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Abstract—In this study, the model-based 
design steps in the design of cyber physical 
systems requiring multi-disciplinary study is 
shown on a two-wheeled self-balancing robot. A 
3D model of the two-wheeled robot is designed 
and implemented on a 3D CAD software; 
consequently, the required components and 
mechanical parameters are determined. The 
obtained data is transferred to MATLAB™ and 
forward and inverse kinematic analysis is 
performed. The system is modelled in Simulink 
and the control algorithm is optimized. The 3D 
simulation is run by using the obtained data and 
the control algorithms. 
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I. INTRODUCTION 

A cyber-physical system (CPS) is a system that 
cooperating computational parts with physical 
components work together. In our daily lives, CPS 
comes up as smart buildings, smart networks, air 
traffic control, advanced production machines, defense 
systems, smart transportation, smart medical 
treatment and diagnostic devices, autonomous cars 
and robots [1], [2]. Regardless of the product 
produced, today, the companies had to launch their 
products in the shortest time and at the lowest cost if 
they wanted to be successful in the competitive 
market. The way to do this is to give the engineering 
organization an innovative structure that can follow 
technological developments [3]. 

Due to the customer requirements, tightening 
safety and environmental regulations, and market 
competition, the number of components in each 
product continues to rise. Making all the components 
work together becomes increasingly difficult, hindering 
the design and implementation of innovative features 
[3], [4]. 

The key challenges of innovation and complexity 
place pressure on engineering organizations from 
every perspective—not only technical, but also 
organizational, administrative, and cultural. Engineers 
must design systems comprising many parts so that all 
the parts work together. Often they must do so within 
shrinking development schedules, working with 
geographically scattered teams, and using 

development methodologies rooted in an Industrial 
Age culture, with its bureaucratic corporate structure 
and hard boundaries between departments [5]. 

Some organizations tackle system complexity by 
removing features or by simply accepting lower 
performance. In other words, requirements are 
changed to fit what has been made, and innovations 
are deferred or canceled [2], [6]. Other organizations 
tackle the problem by hiring more engineers. This 
approach can only work to a degree. As an 
organization grows, there arise new challenges such 
as communication and knowledge sharing between 
departments and groups [7]. 

The two-wheeled self-balancing robot attracted 
attention as a solution to this issue. Thus, it has been 
the subject of many studies. The main reason it 
perceives is that there is a balance problem. This 
balance problem is solved based on the pendulum 
model. Therefore, one should understand the 
mathematical model of the robot built upon the 
pendulum model in detail. The inverted pendulum 
problem has been a complex problem. Motion 
equations are non-linear. In obtaining these equations 
from the Newton motion law, Lagrange energy method 
or similar dynamic approaches must be utilized. In the 
study of Bugeja the system for the pendulum has 
become a reference feedback linearization technique, 
which also takes into account the energy of the 
pendulum, a hybrid approach by analyzing the 
situation feedback methods for balancing [8],[9].  

This paper provides arguments to enable engineers 
to use model-based design within their organization. It 
provides a road map to the major concepts of Model-
Based Design, and shows how these concepts used 
together or individually, can help to make any 
organization more efficient and better prepared to 
meet the challenges of change, complexity, and 
innovation. 

II. MODEL BASED DESIGN 

Model-Based Design is established on eight core 
concepts: executable specification, system-level 
simulation, what-if analysis, model elaboration, virtual 
prototyping, continuous test and verification, 
automation, knowledge capture and management [7], 
[10].  
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An executable specification is a model that 
encapsulates all design information, including 
requirements, system components, and intellectual 
property (IP), and test scenarios. It can be a model of 
the environment with uses cases that the embedded 
software needs to manage, or a high-level algorithm 
model that specifies the implementation’s exact 
behavior. In system-level simulation, a model of the 
entire system is simulated to investigate system 
performance and component interactions. It can use to 
validate requirements, check the feasibility of a project, 
and conduct early test and verification. What-if 
analysis is a simulation method used to test ideas and 
learn about the system. What-if analysis can be 
performed to test a single component or to investigate 
the interactions of all components in the system [2].  

