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ABSTRACT

The vehicle suspension is responsible for ride comfort and stability as the suspension system
carries the vehicle mass and transmits all forces between body and road. The design of the
suspension system involves an optimization process as it is not possible to provide both ride
comfort and stability simultaneously. Thus, a better suspension can be designed through an
optimization process to provide optimum ride comfort and optimum road safety for vehicles.
Initially, the model-based controller is designed with a quarter car model for active
suspension. But it cannot be used to measure the pitch and roll motion of the vehicle. Both
quarter car and half car model does not model the actual system for practical applications.
Hence, an accurate model for the actual system needs a full car model with seven degrees of
freedom. The inherent complex nonlinear full car model for active suspension and the
presence of parameter uncertainties in actuator dynamics have increased the difficulties in
applying conventional linear control techniques to full car model-based hydraulic actuated
active suspension systems. Recently, the combination of sliding mode, fuzzy logic, and neural
network methodologies have emerged as a promising technique for dealing with complex
uncertain systems. The objective of this thesis is to develop an intelligent fuzzy-PID controller
for tuning the membership function of the fuzzy controller to optimize the performance of the
active suspension. Intelligent control schemes can control the un-modeled part of the
suspension dynamics which are simple to realize and can yield accurate control. The whole
research work is classified into three different divisions namely system modeling, controller
design and simulation. The performance of the developed Intelligent Fuzzy-PID controller
measured by using Software in the Loop (SIL) simulation and also in the real-time control
platform for the active suspension. The development of an Intelligent Fuzzy-PID control for
realistic full model-based active suspension outperform the existing conventional controllers
with regard to body acceleration, body displacement, roll angle and pitch angle. The real
active suspension should be tested on real road with varying disturbance in order to assess the

effectiveness of developed controller.

Keywords: Active Suspension, Intelligent fuzzy-PID, Full car, Ride comfort, Simulation.
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CHAPTER ONE: INTRODUCTION
1.1. Background of the study

The suspension system consists of a spring and oil damper interconnected between the vehicle
body and tire. The spring isolates the vehicle body from road disturbances by carrying the load
of the vehicle. The damper contributes dissipation of energy to provide both ride comfort and
stability, (Samsuria et al., 2018). The main purpose of suspension is to provide better ride
comfort and stability to vehicles. Ride comfort is always linked with the amount of energy
transmitted through the suspension system. Similarly, the stability of the vehicle is linked to
the vertical motion of the tires. Hence, a soft suspension provides better ride comfort to
passengers at the cost of low stability, while a hard suspension provides better stability to

vehicles at the cost of low ride comfort.

The suspension system is made up of three major components: a structure that supports the
weight of the vehicle and determines suspension geometry, a spring that converts kinematic
energy to potential energy or vice versa, and a shock absorber, which is a mechanical device

designed to dissipate kinetic energy.

A vehicle's suspension attaches the wheels to the body while supporting the vehicle's weight.
It facilitates for relative motion between the wheel and the vehicle body; theoretically, a
suspension system should reduce the degree of freedom (DOF) of a wheel from 6 to 2 on the
rear axle and 3 on the front axle, despite the fact that the suspension system must support
propulsion, steering, brakes, and their associated forces. Vertical movement, rotational
movement about the lateral axes, and rotational movement about the vertical axes due to steer

angle are the relative motions of the wheels.

As mentioned previously, it is a common misconception that a suspension system's primary
purpose is to smooth out bumps in the road. In reality, a vehicle's suspension must meet a
number of requirements, some of which are partially at odds with one another because of
various operating circumstances. All forces and moments between the vehicle's body and the
ground pass through the suspension since it connects the body to the ground. As a result, a
vehicle's dynamic behavior is directly influenced by the suspension system. Three main
principles are commonly used by automotive engineers when analyzing the suspension

system's functioning.
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Ride Comfort: How a passenger feels inside a moving vehicle is used to describe ride
comfort. The suspension system's primary function is to isolate the vehicle body from
road disturbances. In general, the amount of vibration in the passenger compartment
may be used to measure ride quality. A vehicle has several internal and external
vibration sources. The engine and transmission of the car are examples of inner
vibration sources, whereas road surface imperfections and aerodynamic forces are
examples of outer vibration sources. According to frequency ranges, the vibration
spectrum can be separated into pleasant (0—25 Hz) and noisy and severe categories
(25-20,000 Hz).

