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1. Introduction 

An omnidirectional wheeled vehicle (OWV) is configured with a fully actuated mechanism that 

requires a different perspective of control compared to the skid or steering-wheeled vehicle that is 

configured with an underactuated mechanism. This holonomic configuration is commonly designed 

for a wheeled mobile robot (WMR) that deploys omni-move normally on flat terrain. Major control 

system design works for this vehicle are towards better motion planning for stability maneuvering 

purposes other than precision in its autonomy function. According to Seigwart and Nourbakhsh, the 

speed of each Omni wheel, according to its orientation angle and the intended direction, can be 

mathematically derived for control system design [1]. This concept has been held by many researchers, 

such as Chang et al., in their works considered a mathematical method solution in controlling the 
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 The paper presents a dynamic control approach using impedance control to 

reduce inertia factors acting on a Mecanum Wheeled Vehicle (MWV) on 

cornering roads. Inertia in a mobile vehicle is one of the issues that affect 

the safety and energy efficiencies of the vehicle, especially when 

maneuvering on cornering and confined paths. With reference to the 

problem statements in the dynamics analyses, velocity-based impedance 

control was proposed where the derived interaction translational forces on 

the vehicle that consider friction and touching forces on vehicle-terrain are 

controlled through the velocities of the vehicle. This study emphasized 

shaping the axial velocities input of the MWV for both longitudinal and 

latitude motions to control the sensitivity of the vehicle during cornering 

periods. The verification was done through several simulations on the 

proposed velocity-based impedance control on the MWV plant. The results 

show that the different forces on MWV axial motion were capable of 

reducing inertia via velocity input during the cornering period of 

maneuvering by increasing the stiffness and damping ratio of the controller 

at about 2 and 9 for stiffness x-axis and y-axis, respectively, and 15 and 10 

for damping ration of the x-axis and y-axis respectively. Moreover, with the 

proposed controller, inertia on MWV can be controlled on the slippery road 

such as asphalt roads. This scenario has influenced the overall kinetic energy 

of the vehicle down to about 26%, thus, able to control the overdriven 

occurred on cornering road. 
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speed of each Omni wheel based on the vehicle orientation angle and direction [2]. The Omni-move 

characteristic on an Omni wheel can increase its flexibility up to two-dimensional motion wherever 

the vehicle is freely moved without depending on pitching control [3], such as in steering vehicles [4, 

5]. As shown in Fig. 1, the mecanum wheel is an example of an Omni wheel that is commonly used 

for different duties of payload. The wheel consists of rollers around the surface body of the wheel 

depending on its size, and the mecanum’s roller assembled in the b-axis is 45° skewed to the a-axis 

wheel [6]. The OWV is major used and applicable for the confined space in which need to neglect the 

operation where there is a need for the vehicle to turn by pitching some group or front wheels such as 

rack steering vehicle. However, inertia and overdriven still can be occurred in this type of vehicle due 

to the system still having a moving rigid body. With the applicability of confined space deployment, 

the incident such as collision with the wall or hit the road boarder is high possibility occurred.  

 

Fig. 1. Example of Omni wheel; mecannum wheel specification 

Therefore, in this research, inertia and overdriven control are introduced through impedance 

control of the overall OWV during a maneuver on the cornering path. The velocity-based impedance 

control was proposed to cater to the speed and kinetic energy of the OWV whenever this vehicle 

reaches the cornering path. The contribution of this work is to provide an alternative control method 

by using the interaction control from the relationship between the wheel of the vehicle and the terrain 

of the road that is able to control the inertia of the vehicle indirectly.  

