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ABSTRACT  

Vehicle mobility internal factors are influenced by the performance 

state of the road surface quality, governor, engine, gear train, 

differential unit and mobility unit. Studies on vehicular mobility models 

exist for off-road external factors but absent on on-road internal 

factors. The on-road internal factors model describes the vehicular 

mobility performance as a function of internal factors. In the current 

undertaking, results are generated by the determination of mobility 

performance characteristics with the application of 2nd Order 

Ordinary Differential Equations and using Laplace operator with 

MATLAB Software simulation. The effect of road surface against the 

time taken varies accordingly. At a pedal force of 50 N, a higher road 

roughness, indicated by an International Roughness Index (IRI) of 2.8 

m/km, was observed on a road segment with notable roughness. The 

time ensued is 96.0 seconds at a tractive force of 4500 N on pedal force 

of 50 N indicating a longer transacted time and low fuel displacement 

resulting in lower engine revolution speed. The lowest roughness at a 

value 2.0 m/km, time taken was 17.5 seconds to cover the distance at a 

tractive force of 17750 N. The results suggest that the greater road 

roughness (IRI) may lead to a longer time taken to cover the distance. 

As a consequence of high IRI a vehicle travels more slowly and impact 

on overall mobility. Thus, maintenance on the road surface should be 

done regularly to better road surface quality. 
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INTRODUCTION 

Vehicular mobility is influenced by the 

behaviour of the internal factors. The 

internal factors sub-system components 

include governor, engine, gear train, 

differential unit and mobility unit. Internal 

factors play a crucial role in vehicular 

mobility, influencing vehicles operation 

and performance including aerodynamics, 

weight and power train efficiency, directly 

impact its vehicle mobility. For instance 

lighter materials and efficient engines can 

enhance fuel economy and performance. 

A mechanical governor pump plays a 

crucial role in regulating the speed and 

performance of an engine offering 

significant efficiency and power to ensure 

sustainable and efficient vehicular mobility 

(Guzzella and Amstutz , 1998 ; Dhariwal et 

al., 2000 ;  Giri, 2004). 

The transmission system composed of 

differential unit and gear train whereby the 

gear train adjusts the engines output to 

provide the appropriate amount of power 

and torque needed for different driving 

conditions to operate efficiently at various 
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speeds (Lin and Xu. 2015). The differential 

unit allows the wheels to rotate at different 

speeds, ensuring smooth cornering and 

distributes the engine’s torque which is 

essential for maintaining traction and 

control on various road surfaces (Wang, et 

al., 2011; Li et al., 2022). 

When the power is differently distributed to 

the driving wheels a vehicle will 

demonstrate different fuel consumption, 

different vehicle mobility and vehicle 

performance (Vantsevich and Gray, 2009; 

Andreev et al., 2010; Vantsevich, 2015). As 

evidence, all-wheel drive system has better 

fuel efficiency and good mobility than a 

front-wheel drive car with an identical 

power rating (Attard et al., 2011). Vehicle 

dynamics is a concern of the vehicle’s 

performance in the interaction with its 

functional surroundings such as energy/fuel 

efficiency, mobility and traction. 

Mobility is a function of the road 

conditions. The road conditions include the 

off-road and on-road conditions. The off-

road is the condition of road which 

provides the ability for a vehicle to operate 

on soft or deformable terrain (Senatore, 

2010). The off-road parameters that 

influence mobility have been extensively 

studied and pertinent solutions thereof exist. 

Vehicle mobility performance of off-road 

conditions is related to the wheel power 

management. Factors affecting field 

mobility, tractive efficiency, vehicle 

mobility and multi-wheel drive vehicles 

(Grantham et al, 2001; Vantsevich and Gray, 

2009, Senatore and Sandu, 2011).  

The mechanics of vehicle mobility for off-

road conditions depend on soft or 

deformable terrain in which the soil 

strength, surface shape such as climb, bend 

and stench come to effect (Serban et al., 

2019) The off-road external factors focus 

on road static properties such as sinkage, 

slip ratio, slip velocity, whilst the internal 

factors for the off- road surface focus on 

dynamic properties such as turning radius, 

speed, and dynamic load on wheel. The on-

road internal factors focus on the vehicle 

performance characteristics such as engine 

efficiency, drive train and vehicle speed 

capability, vehicle behaviour, vehicle body 

configuration and vehicle operation.  