Road Holding: The vehicle body is subjected to forces at the point where a wheel
makes contact with the road thanks to the suspension system. Road holding is one of
the key responsibilities of the suspension system since the magnitude and direction of
the forces impact the behavior and performance of the vehicle. The normal tire force,
which promotes turning, traction, and braking capabilities, directly affects the lateral
and longitudinal forces produced by a tire. If the variance in the typical tire load is kept
to a minimum, these terms are enhanced. The suspension's support of the vehicle's
static weight is its additional purpose. If the vehicle's rattling space needs are kept to a
minimum, this operation may be completed successfully.

Handling: An effective suspension system should make that the vehicle is stable during
every maneuver. Perfect handling, though, goes beyond stability. The vehicle should
follow the driver's steering, braking, and acceleration orders seamlessly and in
accordance to the driver's inputs. The conduct of the vehicle must be predictable, and
the driver should be informed of this behavior. Suspension systems have a variety of
effects on how a vehicle handles, including minimizing roll and pitch motion,

controlling wheel angles, and reducing lateral load transfer during turns.

The design of the suspension system involves an optimization process as it is not possible to
provide both ride comfort and stability simultaneously. Therefore, through an optimization
process, the improved suspension can be designed to provide the vehicle with optimum

ride quality and optimum road safety.
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1.2. Statement of the problem

Initially, a model-based controller is designed with a quarter car model for active suspension.
But it cannot be used to measure the pitch and roll motion of the vehicle. Both quarter and half
car model does not model the actual system for practical applications. Hence, an accurate

model of the actual system requires a complete car model with 7 degrees of freedom.

The inherent complex full car model for active suspension and the parametric uncertainty of
actuator dynamics have made it difficult to apply conventional linear control methods to

hydraulically actuated active suspension based on the full car model.

Recently, a combination of fuzzy logic, sliding mode and neural network methodologies
have emerged as a promising way to deal with complex and uncertain systems. Intelligent
control schemes, such as fuzzy logic controllers, can control un-modeled parts of suspension

dynamics which are easy to realize and provide precise control.

The development of intelligent fuzzy-PID control for realistic full car model-based active
suspension will outperform the existing conventional controllers with regard to body

acceleration, body displacement, roll angle and pitch angle.

1.3. General and specific objectives
1.3.1. General objective

The general objective of this thesis work is to develop an intelligent fuzzy-PID controller for

vehicle active suspension based full car model of the vehicle.
1.3.2. Specific objectives
The specific objectives are as follows:

= To develop an intelligent fuzzy-PID controller for tuning the membership function of
the fuzzy controller to optimize the performance of the active suspension.

= To measure the performance of the developed intelligent fuzzy-PI1D controller by using
software in the loop (SIL) simulation.

= To compare the drive comfort and stability of the passive suspension system and active

suspension system with PID controller and intelligent fuzzy-PID controller.
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1.4. Significance of the study

The thesis is all about providing optimum ride comfort and optimum road safety for vehicles.
The study provides an analysis of the 7 Degrees of Freedom (DOF) full car model for the
active suspension system. It also indicates a good controller that outperforms the existing
conventional controllers with regard to body acceleration, body displacement, roll angle and

pitch angle.

1.5. Scope of the study

The scope of this research is modeling and simulation of an intelligent fuzzy-PID controller
for a full car model to ride quality improvement of the active suspension system. And
developing a mathematical model for 7 Degrees of Freedom (DOF) of full car model for an
active suspension system based on the quarter car model. In this research quarter car model

and half car model mathematical model also analyzed.

1.6. Organization of the thesis

This thesis is organized into 7 chapters. Chapter 1 discusses the introduction to the suspension
system, a mathematical model for the suspension system and the control method for the active
suspension system. The problem statement, research objective, significance of the study and

research scope are also explained in this chapter.

In chapter 2 relevant literature on active suspension systems is reviewed. And also reviews
previous works regarding the design of controllers for active suspension. The research work
carried out on intelligent controllers is reviewed for quarter car, half car and full car model-

based active suspension.