2. Related Works 

2.1. Inertia Issues on Omnidirectional Wheeled Vehicle/Robot 

Several studies and works have approached the dynamic path motion with stable orientation, 

especially in the case of cornering, roundabout, and harsh roads. One of the issues that give impact 

the stability of wheeled vehicle/robot maneuvering is inertia. The inertia of the wheeled system is a 

vital element, yet it is usually difficult to be controlled [7]. Inertia happens due to overdriven during 

braking, wheel slipped, and sharp turning [8] by the vehicle, which may cause accidents and 

destruction to the vehicle system. On the other hand, inertia happened due to the wheel-slipped during 

cornering as well. Therefore, several approaches have been made by researchers to overcome this 

matter either through control approach, tactical sensoring method, estimation solutions, or maybe 

hybrid method such as done in [9-11]. Fu and Hill, in their works, stabilized the omnidirectional robot 

by the proposed multi-stages control strategy that considered pod-angle and force-based wheel 

controller that is robust to the longitudinal wheel slip [12]. The wheels’ slipping effects are a crucial 

problem for wheeled vehicle stability, and this incident appears commonly in practice. Therefore, Cui 

et al., in their works, introduced the unscented Kalman filter (UKF) with a low pass filter for real-time 

estimation of the slipping parameters and stable tracking control law using the backstepping method 

to tackle the vehicle constraints [13].  

Slippery cases, on the other hand, can contribute to overdriven as well. It was noted that the terrain 

was slippery, which made the vehicle understeer [14]. Commonly, the standard vehicle system was 

unaware of the condition, making the driver continue to turn harder. At some point, the accident cannot 

be avoided since the vehicle has reached its minimum turning radius, and it is getting worse in the 
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case of a road with a cornering path. Here the estimation method became handy. For example, 

researchers in [15] had developed a real-time center of gravity (CoG) position estimator integrated 

with an adaptive Kalman filter-extended Kalman filter (AKF-EKF) [15] to reduce the overforce of the 

lightweight wheeled mobile robot through both front or rear torque on wheels. Xiao et al., on the other 

hand, have approached the model predictive control (MPC) to suppress the inertia of the wheeled 

vehicle through the tracking control of the motion path [16]. The same goes for Pinheiro et al., 

whereby MPC was approached to control the speed and consider the non-slipping constraint of the 

omnidirectional WMR to avoid slippages [17]. Other than the prediction method, robust control with 

a model-based approach has become one of the favorable solutions to the wheeled vehicle in a similar 

problem. For example, Deremetz et al. used the backstepping control approach to solve the balancing 

problem on the lateral effects of wheeled vehicles, notably the sideslip angles, and an observer was 

used to estimate the sliding [18]. This model reference approach permits feeding the proposed control 

laws appropriately, enabling an orientation keeping along the trajectory and guaranteeing the accuracy 

of its path tracking. For the specific OWV system, Adamov et al. proposed the solution by using the 

approach of multiplication of the velocity of each wheel by the cosine angle at the desired direction 

projected on each Omni wheel-driven direction [19]. Numerous efforts have gained the stability of a 

wheeled vehicle other than smoothest path motion whenever the vehicle faces a critical road, such as 

cornering and rough terrain [20-22]. As an underactuated vehicle system subjected to holonomic 

constraints, OWV tends to move its posture, such as spinning or turning during breaking at the 

cornering path [23]. For example, reported in [24], the efforts are focused on improving path planning 

by focusing on path tracking and accuracy with different control techniques. However, the friction 

that happens on the OWV is practically unbounded with the different workspace. The situation 

degrades the tracking control performances every time the friction change. The modification exceeds 

the permitted scope. As a result, the kinodynamic problem arises, which necessitates a solution for 

both kinematics and dynamics in order to optimize the current states dynamically [25]. 