Good road conditions cushion vehicle 

shock waves, and this cushioning is 

important for maintaining mobility. In 

contrast, bad roads result in shock waves 

that reduce mobility.  The good and bad 

road conditions are functional of either 

external or internal factors (Serban et al., 

2019) and (Mahajan et al., 2006). These 

depend on two road conditions of off road 

and on road. The off-road external factors 

focus on road static properties such as 

sinkage, slip ratio, slip velocity, whilst the 

internal factors for the off- road surface 

focus on dynamic properties such as 

turning radius, speed, and dynamic load 

wheel. The external factors of the on-road 

conditions refer to road conditions which 

interact with tyres, vehicular motion, traffic 

flow, traffic control mechanism road 

obstacles. 

  On the other hand on-road conditions refer 

to the interaction of the vehicle tyre and the 

road surface making the grip surface, the 

vehicle speed, engine and mechanical 

characteristics of the vehicle. Information 

in record has been studied mobility model 

known as Mobile Ad Hoc Networks 

(MANETs) and the results are satisfactory 

in so far as mobility is considered (Mahajan 

et al., 2006).  

Rolling resistance is produced by increase 

in traffic flow load and high weight of the 

tyre (Botshekan, et al., 2019). Rolling 

resistance causes the wheel to deform and 

lose energy, which makes it harder for the 

wheel to keep rolling smoothly Beuving et 

al. (2004), energy dissipation in the 

suspension system of the vehicles 

(Sandberg et al., 2011; Louhghalam et al., 

2015;).  

 

Rolling resistance is a contributor to road 

wheel interaction and affects vehicle 

operation cost (Flintsch et al.,2003 ; Chatti 

and Zaabar 2012). The development of a 

mechanistic model for rolling resistance-

induced dissipation has yielded results that 
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identify the key parameters driving fuel 

consumption and related greenhouse gas 

emission caused by surface roughness 

Louhghalam et al.,(2015). LevuLytė et al 

(2014) used mathematical model of road-

pavement-vehicle interaction and 

investigated the vibrations exited on the 

body of a vehicle driving on a rough road. 

It has been found that when a vehicle is 

moving at higher speed, its response to 

pavement rolling resistance is weaker due 

to the reduction in tractive force caused by 

the interaction between the tyre and the 

road surface. 

This paper focuses on a model to quantify 

the relationship between vehicle internal 

factors such as engine efficiency, drive train, 

vehicle speed, acceleration and quality road 

surface such as road obstacles, road surface 

conditions and interdependent vehicular 

motion and quality road surface since it 

affect the time taken to cover the distance. 

In contrast to empirical approaches, the 

originality of the approach herein 

developed relies on inter relationship 

between road surface factors and vehicle 

internal factors with results from Laplace 

transfer function system to analyze the 

effect of road surface quality on vehicle 

mobility and its impact on travel time. 

 

METHODS AND MATERIALS 

Mathematical Modelling Approach  

The approach deploys both analytical and 

numerical methods using Ordinary 

Differential Equations (ODE)  to develop 

sub-system internal factors of a vehicle 

based on deriving. An Ordinary Differential 

Equation for each of the system 

components was considered and numerical 

integration method was adopted to solve 

transfer function equations using MATLAB.  

The considered system constitutes of speed 

governor, engine (prime mover), as well as 

gear train unit and a differential unit for 

torque distribution to wheels (mobility 

performance unit). The resulting 

conceptual model involve integrating 

findings from  a determination of 

mathematical expressions for each 

individual system components of the model 

developed which affect mobility internal 

factors such as Governor, Engine, Gear 

train, Differential unit and Mobility 

performance unit based on Vehicular 

mobility performance characteristics is 

presented in form of block diagram given 

in Figure 1.  

 
Figure 1: Conceptual block diagram of vehicular mobility characteristics model 

 

where, 𝒇𝒚(𝒕) is the force applied on to vehicle accelerator pedal (N), 𝒙(𝒕) is the governor 

fuel rack displacement (mm), 𝒏𝒆(𝒕) is the engine speed (rpm), 𝝎𝟏(𝒕) is the angular speed 

of the primary shaft of gear train (rad/s), 𝒇(𝒕) is the engine’s tractive force (N) and 𝒗(𝒕) is 

the vehicle mobility speed (m/s). 

Sub-models Formulation In order to assess the resulting model, each 
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of the sub-system was assessed to be used 

for studying the characteristics. 