Chapter 3 explains about research methodology, methods used in this research to obtain results,
data collection, data analysis and material used for this research.

Chapter 4 explains the mathematical model for the quarter car, half car and full car model of
active suspension systems. The Simulink model of quarter car, half car and full car model is

developed by using MATLAB software are also explained in this chapter.

Chapter 5 presents the controller design of an intelligent Fuzzy-PID controller and

simulations. And also PID controller is explained in this chapter.

Page | 4



Chapter 6 includes comprehensive discussion for the result analysis. The comparison between
the passive and active suspension system is performed by means of computer simulation using
MATLAB/Simulink software.

Chapter 7 covers is conclusion and recommendation parts. The outcomes of this research and

scope for future work has been suggested in detail.
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CHAPTER TWO: LITERATURE REVIEW

2.1. Introduction

Literature on active suspension systems shows that many researchers proposed control
systems for quarter car, half car and full car models. The model may be linear or nonlinear
without considering the effect of actuator dynamics. Few works were carried out on active
suspension by considering the effect of actuator dynamics. Generally, a model-based classical
controller was proposed for nonlinear active suspension. Nowadays, model-free intelligent
hybrid controllers were introduced for active suspension due to their ability to handle

nonlinearity and parameter uncertainty in actuator dynamics.

The ideal vehicle suspension should meet the following basic characteristics in terms of ride
comfort, reduction of dynamic road-tire forces, and reduction of relative motions between the
vehicle bodies. Controllable suspension systems are required to improve the compromise

between the conflicting demands, (Segla, 2007).

2.2. Types of the suspension system

The vehicle suspension is responsible for ride comfort and stability as the suspension system
carries the vehicle mass and transmits all forces between body and road. The addition of
adjustable dampers or springs greatly improves ride comfort and stability compared to fixed-
speed suspension setups. To positively influence these characteristics, semi-active and active
components are introduced, which allow the suspension system to adapt to different driving
conditions. Automobile suspensions can therefore be divided into three categories namely

passive, active and semi-active suspensions,(Avesh & Srivastava, 2012).
2.2.1. Passive suspension

The passive suspension can be considered as a spring (k) in parallel with a damper (c) placed
at each corner of the vehicle as illustrated in Figure 1. The characteristics of the dampers used
in a passive suspension are fixed. The choice of the damping coefficient is made considering

the classic trade-off between ride comfort and vehicle stability.
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_T i
Sprung mass

k o

Figure 1. Passive suspension system

A low damping coefficient will result in a more comfortable ride but will reduce the stability
of the vehicle. A vehicle with a lightly damped suspension will not be able to hold the road.
Negotiating sharp turns becomes a safety issue for vehicles. A high damping coefficient yields
a better road holding ability but reduces the ride comfort of the vehicle. Thus a compromise
between ride comfort and stability leads to new types of vehicle suspensions.

2.2.2. Semi-active suspension

In semi-active suspensions, the passive dampers are replaced with dampers capable of
changing their damping characteristics as illustrated in Figure 2. These dampers are called
semi-active damper (Savaresi et al., 2010). External power is supplied to them to change the
damping level. The control algorithm determines the damping level based on the information
the controller received from the sensors. But the amount of power required for controlling the
damping level of a semi-active damper is much less than that of the amount of power required
for the operation of an active suspension.

J i
Sprung mass

[
k Fﬁ Controller
]

( J

Figure 2. Semi-active suspension system
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Semi-active suspensions are more expensive than passive suspensions but much cheaper than

active suspensions, so they are becoming more and more popular in commercial vehicles.

2.2.3. Active suspension

J ;
Sprung mass
l
k Force Controller
actuator I
J

Figure 3. Active suspension system

L

In active suspension, an actuator is placed in between the wheel and vehicle body along with
the suspension system, (Li et al., 2013)as depicted in Figure 3. The advantage of this is that
the force actuator can generate a force in any direction, regardless of the relative velocity
across it, while a passive damper can only dissipate energy. A well-designed controller for
active suspension can provide a compromise between ride comfort and vehicle stability as
compared to passive suspensions. Active suspensions can easily reduce the pitch and the roll
of the vehicle. Nowadays, many researchers are focusing their research on active suspension
systems due to their ability to operate in a wide range of frequencies. The development of
computers and microprocessors further improved the practical implementation of active

suspension in automotive industries.