One method that has the potential to be used to address wheeled vehicle usability issues is the 

dynamics control approach. This control strategy is not limited to explicit force control. According to 

Xiao et al., the torque of each wheel can be controlled using a least square algorithm. Here, the upper 

and lower controllers were developed, where torque for each wheel is controlled in the lower 

controller, resulting in a stable and efficient system during operation [26].  Other than torque control, 

impedance or admittance control also has the potential to be explored for vehicle stability control 

solutions. As reported in [27], fuzzy predictive control on impedance control was applied and showed 

effectiveness for unstructured environment problems as the instructions are verified. Moreover, Hori 

et al., in their works, have used impedance control for the high back drivability with driving force 

control in which external forces applied by human hands and driving forces are estimated by 

disturbance observer with some proposed assist control methods [28]. On the other hand, a hybrid 

method was proposed in [29] in which to cater to the pinion angle of the rack-mounted electric power 

steering control for both lateral and impedance control of an autonomous vehicle. Unlike explicit force 

control, this control considered both contact forces and the position state of the system in controlling 

the system behavior [30]. For example, deployed on Hexarotor vehicle as reported in [31] where the 

sensitivity of the vehicle is controlled by the impedance control derived from dynamics of the vehicle 

without any touching forces. There are apparent constraints on system operation and reaction speeds, 

which will reflect in the relationship. As a result, a control law must be developed to establish a 

relationship between the robot system and the environment. In order to assure the effectiveness and 

robustness of this interactive control on the targeted plant, a compliant approach is required. Optimal 

tune of all mass–spring–damper elements such inertia, viscocity/damper and; allowing compliance 

with the environment, depending on the task. However, because this approach is indirect, the 

environment must be known in order to precisely manage the contact forces. When unforeseen 

obstructions create major trajectory deviations, huge forces are generated that can be harmed by 

friction [32]. Other than adaptive physical interation like commonly deployed on robot system, this 

sort of dynamic control has the possibilities to be used for shaping the energy to control the wheel 

robot and inertia vehicles indirectly. As used in [31], force/torque distributions from the dynamics 
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model of the wheeled vehicle can be estimated using the Euler–Lagrange, wherein the control 

algorithms can be obtained. 

2.2. Problem Statement 

An OWV with mecanum wheels was chosen as a framework for this research because this 

configuration has become more popular in wheeled robot development, particularly in limited space 

transport. In addition, the research focuses on the vehicle's cornering phase, which is critical in dealing 

with friction and inertia in order to avoid collision in a limited space, as shown in Fig. 2. 

 

Fig. 2. An example of OWMR turning motion and inertia that may lead to a collision with a surrounding 

object 

This issue's major concern is achieving the smoothest route motion [22], particularly in the area 

of the cornering point. As a fully actuated vehicle that is exposed to holonomic limitations, OWV with 

mecanum wheels exhibits body orientation changes, including minor spinning, throughout the 

breaking phase, particularly at cornering points, as seen in Fig. 2. Previously published research has 

shown that a vehicle's path planning performance can be improved using a variety of various control 

techniques [33-38]. In a real situation, the friction that happens on the holonomic vehicle is 

unpredictable or unbounded due to the variety of operating settings and terrain types. When the 

uncertain friction changes beyond the allowable range, these controls become inactive, resulting in 

poor tracking performance. This may contribute to the kinodynamics issue, which requires 

simultaneous resolution of kinematics and dynamics in order to receive reliable control input from the 

present state [25].  

3. Interaction Control Design 

According to the dynamic model of mecanum wheeled vehicle (MWV) [23], velocity-based 

impedance control is derived as interaction control for MWV according to the kinematics system 

expressed in (1) as follows [39] 
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where 𝑞 = [𝑋
𝑔

 𝑌
𝑔

 𝜃
𝑔

]𝑇 are the cartesian of the MWV and, 𝑊𝑛 are represented as the angular velocity 

of the MWV’s wheels (𝑖 = 1. . .4). In MWV maneuvering, the only part that continuously contacts 

and interacts with the environment is its wheels. Any changes between wheels and environment 

interaction will affect the overall attitude and dynamics of the vehicle. According to this relationship, 

the interaction force between the vehicle wheels can be monitored and the affected motion to the 

vehicle’s condition to maintain the stability of the vehicle system. Here, the elastic model between the 

vehicle body attitude and axial vehicle forces can be derived from the dynamics of MWV as illustrated 

in Fig. 3. The derived velocity-based impedance control is designed as a conjunction controller to the 

