the direction of the motor's destination. This means that if the driving wheel speed is still on, then the 
robot will move out of the destination point.  

Figure 9. (a) Speed of Each Wheel using DC Motor, (b) Position of Each Wheel using DC Motor 
 

4. Conclusion 
 In this study, the kinematic modeling simulation went very well, it was proven that the robot could go to the 

destination point correctly. The use of BLDC motors in driving and steering on swerve drive robots is better, more stable, 
and faster than using DC motors even though it reaches an error value of 0 within 5 seconds. When utilizing a DC 
motor, the robot's performance is not very good, especially in the steering part. In the steering part, there is still 
oscillation. Therefore, the solution to improve the robot's performance is to use a BLDC motor because by using a BLDC 
motor, the steering part does not experience oscillations. The BLDC motor not only improves the steering performance 
but also the driving performance. When using a DC motor, the maximum speed is only 450 RPM while when using a 
BLDC motor the maximum speed is 700 RPM. This is very good because it makes the robot move quickly and accurately 
according to the predetermined point. For further research, it is hoped that there will be additional sensors such as IMU 
and external encoder so that the direction is more precise and the robot can go to the destination point accurately. 
BLDC motor controllers such as the use of FOC also need to be added so that BLDC motors are more optimal. 
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