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Accepted: 20 March 2019 The aim of this study is to examine the co-simulation strategies of dynamic modeling of 

powered two wheelers vehicle that will incorporate a wide engineering area. The model was 

developed by including multibody and dynamic modeling, control theory, and simulation 

considering several points in regards of design and physical characteristic. The article 

represents the outcome that contains the advantages of the co-simulation approach which is an 

important tool for modeling and dynamic analysis of a high complex system. Besides, the study 

goes further in explaining the methods of modelling the Powered Two Wheelers Vehicle 

containing various subsystems, and in several physical domains, where occur different 

energies: Mechanical, Electrical, Pneumatic, hydraulic, and Thermal, that dynamically 

interact. The results of this study may serve in identifying the influence of the rider behavior 

and his motion on the stability of the motorcycle. This study may contribute in improving the 

safety and stability in a critical situation of driving the vehicles, and the influence of 

biomechanical factors on dynamics driving. 
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1. INTRODUCTION

With the growing complexity of systems and technology in 

automotive fields, the Co-simulation become a more and more 

challenging task, therefore, in many engineering organizations, 

the design of the complete systems often demands tools that 

are used for testing and validating, as it needs a collaboration 

of different fields and from multiple domain of expertise. In 

Co-simulation, different subsystems, that coupled problems, 

are modeled and simulated in a divided way [1]. Consequently, 

and during simulation, the subsystems will exchange data and 

flow and effort flow. Co-simulation is indispensable and 

comprehensive view because it integrates many sub-systems. 

This approach is considered, therefore, as a joint simulation of 

tools and semantics already well established; when they are 

simulated with their appropriate solvers. Co-simulation 

demonstrate its capability to test and in the validation of multi 

domain and multi-physical systems by offering an effective 

solution that enables taking into consideration multiple 

domains with different time steps, at once. Since the Co-

simulation give a positive result by enabling us to evaluate the 

system on a large and complex scale, generally, the Co-

simulation use two or many different software that are 

integrated to ensure complete exchange of information. 

Several studies were conducted based on Co-simulation in 

the field of vehicle engineering. Articles [2-7] portray the most 

significant sides and characteristics of the advanced multibody 

modeling of a motorcycle and virtual rider. 

G. Sequenzia et al. [8] developed an approach based on Co-

simulation for multibody parametric modeling of the 

motorcycle with an anthropomorphic model of the driver. 

Another substantial research was conducted by A. Khadr et al., 

[9] deals with modeling, simulation, design, and optimization

of a semi-active suspension system using a fully dynamic

model of a two-wheeled vehicle by using an optimization 

procedure, based on Genetic Algorithms. 

This article represents a new approach based on Co-

simulation in order to integrate all physical domain of the 

motorcycle considerate all different characteristic and aspects 

of the Powered Two Wheeled vehicle, that deal with stability, 

and path following. The first section will illustrate the 

configuration and physical characteristics of motorcycle and 

the necessary step for modelling the system. Moreover, the 

second section will provide the structuration and the different 

layers of a Co-simulation framework of motorcycle. Then, the 

third section will tackle the analysis of the performance and 

discussion of the main results and findings. 

2. SETUP CONFIGURATION AND PHYSICAL 

CHARACTERISTICS OF MOTORCYCLE MODEL 

The general configuration depends on the physical 

functions, characteristics and the overall configuration of the 

motorcycle, for example, the kind of suspension system, the 

DOF of the system, the interaction between road and tire. In 

the case of our model, the multi-body model will consist of 11 

rigid bodies; these latter will be interconnected using a number 

of joints like a revolute, spherical and prismatic joint. The 

description of the physical characteristics of the model of the 

motorcycle is significant since it determines, the configuration 

of the motorcycle, the degree of freedom, the number of rigid 

bodies, the number and the nature of the connections between 

the different bodies. The physical configuration of the 

motorcycle model can be described by:  

• Features and kinematic properties of the front and

rear suspension.