Model of accelerator pedal travel and force 

of the human leg 

The model input is the driver’s leg force 

𝐟𝐲(𝐭)on the accelerator pedal and applying 

the spring and force for simulating method. 

The force applied to the accelerator pedal 

𝐟𝐲(𝐭) and the resulting pedal displacement 

𝐲(𝐭)  can be obtained from the following 

expression; 

 𝐟𝐲(𝐭)

= 𝐤𝐬𝐲(𝐭) 

  (1.0) 

where, 𝐟𝐲(𝐭)  is the force applied on 

accelerator pedal (N), 𝐲(𝐭)  is the 

accelerator pedal displacement (mm) and 

𝐤𝐬 is the spring constant (or constant rate in 

N/m). 

Sub-system governor model  

The governor controls the speed of the 

engine by measuring angular speed of an 

engine (𝛚𝐞 ) in (rad/s) and responding to 

speed variations due to operating 

conditions (Dhariwal et al., 2000). To 

predict the effects of the speed governor on 

the vehicle mobility, use of the position of 

the flyweight mass, fuel rack displacement, 

damping coefficient and spring stiffness of 

k, is given by expression (Bosch, 2022). To 

model the corresponding governor rack 

displacement x(t) in response to the 

accelerator pedal force 𝐟𝐲(𝐭), use has been 

made of the engine governor modelled in 

the form of a spring-mass damper system to 

be equal to zero as shown in Equation (2) 

∑ 𝑭 (𝒕) = 𝒎
𝒅𝟐𝒙(𝒕)

𝒅𝒕𝟐
 

 

where, the sum of the forces acting in the 

system F(t) is called tractive forces 

illustrated the forces on the diagram below, 

Figure 2 

 

 
 

Figure 2: Schematic diagram of an accelerator pedal spring-mass damper system 

Note: Arrow show direction of forces fy(t), fs(t) and fd(t) 

 

To model the spring – mass damper system 

use is made of the equilibrium condition 

taking into account of all forces acting in 

the system to be equal to zero 

The sum of the forces acting in the system 

is expressed as  

∑ 𝑭 (𝒕) =  𝒇𝒚(𝒕) − 𝒇𝒔(𝒕)

− 𝒇𝒅(𝒕) 

 (3)  

 

 

The force in accordance to Newton’s 2nd 

law of motion is proportional to rate of 

change of momentum can be expressed as 

follows; 

 ∑ 𝐹 (𝑡)

= 𝑚
𝑑2𝑥(𝑡)

𝑑𝑡2
 

 

 

After substitution we obtain the following 

equation to be used to model the governor. 

The model the governor is presented in 

Equation (4) as; 
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𝒎

𝒅𝟐𝒙(𝒕)

𝒅𝒕𝟐
=  𝒇𝒚(𝒕)

− 𝒇𝒔(𝒕)
− 𝒇𝒅(𝒕) 

(4) 

where, 𝑚  is the mass of governor 

flyweight, in (kg), 
𝑑2𝑥(𝑡)

𝑑𝑡2  is the acceleration 

of the body in m/s2, 𝑓𝑦(𝑡)  is the force 

applied on to vehicle accelerator pedal (N), 

𝑓𝑠(𝑡)  is the force in (N) exerted by the 

spring, 𝑓𝑑(𝑡) is the force in (N) exerted by 

the damper 

To obtain the mathematical equation 

describing the relationship between a 

spring and displacement it is assumed that 

the force is proportional to fuel rack 

displacement 𝑥(𝑡) in (mm) and is expressed 

as: 

 𝑓𝑠(𝑡) = 𝑘𝑥(𝑡)  (5)  

where, 𝑘 is proportionality constant called 

spring stiffness.  

Assuming the force exerted by the damper 

to be proportional to the rate of 

displacement. Hence;  

  𝑓𝑑(𝑡)

= 𝑐
𝑑𝑥(𝑡)

𝑑𝑡
 

(6) 

where, 𝑐  is a proportionality constant 

called viscous damping constant, whose 

value depends on the type of cylinder fluid 

used.  