2.3. Mathematical model of the suspension system

The first step in active suspension design is to develop appropriate mathematical models based
on physical laws or experimental data. The mathematical model can be represented as a
quarter car model, half-car model and full car model to find out the dynamic behavior of the

active suspension.
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2.3.1. Quarter car model

The quarter car model, which contains 1/4th of the vehicle mass, springs, and dampers, is the
most commonly used and applicable model of the vehicle suspension system, (Jazar, 2014), as

shown in Figure 4.

Damper
Spring F=\"""I
Vehicle body \ el b

~~Tyre

Road _excitation

Figure 4. Quarter car model

Ahmed et al., (2015), to build a quarter car active suspension model controller for
responsiveness to excitation from a road profile using a PID controller, researchers explored a
mathematical model for passive and active suspension systems for the quarter car model. The
road profiles are used to compare the passive and active suspension systems. The controller's
performance is compared to that of a PID controller and a passive suspension system. The
performance of this controller is determined by performing computer simulations using the

Simulink toolbox.

Jain et al., (2020), studied an integrated model of a semi-active seat suspension with a human
model for over a quarter. They presented an integrated model with eight degrees of freedom
(8-DOF), which includes two degrees of freedom (2-DOF) for the quarter vehicle model, and
two degrees of freedom (2-DOF) for the semi-active seat suspension, and four degrees of
freedom (4-DOF) for the human model. The seat suspension is equipped with a magneto-
rheological (MR) damper. The fuzzy logic-based self-tuning (FLST) proportional—integral—
derivative (PID) controller allows regulating the controlled force based on sprung mass
velocity error and its derivative as input. The Heaviside step function, which determines the
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supply voltage for the MR damper, tracks the controlled force. The suggested integrated
model's performance is evaluated in terms of human head accelerations for a variety of road
layouts and speeds. The effectiveness of the suggested integrated model with a semi-active
seat suspension is validated by comparing its performance to that of a traditional passive seat
suspension. In comparison to the passive seat suspension, the simulation findings reveal that
the semi-active seat suspension improves ride comfort by successfully lowering head
acceleration. In comparison to the passive seat suspension, the semi-active seat suspension

greatly enhances ride comfort by minimizing head acceleration.

Agharkakli et al., (2012), the goal of their research is to develop a mathematical model for
passive and active suspension systems in a quarter car model. Current automotive suspension
systems rely solely on passive components, such as fixed-rate spring and damping
coefficients. The quality of a vehicle's suspension system to provide great road handling and
improve passenger comfort is often graded. Only passive suspensions provide a middle ground
between these two opposing criteria. By directly manipulating the suspension's force actuators,
the active suspension has the potential to minimize the traditional design's compromise
between handling and comfort. In their study, for a quarter car model, the Linear Quadratic
Control (LQR) technique was applied to the active suspensions system. The use of various
types of road profiles is used to compare passive and active suspension systems. The
controller's performance is compared to that of the LQR controller and the passive suspension

system.

Al-zughaibi & Davies, (2015), the goal of their work is to show how to model and manage a
quarter-car active suspension system with unknown mass, time delay, and road disturbance.
The goal of constructing the controller is to derive a control rule that may significantly
increase ride comfort and road disturbance handling by achieving system stability and
convergence. This is accomplished by using the Routh-Hurwitz criterion based on defined
parameters. Mathematical proof is given to point out the flexibility of the designed controller
to make sure the target of design, implementation with the active mechanical system and
enhancement dispersion oscillation of the system despite these problems. Simulations were
also performed to regulate quarter car suspension, where the results obtained from these

simulations verify the validity of the proposed design.
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Jamali et al., (2017), the response from a mathematical model that characterizes the
transmissibility ratio of the vehicle's input and output is necessary when constructing suitable
isolators to reduce undesired vibration in cars. The dynamic behavior performance of passive
suspension for a lightweight electric vehicle is reviewed using a MATLAB Simulink model
developed in this study. The Simulink model uses a two-degree-of-freedom quarter car model.
The model is compared to theoretical graphs of the transmissibility ratios between the
amplitudes of the sprung and unsprung masses displacements and accelerations to the
amplitudes of the bottom, against frequencies at various damping values. It was found that the
frequency responses obtained from the theoretical calculations and the Simulink simulation

are similar to one another. Hence, the model could also be extended to a full vehicle model.