• Tire properties and its interactions with the road.
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• Biomechanical rider. 

All the features are presented below and explaining why 

these functions should be figured in the model of the 

motorcycle. 

 

2.1 Characteristics of the front and rear suspension 

 

The suspension is one of the parts that are necessary to 

shape a vehicle since it directly impacts the performance of 

vehicles and comfort of the ride. This latter is affected by the 

aspect of the suspension which importantly decreases the 

vibrations, shocks and forces caused by the Irregularities of the 

road. The modeling and development of this component is 

challenging. However, by including the suspension in the 

PTW vehicle, and adding four degrees of freedom: pitching 

motion, yaw movement around the 𝑍  axis and linear 

movements of the front and rear suspension. 

The total fork force is the end-stroke spring which 

represents the physical limit of the fork. 

 

𝐹𝐹𝑓 =

{

−𝑘𝑠𝑡𝑜𝑝(𝑠𝑓 − 𝑠𝑚𝑖𝑛,𝑓)      𝑖𝑓 𝑠𝑓 < 𝑠𝑚𝑖𝑛,𝑓  (𝑏𝑢𝑚𝑝 𝑠𝑡𝑜𝑝)

0                       𝑖𝑓 0 <  𝑠𝑓 < 𝑠𝑚𝑖𝑛,𝑓 

−𝑘𝑠𝑡𝑜𝑝𝑠𝑓            𝑖𝑓 𝑠𝑓 > 0         (𝑟𝑒𝑏𝑜𝑛𝑑 𝑠𝑡𝑜𝑝)

(1) 

 

where 𝑠𝑓 is 𝑑𝑓 − 𝑙𝑓𝑟𝑘 is the stroke of the suspension, 𝑘 is the 

stifness of the springs, ∆𝐹𝑓 is the preload and 𝛼 represents the 

non linear stiffening of the spring, the total fork force is the 

end-stroke spring which represents the physical limit of the 

fork travel. 

The damping force can be expressed by: 

 

𝐹𝑑 = {
−𝑐𝑐�̇�𝑓                �̇�𝑓 < 0

−𝑐𝑒 �̇�𝑓                �̇�𝑓 > 0
          (2) 

 

where 𝐶𝑐 and 𝐶𝑒 represent the damping expression in rebond 

and compression coefficient respectively, the force due to the 

helicoidal springs: 

 

𝐹ℎ𝑠 = ∆𝐹𝑓 − 𝑘(1 + 𝛼𝑠𝑓)𝑠𝑓           (3) 

 
The torque applied to the rear suspension is: 

 

𝑀𝑠𝑤𝑔 =
𝜕𝑔

𝜕𝛾
𝐹𝑠ℎ𝑜𝑘 = 𝜂𝐹𝑠ℎ𝑜𝑘           (4) 

 

where 𝐹𝑠ℎ𝑜𝑘 represents the shock force. 

 

 
 

(a) Spring force vs spring compression 

 
 

(b) Shock force vs shock compression 

 

Figure 1. Suspension force charachterstic 

 

2.2 Characteristic of tires 

 

The tire is the most important components in the vehicle, so 

the performance of vehicles and comfort of the ride are largely 

influenced by the characteristics of the tires, the tire forces 

moments, longitudinal slip and sideslip are essential 

parameters for improving vehicle safety, steering ability and 

comfort. The orientation of force and moment of the tire are 

defined in the Figure 2.  

 

 
 

Figure 2. Tire kinematic 

 

There are two approach for modeling the tire; linear and 

nonlinear modelling, in the linear modelling, the tires are 

modeled as linear dampers and springs.  

  

𝐹𝑦𝑓 = 𝐶𝑓1𝛼𝑓 + 𝐶𝑓2𝜑𝑓 

𝐹𝑦𝑟 = 𝐶𝑟1αr + 𝐶𝑟2𝜑𝑟                       (5) 
 

The nonlinear model is based on the Magic Formula, H. 