Model elaboration begins once you have simulated 
the high-level system model to verify requirements. 
When the model yields the desired results, details and 
refinements are added, and the model is simulated 
again.  Common refinements include converting from 
floating point to fixed point, converting from continuous 
time to discrete time, replacing a behavioral actuator 
model with a detailed actuator model, and adding 
signals for diagnostics. Virtual prototyping is a 
technique that uses simulation to validate a design 
before hardware is available. In cases where the plant 
and environment are not yet fully known or 
understood, such as a mechanical construction, it may 
be necessary to use a hardware prototype for 
experiments to build the model. The knowledge 
acquired from these experiments is then stored in the 
model, where it can be transferred to other developers, 
departments, suppliers, and customers. 

Virtual prototypes save development time because 
building a model is usually much faster than building a 
physical prototype. Virtual prototypes also reduce cost 
and increase innovation as they enable a team quickly 
and safely try out new concepts. In many situations, a 
model can replace a test rig. Using a model reduces 
development bottlenecks, since test rigs are often a 
scarce resource. Continuous test and verification is the 
practice of simulating a design at every stage of 
development. It is used to identify faults as soon as 
they are introduced into the design. Continuous test 
and verification can take different forms, and it can be 
conducted at different levels, depending on the 
complexity of the system and the stage of 
development.  

Automation is the practice of using scripts and tools 
to perform repetitive tasks or tasks that are error-prone 
when performed manually. In model-based design, 
models are the primary source of project information. 
That knowledge includes not only design specifications 
and details about the system under development, but 
also product knowledge, team members’ design 
expertise, past experience, and design best practices. 
The models become a common language for the 
transfer of information within teams and with 
customers and suppliers. Because the models can be 
executed or simulated, the knowledge they contain 
increases as understanding of the system grows. 

III. CASE STUDY TWO-WHELED SELF BALANCING 

ROBOT 

Many robots use wheels to move because they are 
much simpler to develop than legs. They only require a 
motor to drive the wheels directly, and sometimes to 
steer the wheels, whereas legs often have complex 
mechanisms in order to make contact with the ground 
and provide a driving force. 

Many robots will have three wheels for perfectly 
constrained static stability. The third wheel is often a 
holonomic wheel such as a castor wheel. This allows a 
robot to use differential control of two main driving 
wheels to track a reference trajectory. The advantage 
of differential drive is its simplicity. For higher speeds 
in motor vehicles, automobiles use 4 wheels because 
a support polygon of twice the area can be obtained, 
so that stability can be maintained in the presence of 
higher accelerations which result in higher moments 
making tip-over more likely. However, with more 
wheels, more complex mechanisms for driving are 
required, such as control of steering and, sometimes, 
individual control of wheel speeds. 

A parallel two-wheeled robot has two co-axial 
wheels attached what is referred as an intermediate 
body. 

This configuration of wheels is highly maneuverable 
because of its ability to turn on the spot by differential 
drive control of the two wheels. 

A. Mechanical Design  

In any cyber physical system (CPS) design, there is 
always room for mechanical improvements to make 
the design more efficient, especially in terms of 
strength-to-weight properties of any structural 
components. This requires both a thorough 
understanding of the applied loads and a thorough 
analysis of the stress developed under the loads [11].  

Two-wheeled mobile robot chassis should be 
designed with minimal consideration for both of these 
requirements because the geometric interfaces are the 
critical design factor, making it the most likely 
candidate for design improvement and mass reduction. 
This highly integrated chassis design would likely 
improve the system performance, although at the 
expense of design time, machining time, and 
increased cost. Alternatively, carbon fiber or aluminum 
honeycomb panels could be used for some of the 
structural plates in the chassis design, which weigh 
less than solid aluminum plates. In addition, the 
bearings and support plates at the boom connection 
joint make up a substantial percentage of the chassis 
weight and are likely oversized. An analysis of the 
chassis loads can lead to reduction in the boom joint 
size and another considerable weight savings [12]. 