MWV speed control whereby the dynamic relationship between the velocity deviation and the axial 

forces from the dynamic changes of the torque on the wheel is regulated. Therefore, a velocity-based 

impedance control for MWV can be adopted as expressed in (2) as follows 

𝐹𝑣 = 𝑀𝑓Δ𝑞
••
+ 𝐷𝑓Δ𝑞

•
+ 𝐾𝑓Δ𝑞 (2) 

where 𝐹𝑣 = [𝑓𝑥 𝑓𝑦 𝑓𝜃] is indicated as Cartesian interaction forces of overall vehicle posture and 

𝑞 ∈ ℜ
3
 described the axial states of the vehicle in which 𝑀𝑓(𝑞

••
) ∈ ℜ

𝑛𝑥𝑚
 represents the desired inertia 

matrix of the vehicle, 𝐷𝑓(𝑞
•
) ∈ ℜ

𝑛𝑥𝑚
 is the damping matrix of the vehicle and 𝐾𝑓(𝑞) ∈ ℜ

𝑛
 indicates 

the target stiffness of the vehicle system (𝑛 = 3,𝑚 = 1). Both 𝐷𝑓 and 𝐾𝑓 are in a diagonal form as 

expressed in (3), which specified for each Cartesian of the vehicle 

𝐷𝑓 = 𝑑𝑖𝑎𝑔(𝐷𝑋 𝐷𝑌 𝐷𝜃) 

𝐾𝑓 = 𝑑𝑖𝑎𝑔(𝐾𝑋 𝐾𝑌 𝐾𝜃) 
(3) 

On the other hand, the Cartesian interaction forces of MWV were derived from developed torques 

on each mecanum wheel (𝜏𝑖) [23] as can be expressed in (4) as follows 
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Fig. 3. Equivalent spring–mass–elastic damper model for MWV system posture.  
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The desired inertia, as shown in Fig. 3, is represented 𝑀𝑓 = 𝑑𝑖𝑎𝑔(𝑀𝑘) with 𝑘 = {𝑋, 𝑌, 𝜃}. 

Moreover, 𝐷𝑘, 𝐾𝑘 and 𝑀𝑘 are the tuning parameters with 𝐹𝑣 → 0and, both natural frequency (𝜔0) 

and damping ratio (𝜁𝑓) can be rearranged and expressed in (5) as follows, according to Newton’s 

Second Law [40]. 

𝜔0 = √
𝐾𝑘
𝑀𝑘

, 𝜁𝑓 =
𝐷𝑘

2√𝑀𝑘𝐾𝑘
 (5) 

Therefore, the relationship between 𝐷𝑘, 𝐾𝑘 and 𝑀𝑘 can be expressed as in (6) using underdamped 

mode as follows 

𝐷𝑘 = 𝜁𝑘 2√𝐾𝑘𝑀𝑘  (6) 

As a result, the control law for velocity shaping on MWV can be formulated as in (7) by 

integrating (5) to (2) as follows 

𝑣𝑖𝑚𝑝(𝑞) = Δ𝑞
•
= (𝐾𝑘𝑀𝑘)

−
1
2 (𝐹𝑉 −𝑀𝑘Δ𝑞

••
− 𝐾𝑘Δ𝑞) (7) 

The overall control system structure for MWV with proposed velocity-based impedance can be 

illustrated as shown in Fig. 4. 

 

Fig. 4. Velocity-based impedance control system diagram for MWV 

4. Results 

The discussion and analysis of dynamic modeling are emphasized on the first, second, third, and 

fourth cornering of the samples motions as marked in Fig. 5. Between 1 sec and 263 secs of simulation 

time, the rotational velocity of each wheel performed in different values and poles. For the first 

cornering, the period was between 8 secs and 53 secs, the second cornering was 61–111 secs, the third 

cornering was 115–172 secs, and the fourth cornering was 175–226 secs. 