2.3.2. Half car model

The half-car model is used to represent the pitch and heave motion of the vehicle body as
illustrated in Figure 5. The vehicle body is coupled between the front and the rear wheel
through the center of gravity. Initially, a model-based controller is designed with a quarter car

model for active suspension. But it cannot be used to measure the pitch motion of wheels.

. a; a |

Figure 5. Half car model (Jazar, 2014)

Nassar & Al-Ghanim, (2018), studied half-car suspension of 4 degrees of freedom. Different
controllers were developed and implemented within the study like PID, Fuzzy and Fuzzy-PID.
Each controller aimed to reduce the deflection and also the acceleration of the mechanical

system within the presence of road disturbances. The results of comparisons between passive
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and active, linear simulation models was that the performance of the linear model was attuned

better than the linear model, and therefore the Fuzzy-PID controller was suggested.

Susatio et al., (2018), designed the active suspension to scale back vibration on the passenger
seat causing changes in road-surface shapes or disturbance. PID control is employed within
the design of this active suspension, and also the Direct Synthesis method is proposed to tune
PID parameters. The direct Synthesis optimizes PID tuning parameters to attain desired output

response within the different road surfaces.

Ekoru et al., (2011), describe the design of a nonlinear, half-car active vehicle suspension
system with four degrees of freedom (DOF) and a two-loop force/suspension travel PID
control system (AVSS). An internal PID suspension travel control loop plus an external PID
hydraulic actuator force control loop make up the two-loop system. The performance of the
PID-based AVSS is compared to a passive nonlinear half-car suspension system with the same
model parameters. The simulation results demonstrated the AVSS's outstanding performance
in the presence of deterministic road disturbance.

2.3.3. Full car model

A full car model is shown in Figure 6. A full car model takes account of four vertical motions
of wheel, pitch, roll and heave motion of vehicle body. Both quarter car and half car models
do not model the actual system for practical application. Hence, an accurate model for the
actual system needs a full car model with seven degrees of freedom.

Figure 6. Full car model (Jazar, 2014)
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Krishna et al., (2021), the ride comfort and road-holding capabilities of a car with a semi-
active suspension system were investigated. To decrease the impact of road disturbance on
vehicle performance, the researchers developed a full car semi-active suspension model with a
7 degrees of freedom (7 DOF) system and a fuzzy-logic control mechanism. The heave, roll,
and pitch acceleration of the vehicle body around its center of gravity are used to evaluate the
semi-active suspension system's performance. The performance of a vehicle equipped with a
semi-active suspension system was compared to that of a vehicle equipped with a traditional
passive suspension system. The study shows that a semi-active suspension system with a
fuzzy-logic controller reduces vibration amplitude by roughly 43% at the vehicle's resonant

frequency when compared to a passive suspension system.

Eski & Yildirim, (2009), to avoid vibration caused by road roughness, neural network control
was proposed for the entire model-based active suspension. To model and design a neural
network controller for active suspension, a seven-degree-of-freedom full-car model was
developed. The neural network controller's response was compared to the active suspension's
PID control. The simulation results suggest that the neural network controller improves active
suspension vibration isolation. Passengers may not notice the transition from a severely rough

to a smooth road profile.

Al-Rawashdeh et al., (2019), developed a robust active suspension system for
a full car. Except for those related to the car's chassis, all characteristics are considered
undetermined, and the center of gravity position is assumed to be fixed. The resulting
uncertain system has a large number of unknown parameters, making the robust problem non-
convex. To overcome this challenge, a particle swarm optimization technique is designed,
culminating in an iterative PSO optimization process. SimMechanics is used to create the
nonlinear full car model, as well as to enable future additions to consider more difficult
instances, i.e., the passengers, goods, or the like might be uncertain or have their dynamics

onboard.