In this study, design process has been handled by 
SOLIDWORKS, a commercial 3D Cad (Computer 
Aided Design) software. The main purpose of the 
study was to construct a mathematical model of the 
manipulator and analyze it, so it was preferred to 
create a basic and simple CAD model instead of a 
complicated one. 
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The completed two-wheeled mobile robot 3D model 
side view shown in Fig.1, consisting all of the 
subsystems, with the addition of the sensors and 
control electronics. Two-wheeled mobile robot is a 
highly integrated system, and the assembly 
procedures are not quite as simple as joining all the 
subassemblies together. A complete documentation 
package ensures that any parts on two-wheeled 
mobile robot can be replaced and that the system can 
be disassembled and reassembled simply by 
referencing the documentation. 

 
Fig. 1. Generel view of two-wheeled mobile robot 3D 

Model. 

B. Mathematical Model  

Before studying traction control of the two-wheeled 
robot, a suitable model for the robot should be 
determined for simulation purposes so that model-
based controllers can be designed. There exist a 
number of models of differing fidelity, and accounting 
for various dynamics. Some group of researchers 
prefer using Newton’s equations of motion 
[13][14][15][16]. The others prefer using Euler-
Lagrange equations [17][18][19][20]. These two 
methods use differential and integral calculus. Kane 
proposes new method which is based on vector 
approach [21]. 

The two-wheeled balance robot is similar to the 
reverse pendulum in many aspects, thus it can be 
modeled based on the reverse pendulum problem, 
which is a fully solved system. The inverted pendulum, 
as seen in Figure 3 has two main parts, pendulum and 
car. The pendulum, which is free in the vertical axis, 
the place affecting its weight it cannot keep its balance 
with the effect of gravity. For this reason, between the 
pendulum and the vertical axis an angle occurs. The 
force, F, acting on the carriage carrying the pendulum, 
controls the angle θ. The dynamic correlation between 
the force and the angle, θ, can be obtained by various 
mathematical methods. The most common method 
they use is the Lagrange energy method. Thus, 
mathematical relations can define obtained system 
dynamics. 

 

Fig. 2. Inverted pendulum on a chart. 

The energy equation of the balancing robot 
according to the physical parameters is given in (1). 

𝑇 =
1

2
𝑚𝑣2 +

1

2
𝐼𝜔2 (1) 

The position of the wheel's center of gravity, the 
relation of the pendulum's center of gravity, and the 
related general kinetic energy equations are given in 
(2)-(6) respectively. 

𝑥2 = (𝑘 + 𝑙𝑠𝑖𝑛𝜃)𝑖 + (2𝑎 + 𝑙𝑐𝑜𝑠𝜃)𝑗   (2) 

𝑣1 = �̇�1 = �̇�𝑖     (3) 

𝑣2 = �̇�2 = (�̇� + 𝑙�̇�𝑐𝑜𝑠𝜃)𝑖 + (−𝑙�̇�𝑠𝑖𝑛𝜃)𝑗 (4) 
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1
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𝑀𝑣1

2 +
1

2
𝑚𝑣2

2 +
1

2
𝐼�̇�2   (5) 

𝑇 =
1

2
𝑀�̇�2 +

1

2
𝑚[�̇�2 + 2�̇��̇�𝑙𝑐𝑜𝑠𝜃 + 𝑙2�̇�2] +

1

2
𝐼�̇�2 (6) 

We obtained the potential energy as in (7) and (8). 

𝑉 = 𝑚𝑔ℎ     (7) 

𝑉 = 𝑚𝑔𝑙(1 − 𝑐𝑜𝑠𝜃)    (8) 

Lagrange equations were calculated as in (9)-(15). 