4.1. Free Simulation Running without Interaction Control for Dynamic Observation and 

Analysis on MWV Model on Different Types of Terrain 

As for the first step of verification works, the MWV model plant was tested with several running 

with only speed control (without impedance control) using the designed cornering path planning 

trajectory in order to observe and analyze its dynamic performances. According to these free running, 

the different performance of wheel angular velocity (𝑊) performances with different interaction 

forces (𝐹𝑣) can be depicted via different developed torque performances on each wheel, as shown in 

Fig. 6. 
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(a) 

 
(b) 

Fig. 5. Sample of cornering path planning velocity input for the simulation running on the MWV; (a) X-axis 

for cornering sample period, (b) Y-axis for cornering sample period 

For example, in the first cornering, as shown in Fig. 6(a), the 𝑊1 and 𝑊2 velocities increased 

with different curves where 𝜏1 drastically decreased at 18 s and increased at the opposite poles with 

𝜏2 as shown in Fig. 6(b). It is different to the 𝑊3 and 𝑊4 whereby these couple of wheels are gradually 

decelerated with almost mirroring  the  speed and torque performances of 𝑊1 and 𝑊2, respectively.  

The free running simulation also done on two different types of terrain as disturbances to the MWV 

with the different coefficients as tabulated in Table 1.  

 

 

1st Cornering 2nd Cornering 3rd Cornering 4th Cornering

1st Cornering 2nd Cornering 3rd Cornering 4th Cornering
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Table 1.  List of different coefficients for different terrain 

Terrain 
Coefficient of static friction (𝝁𝒔) 

(type of mecanum wheel) 

Coefficient of kinetic friction (𝝁 ) 

 

Asphalt (concrete) 1 0.93 

Earth road 1 0.55 

 

 

(a) (b) 

Fig. 6. A sample performance of the first cornering MWV (a) sample of angular velocity result for each 

wheel (b) sample of torque result for each wheel 

The free running simulation on these different types of terrain also shows different interaction 

force results for different types of terrain. For example, in the second cornering motion, as shown in 

Fig. 7, MWV that runs with the asphalt (concrete) terrain shows 𝑓𝑥 vector at about 2.7 N was applied 

at the longitudinal as compared to the MWV on the earth road with only about 2.2N. The same goes 

for the latitude forces 𝑓𝑦 whereby MWV on the asphalt terrain is about 4.3 N which is 0.5N bigger 

than MWV on the earth road. A similar range pattern can be depicted in Fig. 8, whereby the major 

energy was applied to MWV crossing the asphalt type of road as compared to earth. These can be seen 

on each cornering path. For example, in the last cornering, as shown in Fig. 8, the kinetic energy used 

by MWV on earth road was fewer than maneuvering on asphalt road at about 77.2 J. Table 2 shows 

the summary of the MWV dynamics performance for this free simulation running. 

Table 2.  The overall performance between interaction forces and kinetic energy  

Terrain Parameters 
Cornering 

1st 2nd 3rd 4th 

Asphalt (concrete) 

Cornering Angles 134° 55° 145° 40° 

𝑊 1.35 m/s 1.48 m/s 1.25 m/s 1.58 m/s 

Average energy   25.6 J 31.2 J 23.1 J 32.5 J 

𝐹𝑣 𝑓𝑥 < 𝑓𝑦 𝑓𝑥 < 𝑓𝑦 𝑓𝑥 > 𝑓𝑦 𝑓𝑥 > 𝑓𝑦 

Earth road 

Cornering Angles 134° 55° 145° 40° 

𝑊 1.25 m/s 1.38 m/s 1.15 m/s 1.48 m/s 

Average energy  24.8 J 30.1 J 22.3 J 30.2 J 

𝐹𝑣 𝑓𝑥 < 𝑓𝑦 𝑓𝑥 < 𝑓𝑦 𝑓𝑥 > 𝑓𝑦 𝑓𝑥 > 𝑓𝑦 
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Fig. 7. Sample of interaction forces (𝑓𝑥, 𝑓𝑦) performances when MWV simulated on different types of terrain 