Pacejka [10] presents a recent model of the Magic Formula. 

The MF tire is sufficiently applicable to evaluate the general 

behavior of the vehicle but less applicable to evaluate the 

dynamic behavior of the tire in range of frequency limited to 

8 Hz. Successful validation of the model of the motorcycle is 

entirely dependent on the contact described between the road 

and the vehicle due to the considerable influence of the 

properties of the tires on the driving of the vehicle. As a result, 
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a tire model will be developed based on Pacejka's "magic 

formula". The model generates the longitudinal and lateral 

forces, and the aligning torque, in the form: 

 

𝑦(𝑥) = 𝐷 𝑠𝑖𝑛[𝐶𝑎𝑟𝑐𝑡𝑎𝑛[(1 − 𝐸)𝑥 + (𝐸/𝐵) 𝑎𝑟𝑐𝑡𝑎𝑛(𝐵𝑋)]]            
(6) 

 

where 𝒚(𝒙)  is the output variable and is defined as the 

longitudinal force 𝐹𝑥= y(𝒌, 𝜶, 𝜸, 𝑭𝒛) or the lateral force, 𝐹𝑦= 

(𝒌, 𝜶, 𝜸, 𝑭𝒛 ), and self-aligning torque 𝑴𝒛 = 𝑴𝒛(𝒌, 𝜶, 𝜸, 𝑭𝒛), 
X is defined as the input variable: the longitudinal slip 𝜅 as 

input for longitudinal forces or the lateral slip 𝛼 as input for 

lateral forces. The interpretations of the remaining parameters 

in Equation are given in the LMS Virtual Lab software, the tire 

model is defined by a series of formulas that relate to the 

theory of the magic formula. For nonlinear simulation, a code 

is developed whose integrators include and DAE/ODE based 

algorithms, nonlinear motion differential equations being used, 

the only solution to predict kinematic and dynamic behavior is 

a digital time history of locations, orientations, forces, etc., 

each historical solution depends on the initial conditions 

chosen, and the result can sometimes vary considerably and 

unpredictably, even with small modifications of these initial 

conditions. 

The following steps represent the overall architecture of the 

simulation program and the integration for the unit test and for 

the integration test necessary for the simulation of the dynamic 

behavior of the pneumatic element: 

 

 
 

Figure 3. Architecture of the simulation of Tire 

 

In the following plots, the results of pure interaction 

coefficients identification are presented: 

 

 
 

(a) longitudinal force (pure longitudinal slip) 

 

 
 

(b) lateral force (pure side-slip) 

 

 
 

(c) lateral force (pure longitudinal slip) 

 

 
 

(d) longitudinal force (pure side-slip) 

 

 
 

(e) lateral versus longitudinal force (combined slip) 

 

Figure 4. Typical tire characteristics 

 

The resulting diagrams describe some Typical Tire 

Characteristics, the figures show the variations of 𝐹𝑦  and 𝐹𝑥 

been for several fixed values of side slip and pure slip, the 

lateral and longitudinal forces under pure and combined slip. 

The envelope of longitudinal and lateral tire forces, obtained 

by varying the side slip angle 𝛼. 
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2.3 Biomechanical rider 

 
In PTW vehicles, especially the bike, the rider accounts for 

nearly 90 % of mass and inertia. It is therefore important to 

directly quantify inertia, mass, and centers of mass. In order to 

understand the influence of rider, various rider and approaches 

for modeling the rider were used in the literature. Modeling a 

motorcycle rider is a difficult task. So the rider of automotive 

vehicle is limited in the output of the steering control to the 

interaction with the steering wheel, the rider of the motorcycle 

has a number of control options. The rider can use his 

handlebars to apply torque steering, move his weight by 

applying forces with his hands, feet, and knees [11-12]. 