𝐿 = 𝑇 − 𝑉     (9) 

𝐿 =
1

2
𝑀�̇�2 +

1

2
𝑚[�̇�2 + 2�̇��̇�𝑙𝑐𝑜𝑠𝜃 + 𝑙2�̇�2] +

1

2
𝐼�̇�2 −

𝑚𝑔𝑙(1 − 𝑐𝑜𝑠𝜃)     (10) 

𝑑

𝑑𝑡

𝜕𝐿

𝜕�̇�𝑖
−

𝜕𝐿

𝜕𝑞𝑖
= 𝑄𝑖    (11) 

𝑞1 = 𝑘  𝑞2 = 𝜃          (12) 

𝑑

𝑑𝑡

𝜕𝐿

𝜕�̇�
= (𝑀 + 𝑚)�̈� + 𝑚𝑙𝑐𝑜𝑠𝜃�̈� − 𝑚𝑙𝑠𝑖𝑛𝜃�̇�2 (13) 

𝑑

𝑑𝑡

𝜕𝐿

𝜕�̇�
= (𝑚𝑙2 + 𝐼)�̈� + 𝑚�̈�𝑙𝑐𝑜𝑠𝜃 − 𝑚𝑙�̇�𝑠𝑖𝑛𝜃�̇� (14) 

𝜕𝐿

𝜕𝜃
= 𝑚�̇��̇�𝑙𝑠𝑖𝑛𝜃 + 𝑚𝑔𝑙𝑠𝑖𝑛𝜃   (15) 

After obtaining Lagrange expressions, dynamic 
parameters was established according to generalized 
forces given in (16)-(19). 

𝑑

𝑑𝑡

𝜕𝐿

𝜕�̇�
−

𝜕𝐿

𝜕𝑘
= 𝑢    (16) 

𝑢 = 𝐹 − 𝑏�̇�     (17) 

(𝑀 + 𝑚)�̈� + 𝑏�̇� + 𝑚𝑙𝑐𝑜𝑠𝜃�̈� − 𝑚𝑙𝑠𝑖𝑛𝜃�̇�2 = 𝐹      (18) 
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𝑑

𝑑𝑡

𝜕𝐿

𝜕�̇�
−

𝜕𝐿

𝜕𝜃
= 0             (19) 

Since there is no external force on the body, the 
equation is equal to zero as given in (20). 

(𝑚𝑙2 + 𝐼)�̈� + 𝑚�̈�𝑙𝑐𝑜𝑠𝜃 − 2𝑚𝑙�̇�𝑠𝑖𝑛𝜃�̇� − 𝑚𝑔𝑙𝑠𝑖𝑛𝜃 = 0  
       (20) 

As a result, two parametric equations were found 
as in (21) and (22). 

�̈� =
𝐹−𝑏�̇�−𝑚𝑙𝑐𝑜𝑠𝜃�̈�+𝑚𝑙𝑠𝑖𝑛𝜃�̇�2

(𝑀+𝑚)
   (21) 

�̈� =
𝑚𝑔𝑙𝑠𝑖𝑛𝜃+2𝑚𝑙�̇�𝑠𝑖𝑛𝜃�̇�+𝑚𝑙𝑠𝑖𝑛𝜃�̇�2

(𝑚𝑙2+𝐼)
   (22) 

The above equations were embedded as Matlab 
functions in Simulink as shown in Fig. 3, and simulated 
for a certain force and the simulation result is given in 
Fig. 4 for robot angle response. 

 
Fig. 3. Nonlinear robot dynamics block diagram. 

 

 

Fig. 4. Robot angle response to 1N disturbance force. 

C. Controller Design  

In this study, the control algorithm for balancing 
robot was implemented by fuzzy logic. The angle of 
the body to be controlled was measured with an 
accelerometer. For this, firstly, PID control was applied 
to the system and the behavior of the system was 
given (Fig. 5). After this stage, fuzzy logic was 
adopted. 

 
Fig. 5. Self Balancing Robot Crisp PID Block Diagram 

Matlab Tuning found the gains of the system as 
above. After that, fuzzy logic P was tried as given in 
Fig. 6. 