Substituting Equation (5) and (6), Equation 

(7) is obtained as: 

 
𝑚

𝑑2𝑥(𝑡)

𝑑𝑡2
= 𝑓𝑦(𝑡) − 𝑘𝑥(𝑡)

− 𝑐
𝑑𝑥(𝑡)

𝑑𝑡
 

(7) 

This can be re-arranged into the following 

form: 

 
𝑚

𝑑2𝑥(𝑡)

𝑑𝑡2
+ 𝑐 

𝑑𝑥(𝑡)

𝑑𝑡
+ 𝑘𝑥(𝑡)

= 𝑓𝑦(𝑡) 

(8) 

Equation 8 can be re-arranged as:  

 𝑑2𝑥(𝑡)

𝑑𝑡2
+

𝑐

𝑚

𝑑𝑥(𝑡)

𝑑𝑡
+

𝑘

𝑚
𝑥(𝑡)

=
1

𝑚
𝑓𝑦(𝑡) 

 

Putting 𝑐

𝑚
 = a; 

𝑘

𝑚
 = b; 

1

𝑚
 

= d are the 

calculated 

governor 

parameters 

 

Taking the Laplace transform of the system 

under zero conditions Equation 9 becomes: 

 𝑠2𝑋(𝑠) +  𝑎𝑠𝑋(𝑠)
+ 𝑏𝑋(𝑠) = 𝑑𝐹𝑦(𝑠) 

(9) 

 

 

The resulting transfer function is presented 

in Equation (10). 

 
𝑮(𝒔) =

𝑿(𝒔)

𝑭𝒚(𝒔)

=
𝒅

𝒔𝟐 + 𝒂𝒔 + 𝒃
 

(10) 

where, 𝑮(𝒔)  is Transfer function of the 

governor, 𝑿(𝒔)  is the fuel rack 

displacement in mm, and 𝑭𝒚(𝒔)is the force 

applied on to vehicle accelerator pedal (N).  

 

The resulting block diagram for the 

governor is represented as in Figure 3. 

 
 

Figure 3: Block diagram of the Sub-

system governor 

Sub-system engine model  

In this study the relationship between fuel 

rack displacement and engine speed, is 

determined by making use of a 

mathematical equation developed by 

Dhariwal et al., (2000) presented in the 

form of Equation (11). 

𝝉𝒆

𝒅𝒏𝒆(𝒕)

𝒅𝒕
+ 𝑲𝒆𝒏𝒆(𝒕)
= 𝒙(𝒕) 

 

where, 𝝉𝒆 is the time constant of the engine 

in (sec), 𝒏𝒆  is the engine speed obtained 

from the sensor of revolution per minutes 

(rpm), 𝑲𝒆  is the dimensionless coefficient 

𝑑

𝑠2 + 𝑎𝑠 + 𝑏
 

Governor 

𝐹𝑦(𝑠) X(s) 
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of self –regulation of the engine. 

The resulting transfer function is obtained 

as shown in Equation (12). 

 
𝑮𝒆(𝒔) =  

𝑵𝒆(𝒔)

𝑿 (𝒔)

=  
𝟏

𝝉𝒆𝑺 +  𝑲𝒆
 

(12) 

where, 𝝉𝒆 is the time constant of the engine, 

𝑲𝒆 is the dimensionless coefficient of self-

regulation of the engin. The corresponding 

block diagram is shown in Figure 4 

 

  

 
Figure 4: Block Diagram of the Sub-system engine model 

 

Sub-system Gear train model 

The relationship between engine speed 

𝒏𝒆(𝒕) ,and the resulting angular speed 

𝝎𝟏(𝒕) of the output secondary shaft can be 

expressed with relation to input engine 

speed as shown in Equation (13). 

The gear ratio was taken to be 1:1 as direct 

drive 

  

𝝎𝟏(𝒕) =  
𝟐𝝅𝒏𝒆(𝒕)

𝟔𝟎

=  
𝝅𝒏𝒆(𝒕)

𝟑𝟎
 

 in (rad/s)  (13) 

 

where,𝝉𝒏  = 
𝟑𝟎

𝝅
  a constant, 𝝎𝟏  is the gear 

train 

The corresponding transfer function is 

presented in Equation (14).  

From Laplace transformation; 

  𝑁𝑒 (𝑠)
= 𝜏𝑛𝜔1(𝑠) 

(14) 

The corresponding transfer function is  

 𝐺𝑠(𝑠)

=  
𝜔1(𝑠)

𝑁𝑒(𝑠)
=  

1

𝜏𝑛
 

(15) 

Hence, the resulting block diagram is; 

 

 𝜔1 (𝑡)

=  
1

𝜏𝑛
 𝑛𝑒(𝑡) 

    

(16) 

 

 

 
𝑮(𝒔) =  

𝝎𝟏(𝒔)

𝑵𝒆(𝒔)

=  
𝟏

𝝉𝒏
 

                                  

(17) 

 

where, 𝑮(𝒔) is the transfer function of gear 

train, 𝝎𝟏(𝒔) is the angular speed of gear 

train, 𝑵𝒆(𝒔) is the engine speed in terms of 

transfer functionHence, the resulting block 

diagram is given in Figure 5.