The LMS Virtual Lab modeling software was used to 

construct a parametric driver model, which could describe a 

modeling subject by developing a multibody model in a 

suitable form. Overall, the rider has 24 Degree of freedom, five 

of which are controlled, while the others are activated 

indirectly. The choice of the types of constraints applied to the 

connections between the different bodies was mainly based on 

the study of the kinematics activated by the rider while the 

execution of the maneuvers. The kind of joints composing the 

model are cited in Table 1:  

 

Table 1. Mechanical joint and links 

 
Connected bodies Joint type 

Arm-L -  forearm-L Revolute joint 

Arm-R, forearm-R Revolute joint 

Forearm-L, front-frame, Revolute joint 

Forearm-R, front-frame, Revolute joint 

Arm-L, upper-body1 Spherical joint 

Arm-R, upper-body 1 Spherical joint 

Upper-body,lower-body Revolute joint 

lower-body, Upper Leg –L Revolute joint 

lower-body, Upper Leg –R Revolute joint 

Upper Leg-L, Lower Leg –L Spherical joint 

Upper Leg -R, Lower Leg –R Spherical joint 

Pelvis, main-frame Planar joint 

lower-body, main-frame Spherical joint 

Head – Neck Spherical joint 

Neck Upper-body Revolute joint 

Head- Torso Fixed joint 

 

 
 

Figure 5. Rider model 

 

The constraints between the modeled driver and the 

motorcycle are: 

• Taking the hands on the handlebars. 

• The feet placed on the footrest. 

• The contact between the rider and the chassis. 

Table 2 shows the characteristics stiffness of different parts 

of the rider body. 

Table 2. Parameters of rider 

 

Symbole Parameter Value 

𝐾𝑦 lateral displacement of the pelvis 11935.63 

Nm/rad 

𝑐𝑦 Lateral displacement damping 60.61 Nm/rad 

𝐾𝐻 Arm stiffness 257Nm 

𝐶𝐻 Arm damping 12.8 Nm 

𝐾𝜑𝐿 Roll stiffness (Pelvis - Torso) 835 Nm/rad 

𝐶𝜑𝐿 Roll damping (Pelvis - Torso) 78 Nm/rad 

𝐾𝐾−𝑝 Stiffness (Upper leg - pelvis 

joint) 

300 Nm/rad 

𝐾𝐾−𝐾 Stiffness (Lower leg - upper leg) 200 Nm/rad 

 

 

3. MODELING, SIMULATION, AND CO-

SIMULATION 

 

Co-simulation approach is a pertinent solution to beat this 

important challenge of modelling. It consists of the theory and 

techniques to enable global simulation of a given Multiphysics 

system. We present in an informal manner, the concepts that 

will be used throughout this modelling. The object if of this 

part is to connect the geometric model to the Simulink model. 

A control system has been created where the number of 

required inputs and outputs has been specified. The 

architecture diagram of the flow represented in Figure 6. 
 

 
 

Figure 6. Architecture of co-simulation 

 

The logic diagram shown in Figure 7 can realistically 

simulate the dynamics of the motorcycle rider system: 
 

 
 

Figure 7. Architecture of the co-simulation technique 
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3.1 Multi-body modeling 

 

a. Motorcycle Model 

 

 
 

Figure 8. Motorcycle model 

 

The dimensions of the components were chosen considering 

a real model of the motorcycle. The model consists 7 rigid 

bodies; the main body, the front fork, the front and rear 

suspension, the front and rear tires, and rider. These body parts 

are connected using appropriate joints in order to obtain the 

exact number of DOF. The considered PTW Vehicle contains 

a telescopic fork front suspension, a Swingarm rear suspension. 

The front includes the fork, handlebars, steering assembly, the 

front spring weight contains the lower fork and the front brake 

calipers. The road model is flat. 