 

Fig. 8. Sample of kinetic energy performances when MWV simulated on different types of terrain 

4.2. Analysis of Velocity-Based Impedance Control on MWV at Different Cornering Paths for 

Different Tuning 

According to Section A, the analysis shows that asphalt road contributes more slippery than earth 

roads. The more slippery the terrain, the more inertia will be developed. Therefore, in verifying the 

proposed dynamic controller, the simulation was done and divided into three different tuning values 

for both 𝐾𝑋 and 𝐾𝑌 in three different simulation sessions notified as 𝑇1, 𝑇2, and 𝑇3 respectively, 

shown in Table 3. In addition to the first simulation, 𝐾𝑋 = 𝐾𝑌 = 1 was depicted and 𝜁for each axis 

showed different results for different axials, as shown in Fig. 9 and Fig. 10. 

1st Cornering 2nd Cornering 3rd Cornering 4th Cornering

1st Cornering 2nd Cornering 3rd Cornering 4th Cornering
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Table 3.  Fine-tunned stiffness and damping ratio values for each session of simulation 

Simulation 

session 

Stiffness (Nm−1)  damping ratio (𝜻) 

    𝒀 𝜻  𝜻𝒀 

𝑇1 1 1 1 1 

𝑇2 2 6 9 4 

𝑇3 2 9 15 10 

 

As shown in Fig. 9 and Fig. 10, the result of the 𝜁 affected the shape of the velocity input of the 

OWV for both axial, respectively. As shown in Fig. 9, whenever 𝐾𝑋 was increased the horizontal of 

vehicle (𝑥-axis) getting slower approximately by 0.02 m/s for 𝑇2 and 0.15 m/s for 𝑇3. As shown in 

Fig. 10, the similar situation happened in which the vehicle getting slower at about 0.08 m/s in 𝑇2 

and 0.17 m/s in 𝑇3. According to these results, MWV took the concentration on its axle weight as 

centroid and began spinning. In other words, OWV performs speed and rotational behavior due to its 

weight concentration. Moreover, whenever the mass shifts near the frontal axle, the MWV moves 

forward and vice versa. 

There is an interaction between the location of the center of mass and the direction of the driving 

force. This interaction shows affect the direction of the translation of the vehicle and rapidly changes 

direction, as can be seen in every each cornering path as shown in Fig. 11. All these are affected by 

the inertia performances that can be measured through the kinetic energy as shown in Fig. 12. The 

energy reduced to approximately 18% for 𝑇2and 26% for 𝑇3 whenever the stiffness and damping 

ratio were increased. These are due to the shaping of velocity input that can be depicted through the 

velocity input performances of the MWV, as shown in Fig. 13. 

 

Fig. 9. Sample of velocity input on X-axis MWV with and without impedance control 
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Fig. 10. Sample of velocity input on Y-axis MWV with and without impedance control 

 

Fig. 11. Sample of the X-Y path planning coordinate between a vehicle with and without impedance control 

5.    Conclusion  

According to the overall results, the proposed control method is verified by providing inertia 

reduction and control by shaping the velocity input of the MWV through the regulation of each force 

axial of the vehicle itself. Concerning the overall performance, approximately 45% of kinetic energy 

can be reduced during the cornering motion of the vehicle by tuning stiffness and damping ratio values 

on each axial impedance control. With the proposed control, the vehicle gets slower during the 

cornering path, which correlates to the kinetic energy reduction. The proposed velocity-based 

impedance control has the potential to be optimized with some learning system, and this will become 

one of the future works in this study. 
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Fig. 12. Kinetic energy performance of MWV for different simulation sessions 

 

Fig. 13. Velocity input vector performances of MWV vehicle; with and without impedance control 
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