Figure 5: Block diagram of the Sub-

system Gear train model 

Sub-system Differential unit model 

The speed ratio relationship with tractive 

effort transmitted through the gear train and 

differential unit is obtained by making use 

of a mathematical equation expressed in 

form of gear ratio as shown in Equation 

(18a). 

𝝉𝒓 =
𝝎𝟐(𝒕)

𝝎𝟏(𝒕)
 

 

From Laplace transform obtained in 

Equation (18b).   

𝝎𝟐 =  𝝉𝒓 𝝎𝟏(𝒕)  

𝐺(𝑠) =
1

𝜏𝑒𝑆 + 𝐾𝑒
 

 

Engine 
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where, 𝝉𝒓  represents Differential unit gear 

ratio 4:1, hence, 𝝉𝒓 = 0.25, angular speed of  

differential unit (𝝎𝟐)  in (rad/sec), angular 

speed of gear train (𝝎𝟏) in (rad/sec).  

 

 

The corresponding transfer function is   

𝑮(𝒔) as shown in Equation (19). 

 

𝑮(𝒔) =  
𝝎𝟐(𝒔)

𝝎𝟏(𝒔)
=  𝝉𝒓 

 
 

Figure 6: Block Diagram of the Sub-system Differential unit model 

 

Sub-system Tractive Force model 

The expected vehicular translational speed 

can be expressed by making use of the 

momentum equation put into the form of 

Equation (20a). 

 

 

where,  𝛃 is number of driving wheels. For 

the purpose of this study 𝛃 = 2 wheels. 

 

The vehicular translational motion as a 

function of angular speed and the wheel 

radius is;  

 𝑣(𝑡) =
 𝑅𝑤𝜔2(t) 

          (21) 

   

Where; wheel radius Rw  in (m) and 

differential angular speed ω2(t) in (rad/s) 

remain constant and;  

 

 𝑑𝑣(𝑡)

𝑑𝑡
=  

𝑑(𝜔2𝑅𝑤)

𝑑𝑡
=  𝑅𝑤𝜔2(𝑡) 

 

 

 

 

 

Then the resulting expression for the 

tractive force becomes;  

 
𝐹𝑡(𝑡) =  

𝑅𝑤

𝛽
𝜔2(𝑡) 

              

(22) 

 

From differential equation above, the 

corresponding Laplace transform 

becomes; 

 𝐹𝑡(𝑠)

=  
𝑅𝑤

𝛽
𝜔2(𝑠) 

                    

(23) 

 

The block diagram representing the transfer 

relationship between the differential 

angular speed and the resulting tractive 

force is as given in Figure 7  

 
Figure 7: Block Diagram of the Sub-

system Tractive Force model 

 

Determination of the overall transfer 

function for vehicle. The overall transfer 

function obtained emulating speed 

governor settings and the resulting tractive 

effort realised is presented in Figure 8 

Vehicle system. 

 

 

 

 

 

 

 
𝜷𝑭𝒕 =  𝑴𝒗 

𝒅𝒗(𝒕)

𝒅𝒕
 

(20a) 

𝑅𝑤

𝛽
 

𝜔2(𝑠) 𝐹𝑡(𝑠) 
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Figure 8: The Overall Transfer Function of Test Vehicle 

 

where, 𝑭𝒚(𝒔)  is the force applied on to 

vehicle accelerator pedal (N), 𝑿(𝒔)  is the 

governor fuel rack displacement (mm), 

𝑵𝒆(𝒔) is the engine speed (rpm), 𝝎𝟏(s) is 

the angular speed of gear train (rad/s) is the 

input to the differential unit, 𝝎𝟐 (s) is the 

angular speed of differential unit rad/s) is 

the output of the differential unit, 𝑭𝒕 (s) is 

the engine’s traction force (N).  

 

In this study the discussion of vehicle 

fundamentals will be restricted to vehicular 

mobility performance internal factors 

affecting mobility through speed. The 

speed is affected by movement behavior of 

a vehicle along a given direction is 

completely determined by all forces acting 

on a vehicle tyre. 