 

b. Rider Control  

The rider has a prominent task in the control and the stability 

of motorcycle. Thus, the kinematics of the driver can be 

characterized and assessed according to the movement of the 

upper body, the trunk, the pelvis, the arms, and the legs. The 

driver's pelvis is particularly important because it is in direct 

contact with the chassis of the motorcycle. The geometric 

structure of the bodies and joints forming a rider is illustrated 

in Figure 8, it is assimilated to a poly-articulated arborescent 

structure of solids, and it is composed of 15 rigid bodies, the 

model of the driver comprises 15 rigid bodies. Our main task 

is to construct an integrated system of a rider and the 

motorcycle model which are interactive and dynamic. The 

action of the rider modifies the movements of the motorcycle, 

such as steering, leaning, and pitching of the body, weight shift, 

and knee grip, is represented by combining the D.O.F 

mentioned above as follows: 

• Steering is represented by torques acting at the revolute. 

(Joints of elbow to rotate handlebars). 

 

𝑇𝑒𝑙 = −𝐾𝑠𝑡𝑟𝑃
(𝜑𝑑 − 𝜑) − 𝐾𝑠𝑡𝑟_𝐼 ∫(𝜑𝑑 − 𝜑) + 𝐾𝑠𝑡𝑟_𝐷�̇�             

(7) 

 

where 𝜑𝑑is the desired lean angle. 

• Leaning of the body is represented by torques acting at the 

revolute joint of waist. 

 

𝑇𝜑 = −𝐾𝐿𝑡𝑟𝑃
(𝜑𝑑 − 𝜑) − 𝐾𝐿𝑡𝑟_𝐼 ∫(𝜑𝑑 − 𝜑) + 𝐾𝐿𝑡𝑟_𝐷�̇�             

(8) 

 

• The torque of the lateral displacement of the driver 

relative to the motorcycle is: 

 

𝑇𝐻 = 𝐾𝑝3 {𝐶2(𝜑𝑑 − 𝜑𝑟𝑖𝑑𝑒𝑟) +
1

𝜏𝑖
∫ 𝜏𝑖(𝜑𝑑 − 𝜑𝑟𝑖𝑑𝑒𝑟)𝑑𝑡 +

𝑡

0

𝜏𝑑 (
𝑑(𝜑𝑑−𝜑𝑟𝑖𝑑𝑒𝑟)

𝑑𝑡
)}  (9)      

where 𝑦𝑑 is the lateral displacement of the driver pelvis, and 

𝜑𝑟𝑖𝑑𝑒𝑟 , its angle of inclination of the torso. 

• The legs of the rider used as kinematics to control 

transverse movements of the motorcycle. 

 

𝐹 = 𝐾𝑝2 {𝐶1(𝜑𝑑 − 𝑦𝑑) +
1

𝜏𝑖
∫ 𝜏𝑝(𝜑𝑑 − 𝑦𝑑)𝑑𝑡 + 𝜏𝑑

𝑡

0
(

𝑑𝑦𝑑

𝑑𝑡
)}          

(10) 

 

The remaining coefficients 𝐶1  and 𝐶2  are additional gains 

used to move the actuators from the active type to the passive 

type. Indeed, if 𝐶1  or 𝐶2  is zero, the corresponding expression 

returns the force (torque) generated by a linear (rotational) 

damping set. 

 

c. Controller design 

In this part, the control design has been described. First, the 

general control model is explained by giving a clear overview 

of the controller model structure. Secondly, the different kind 

of controllers are explained. This is done mainly by presenting 

the controller structure. The general control model is shown in 

Figure 9. The blocs represent Matlab functions, the error is 

calculated for both path tracking and stability criterion, for the 

stability of lean, yaw angle, and steering angle, velocity, and 

active action of rider. 

 

 
Figure 9. Control structure 

 

 

4. SIMULATION ET DISCUSSION 

 
The analysis consisted of 3 successive steps: kinematic and 

dynamic modeling of the motorcycle rider system, Control, 

and simulation. 