 
Fig. 6. Self Balancing Robot Fuzzy P  Block Diagram 

The input to the Robot Dynamics block can be 
calculated as 

(𝑓(𝑒 ∗ 𝐺𝐸))𝐺𝑈 = 𝑈     (23) 

By using a linear approach, we can simulate the 
fuzzy block to the normal system 

𝑓(𝑒 ∗ 𝐺𝐸) ≅ 𝑒 ∗ 𝐺𝐸    (24) 

Accordingly, we obtained the new equation as 
given in (25). 

(𝑒(𝑛) ∗ 𝐺𝐸)𝐺𝑈 = 𝑈    (25) 

We can find the control parameters by typing the 
classical P equation and simulating (25). 

𝐾𝑝(𝑒(𝑛)) = 𝑈    (26) 

𝐾𝑝 = 𝐺𝐸 ∗ 𝐺𝑈    (27) 

We can find fuzzy logic gains according to 𝐾𝑝 

values that we found in the real system. 𝐾𝑝  values 

must be in the range of error given in (28). 

𝑒 = [−𝜋 + − 𝜋]    (28) 

Accordingly, the gain values found were as follows: 

𝐺𝑈 = 0.03     (29) 

𝐺𝐸 = −1000     (30) 

Membership functions of the system are in Fig. 8 
and Fig. 9. 

 
Fig. 7. Error Membership Function. 
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Fig. 8. Output Membership Function 

 
Fig. 9. Robot Angle Response to Disturbance Force 

IV. RESULT AND DISCUSSION 

Two 12 V motors with 29:1 gear ratios were used to 
control the robot. Two 90 mm Pololu wheels were 
mounted directly to the gearboxes. The battery was 
attached to the top with Velcro. The Speed Controller, 
IMU, and microcontroller were mounted to the frame of 
the robot. The dimensions of the robot are 3.5x7.5x9 
cm. The main supports are 3/8 inch threaded stock, 
and the platforms are ½ mm Plexiglas. A piece of 
heavy iron was attached to the top of the robot with 
heat-activated adhesive, where this weight at the top 
helps the robot stay balanced. 

The two-wheeled mobile robot is implemented 
using a Cortex-M4 microcontroller on an STM32F401 
Black pill development board [22]. The microcontroller 
interfaces directly with the Invensense MPU-6050 IMU 
via the I2C protocol [23]. The microcontroller also 
interfaces directly with the LM298N Motor Shield 
Electronic Speed Controller via Pulse Width 
Modulation (PWM) [24]. The Motor Shield controls the 
speed of the DC motors based on the PWM signal it 
receives from the microcontroller and the direction 
based on two lines the microcontroller drives. The 
Motor Shield connects directly to an 11.1V Lithium 
Polymer 3-cell battery. The motor shield has a 5V 
output port used to power the microcontroller. 

The robot is able to stay upright and balanced for 
as long as the battery has power. It is also fairly good 
at recovering from disturbances. The performance and 
functionality of the design were adequate for the 
specified requirements. 

In Fig. 10, the experimental operation of the designed 
robot is presented while carrying the full glass without 
spilling the beverage inside. 

 
 

Fig. 10. Experimental set-up of the robot carrying a full 
glass. 

V. CONCLUSION 

This paper presented model-based design 
approach to develop an autonomous 3D two-wheeled 
robot. The proposed methods use the advantages 
offered by computer aided design software package, to 
determine critical parameters that included the dc 
motor, the gearbox, the motor drivers, control 
algorithms and the wheel size. The system parameter 
mapping process was categorized into five steps that 
detailed the relationships between the critical 
parameters and the design variables. Also as part of 
the mapping process, design constraints were 
established to limit the search size based on factors 
that included expected performance, size constraints, 
and safety concerns, among others. Each 
configuration’s performance was evaluated and the 
simulations results were presented. 
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