The tractive force ( 𝐹𝑡) in the contact area 

between the tyres of the driven wheels and 

road surface condition moves the vehicle 

forward. It is produced by the engine torque 

transferred through the transmission system 

and final drive to the driven wheels. When 

the vehicle is moving, there is resistance 

causing the wheel to stop its movement. 

The resistance is usually a result of forces 

due to tyre rolling resistance ( 𝐹𝑟 ), 

aerodynamic drag ( 𝐹𝑑  ) and uphill 

resistance (gradient force)  𝐹𝑔 . For the 

purpose of this study it is assumed that the 

surface is horizontal and all forces acting 

during the vehicular motion to be equal to 

its rate of motion change of its momentum. 

Hence the dynamic equation used to model 

the vehicle can be expressed in the 

following form: 

 
𝑀𝑣

𝑑2𝑣(𝑡)

𝑑𝑡
=  𝛽𝐹𝑡(𝑡)  

− 𝐹𝑑(𝑡)
− 𝐹𝑟(𝑡) 

(24) 

where, 𝛽- is the number of driving wheels, 

𝑀𝑣 – is the vehicle mass (kg), and 𝑣(𝑡) is 

the vehicle mobility speed (m/s). It is 

assume that inertia of the rotating mass is 

negligible. 

Equation (24) suggests that assuming linear 

motion, vehicle acceleration of vehicle with 

mas 𝑀𝑣 is equal to the difference between 

the total tractive force available at the tyre-

road contact and the aerodynamic drag on 

the vehicle plus friction resistance. Re-

arranging this Equation (24) yields; 

 

𝑀𝑣
𝑑2𝑣(𝑡)

𝑑𝑡
+  𝐹𝑑(𝑡) =  𝛽𝐹𝑡(𝑡) − 𝐹𝑟(𝑡) (25) 

 

In Equation (25), the aerodynamic force is 

expressed as:  

 
𝐹𝑑(𝑡) =  

1

2
(𝐶𝑑𝜌𝑎𝑖𝑟)𝐴𝑣𝑣2(𝑡) 

(26) 

where, 𝜌𝑎𝑖𝑟 is the air density in 𝑘𝑔/𝑚3, 𝐶𝑑 

is the coefficient of aerodynamic resistance 

(dimensionless), 𝐴𝑣  is the frontal area of 

the vehicle in 𝑚2  and 𝑣  is the speed of 

vehicle in 𝑚/𝑠; 

but 𝑣 =  𝜔𝑅𝑤  

where, 𝑣 is the speed of vehicle in 𝑚/𝑠, 𝜔 

is the angular speed of the wheel vehicle in 

𝑟𝑎𝑑/𝑠 and 𝑅𝑤 is the radius of the vehicle 

wheel in 𝑚. 
 𝐹𝑑(𝑡)

=  
1

2
(𝐶𝑑𝜌𝑎𝑖𝑟)𝐴𝑣(𝑅𝑤𝜔2)𝑣(𝑡) 

(27) 

After some re-arrangements, we obtain: 
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 𝐹𝑑(𝑡)
=  𝐾𝑜𝐴𝑣(𝑅𝑤𝜔2)𝑣(𝑡) 

(28) 

where, 𝐾𝑜  =  (
𝐶𝑑𝜌𝑎𝑖𝑟

2
)= constant 

 It is also assumed that the expected tyre 

rolling friction (resistance) ( 𝐹𝑟)  can be 

modelled using the expression for given as; 

 𝐹𝑟

=  𝐼𝑅𝐼(𝑀𝑣 )
𝑑𝑣(𝑡)

𝑑𝑡
 

(29) 

where, the constant (IRI) represents the 

International Roughness Index which is a 

function of road conditions. 

Substituting Equations 28 and 29 into 

Equation 25 we obtain; 

 
𝑀𝑣

𝑑2𝑣(𝑡)

𝑑𝑡
=  𝛽𝐹𝑡 − 𝐾𝑜𝐴𝑣(𝑅𝑤𝜔2)𝑣(𝑡)

− 𝐼𝑅𝐼(𝑀𝑣 )
𝑑𝑣(𝑡)

𝑑𝑡
 

(

3

0

) 

After some re-arrangements the equation 

reduces to: 

 𝑑2𝑣(𝑡)

𝑑𝑡
+ 𝐼𝑅𝐼

𝑑𝑣(𝑡)