 

 
 

(a) Eigenvalues straight running motorcycle 
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(b) Path following 

 

 
 

(c) Rider Lean angles 
 

 
 

(d) Lean Rate angle 
 

 
 

(e) Hip angle 
 

 
 

(f) Pitch angle of rider 

 
 

(g) Steering torque 

 

Figure 10. Simulation results 

 

The results of the frequency analysis are presented in Figure 

10.b, which shows the real part of the eigenvalues. The 

analysis is made in speed varies from 1 to 50 m/s. The 

vibratory modes in are highlighted are: weave, wobble. It can 

be seen that all modes tend to approach instability with 

increasing speed. This is natural if one thinks that with the 

increase of the speed, the energy available for the 

establishment of the movement also increases. 

Although in this case, the wobble and weave modes remain 

well-damped over the entire speed range. The motorcycle does 

not exhibit stability problems at high speed under constant 

speed conditions. The damping in high-speed steer mode 

improves as the roll angle in steady-state increases, with 

increases being accompanied by increases in the frequency at 

high-speed steer mode. Increasing the roll angle has no 

marginal effect on high-speed sway damping, which is 

accompanied by a reduction in the sway frequency speed. The 

main criterion for a stabilized reversal mode is a vertical 

position of the motorcycle or an inclination of the vehicle 

corresponding to a lateral acceleration given by the radius of 

curvature. 

The Figure 10.b shows the driven path by the controller 

compared with the path as described for the model. From the 

figure, it is concluded that the motorcycle model is driven 

correctly through the lane change. The rider model reacts in 

time and the slope of the path is steep enough to finish the 

maneuver in time. The model shows little overshoot, though it 

has a little too much undershoot. However, this is well within 

the limits of the lane change paths. The path control is based 

on the concept of the preview error and the actual error. The 

most important controller action is thought to be the 

feedforward preview control for the path.  

The graphs show 10.g the steering torque that has a very 

good correlation with the lean rate with the yaw rate. The peak 

of especially the positive steering torque seems rather high, the 

maximum exerted a torque on the handlebars is 30 N.m for a 

time period of less than a second. It has been a very dynamical 

one which required a subjectively reasonable amount of effort.  

The graphs show lean and yaw rates, the simulated lean rate, 

it has a qualitatively similar result compared with the steering 

angle, and the results look very promising.   

 
 

5. CONCLUSION 

 

To conclude, the co-simulation is an essential step of 

modeling and dynamic analysis; it which represents a unified 

approach and powerful tool for modeling a Multiphysics 

system, control, and diagnosis of Two-wheeled vehicles. Not 

only that but we can define the PTW as a mechatronic system, 
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where run several energies: mechanical, electrical, pneumatic, 

thermal it is submissive to many problems, strong coupling 

with the environmental sub-systems and variant energies. In 

point of fact four levels of modeling (technological, physical, 

mathematical and algorithmic) can be presented due to its 

functional, structural, behavioral and causal properties. In 

addition, vehicles are complex systems consisting of different 

subsystems in many physical domains that dynamically 

interact. In this regard, co-simulation strategies are particularly 

attractive as each subsystem is solved via tailored simulation 

tools with appropriate numerical methods regarding efficiency, 

and accuracy and integrating all fields. In this article, we 

presented the co-simulation strategies of dynamic modeling of 

the motorcycle. The research covered a wide range of topics, 

including modeling, simulation, and control of two-wheeled 

vehicles respecting a number of design and analysis 

considerations, including the integration of dynamics. Not 

only that, but we dealt also with another potential interest 

which showed how the knowledge of human behavior on the 

dynamics of a road vehicle and test the impact of the driver's 

motion on the behavior of the motorcycle and ameliorate the 

safety and security in an existed environment. 

It is recommended to develop and implement an intelligent 

tool that secures the driver. This tool would be useful in 

assessing the body movements in real time and automatically 

distinguish normal driving after an accident using advanced 

algorithms, as to recognize the relevant characteristics, driving 

parameters (driving style, road characteristics, handling of 

curves). 
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