𝑑𝑡

+
𝐾𝑜

𝑀𝑣
𝐴𝑣(𝑅𝑤𝜔2)v(t)

=
𝛽

𝑀𝑣
𝐹𝑡 (𝑡)  

   

(31) 

Taking Laplace transform of Equation 31 

we have; 

 𝑠2𝑉(𝑠) + (𝐼𝑅𝐼)𝑠V(s)

+
𝐾𝑜

𝑀𝑣
𝐴𝑣(𝑅𝑤𝜔2)V(s)

=
𝛽

𝑀𝑣
𝐹𝑡 (𝑠)  

  

In order to evaluate the vehicular mobility 

based on the surface conditions use is made 

of the derived model expressed in the form 

of a transfer function given in the form; 

 
𝐺(𝑠)  =  

𝑉(𝑠)

𝐹𝑡(𝑠)

=

𝛽
𝑀𝑣

𝑠2 + 𝑰𝑹𝑰𝑠 +
𝐾𝑜

𝑀𝑣
𝐴𝑣(𝑅𝑤𝜔2)

 

(32) 

 

where,  𝑮(𝒔)   is the transfer function of 

mobility , KO = aerodynamic drag, 𝜷- is the 

number of driving wheels , 𝝆𝒂  is the air 

density in 𝒌𝒈/𝒎𝟑, 𝑪𝒅 is the coefficient of 

aerodynamic resistance (dimensionless), 

𝑨𝒗 is the frontal area of the vehicle in 𝒎𝟐 

and 𝒗 is the speed of vehicle in 𝒎/𝒔, 𝑹𝒘 is 

the radius of the vehicle wheel in 𝒎 , the 

constant (IRI) represents the International 

Roughness Index which is a function of 

road conditions, 𝝎𝟐(s) is the angular speed 

of differential unit (rad/s), 𝑭𝒕  (s) is the 

engine’s traction force (N).  

 

The block diagram used to model vehicular 

mobility is presented in Figure 9.  

 
 

Figure 9: Block diagram of the Mobility Performance Unit 

 

RESULTS AND DISCUSSION 

Road rolling resistance analysis data is 

associated with the recommended 

minimum International Standard 

Organization (ISO) values of less than 3.0 

m/km. Consider measured  value of 2.0 and 

2.8 IRI from Table 1 is within the ISO 

minimum value signifies a normal  road 

surface which not affect the average degree 

of mobility in terms of speed, energy 

dissipation in the suspension system of the 

vehicles and by severe increase in traffic 

𝑉(𝑠) 𝐹𝑡(𝑠) 𝛽
𝑀𝑣

𝑠2 + 𝑰𝑹𝑰𝑠 +
𝐾𝑜

𝑀𝑣
(𝐴𝑣𝑅𝑤𝜔2)
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load and high air pressure of the tyre (Lei et 

al., 2017 ; Botshekan et al.,2019) but 

extremely smooth roads can also lead to 

reduced tyre road friction, affecting braking 

performance and safety. Poor mobility 

result into excess fuel consumption 

(Botshekan et al., 2019); and (Louhghalam 

et al., 2015). If the actual IRI is less than 

the ISO minimum, it means the road 

surface is smoother than the standard. 

Smoother roads generally offer better speed, 

ride comfort, reduce vehicle wear and 

improved fuel efficiency.   

Model performance Analysis 

Analysis is made on simulation data 

obtained by running a MATLAB program 

with roughness (IRI) values in [m/km], 

given in Table 1. The measured values 

obtained from the road segment 2.0 m/km 

as minimum and 2.8 m/km is maximum 

these are the input values used for 

simulating data. The 3.0 m/km is the 

standard value. 

 

Table 1: Input pedal force corresponding Tractive force with Roughness values 

Means stipulated standard value of roughness < 3.0 m/km) was used for analysing. 

 

S/N Pedal force 𝒇𝒚(𝒕) 

[N] 

Tractive 

force [N]

  

Segments roughness IRI m/km 

(Measured) 

Roughness IRI 

m/km: 

Stipulated 

standard value < 

3.0 

1 50 4500  

2.8 

 

2.0 

 
* 

 

3.0 2 100 8800 

3 150 13100 

4 200 17750 

Figure 10 shows simulation responses  of 

the measured road segment on a surface of 

roughness of IRI = 2.8 m/km along a 

segment length of 2500 m at a speed of 47 

m/s. This data suggests a relationship 

between the tractive force applied and the 

time taken to cover the distance. As the 

tractive force increases, the time taken 

decreases. Higher forces cause greater 

accelerations, leading to shorter times to 

reach a destination. The time does not 

decrease linearly as the force increases. 

Instead, the reduction in time appears to 

slow as the tractive force becomes very 

large, indicating diminishing returns.
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Figure 10: Vehicular Mobility Results of the Measured Road Segment at IRI 2.8 

m/k 

Figure 11 .show case for a road segment 

which has a length of 1000 m. In 

considering simulation response, vehicle 

was run at a speed of 47 m/s on road 

roughness with value 2.0 m/km. The time 

taken to cover the distance at a tractive 

force of 4500 N was 67.5 seconds. 

Similarly, the time taken to cover the 

tractive forces of 8800 N, 13100 N and 

17750 N was 33.0 seconds, 32.0 seconds 

and 17.5 seconds respectively. 

 
Figure 11: Vehicular Mobility Results of the Measured Road Segment at IRI 2.0 

m/km 

(c) IRI value of 3.0 m/km 

Figure 12 show results for a length of 1000 

m also. The simulation response was made 

for a vehicle run at a speed of 47 m/s on the 

road roughness. The time taken to cover the 
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distance at a tractive force of 4500 N by 

applying force of 50 N on accelerator pedal 

was 105.0 seconds. The time taken to cover 

the tractive forces of 8800 N on accelerator 

pedal of 100 N, 13100 N on accelerator 

pedal of 150 N and 17750 N on accelerator 

pedal of 200 N was 52.0 seconds, 36.5 

seconds and 26.0 seconds respectively. 

 
Figure 12: Mobility results of the measured segment at IRI 3.0 m/km 

 

CONCLUSIONS  

This study developed a mathematical 

model to analyze how internal factors 

influence road vehicle mobility, 

specifically considering the internal factors 

of tractive and pedal force. The findings 

reveal a clear relationship between road 

surface quality (roughness) and vehicle 

mobility, where vehicle mobility is 

significantly affected by the roughness of 

the road surface. Increased road roughness 

results in longer travel times and lower fuel 

efficiency. Increased tractive force reduces 

travel time across different road roughness 

levels. Higher pedal forces further reduce 

travel times, especially on smoother road 

segments, where times decrease depending 

on the tractive force. This study highlights 

the importance of road surface quality and 

vehicle operational parameters in 

optimizing vehicle mobility and efficiency. 

These outcomes emphasize the importance 

of maintaining road quality to enhance 

vehicle performance, reduce travel time, 

and improve fuel efficiency, ultimately 

contributing to safer and more comfortable 

driving conditions. The insights gained 

from this research can inform road 

maintenance practices and vehicle 

operation strategies, aiming to optimize 

mobility and minimize the adverse effects 

of road roughness on vehicle performance.  

  

RECOMMENDATION  

To ensure optimal vehicular mobility and 

road safety, it is essential to prioritize 

regular road surface maintenance. Aim to 

keep the International Roughness Index 

(IRI) value below 3.0 m/km. This proactive 

approach will mitigate the negative impacts 

of road roughness on vehicular 

performance and the overall driving 

experience. The model developed in this 

study offers a robust framework for 

analyzing the interactions between road 

surface conditions and vehicular mobility 

performance.  Extending and refining this 

model to explore additional factors 

influencing vehicular dynamics can serve 

as a foundation for the continued 

development of more advanced vehicular 

mobility models, potentially leading to 
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significant improvements in road design, 

maintenance strategies, and vehicle 

performance.  

 

NOMENCLATURE 

A front area m2 

F force N 

k spring constant N/m 

M mass kg 

n engine sped rpm 

R wheel radius m 

v vehicle speed m/s 

x rack displacement mm 

y pedal displacement mm 

𝝉 time constant sec 

GREEK SYMBOLS   

K Aerodynamic drag  

𝜷 number of driving wheel  

𝝆 density 𝒌𝒈/𝒎𝟑 

𝝎 angular speed rad/s 

SUBSCRIPTS   

a air  

d damper   

e engine  

n constant  

o constant drag  

r gear box ratio  

s spring   

t traction  

v vehicle   

w wheel  

y accelerator pedal  

ABBREVIATIONS   

G(s) Transfer function  

IRI International Roughness Index  

ISO International Standard Organization  

MATLAB MATrix LABoratory  

rpm Revolution per minutes  
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