Cheng et al., (2010), to improve the ride quality and reduce suspension deflection, have
developed active suspension controls for vehicles with reduced vehicle observers. The
proposed fuzzy sliding-mode control (FSMC) includes sliding-mode control (SMC) and fuzzy
logic control (FLC), with the SMC reducing vehicle suspension deflection and the FLC
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improving passenger ride comfort. In this study, the full-car model of a vehicle is investigated
first. The Lyapunov stability study confirms the stability of the fuzzy sliding-mode controlled
active suspension system. They also introduce the optimal active suspension control (OASC)
scheme to make a comparison. To test the performance, three types of road profiles are used: a
bumping road, random white noise, and a power spectral density road profile. Under all of
these road profiles, all of the computer simulations show that the proposed FSMC can give the
best ride comfort and the lowest suspension deflection of all the controllers tested.

Because of the various control parameters, complex objectives, and stochastic disturbances,
designing a suspension system is a challenging task for car designers, (Mitra et al., 1997).
Maintaining a high degree of ride comfort and vehicle handling under all driving conditions is
always a challenge for vehicles. The objective of their work is to create a MATLAB/Simulink
model of a full car to analyze ride comfort and handling. In addition, the detailed study of
mathematical modeling with the step-by-step formation of a state-space matrix is to be
developed and validation of the Simulink model with the analytical solution of a state-space
matrix is to be done elaborately. They conclude that a speed range of 5 to 10 kmph must be an
optimum speed to cross the bump without affecting the Human tolerance zone of 0.315 m/s2
to 0.625 m/s2 as per ISO standard. Presently, the effect of synthetic type bump is used in a city
area, which is more dangerous for human health, as vehicle body acceleration is very high,
even at the velocity of 10 kmph. The effect of a bump of the same amplitude nearly does not
affect the roll angle and pitch angle of the vehicle. As per the results, spring stiffness and

damping coefficient of 25000 N/m and 4000 N-s/m may provide better comfort.

2.4. Control of active suspension system

The objective of control of active suspension is the maximization of driving comfort and
stability. Various control methods such as PID control, Linear Quadratic control, Sliding mode
control, Fuzzy logic, and neural network have been proposed for active suspension, (Moaaz &
Ghazaly, 2019).

While the passive suspension is made up of springs and dampers, the active suspension is
made up of sensors, actuators, and controllers. The active suspension’s actuator applies forces
to the suspension, which improves ride performance and comfort. (Ahmed et al., 2016),
presented the preliminary stages of modeling a railway vehicle's active suspension. The

system's mathematical model is illustrated, along with the vehicle's early suspension control.
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To begin, only the quarter car is considered and tested at a speed of 31 m/s on a random or
irregular track input. The suspension becomes an active system after the skyhook control
approach is implemented. After then, the active is compared to the passive. Active suspension
enhances ride quality by lowering vehicle body accelerations and suspension deflections,

according to preliminary studies.

The suspension system plays an important role in isolating the vehicle body from road shocks
and vibrations, (Bharali & Buragohain, 2017). Three different active controllers are developed
using a three-degree-of-freedom (DOF) quarter car model to evaluate their performance
against a passive suspension system. PID controller, Linear Quadratic Controller (LQR), and
Fuzzy logic controller are the three controllers designed. In their research, they employed the
MATLAB/Simulink program for simulation, and the results reveal that the active suspension
system outperforms the passive suspension system in terms of maximum amplitude,
suspension deflection, body acceleration, and settling time. In addition, when compared to
other control methods and passive as well, the result of the comparison shows that fuzzy logic
control has higher working and stability.

Bhangal & Chaudhary, (2018), designed a linear active suspension system because it contains
all of the fundamental performance parameters, including body deflection, suspension
deflection, and body acceleration. Two control techniques PID and LQR are chosen to
overturn the vibrations of the system. They have been made a comparison between passive
and active suspension system using PID and LQR control technique with road disturbance as
input. MATLAB/Simulink was used to conduct a simulation analysis of the active suspension
system. According to the simulation, LQR control outperforms both PID control and a passive

suspension system in terms of reducing vibrations.
2.4.1. Proportional integral derivative (PID) control

The most common controller used in car manufacturing is the PID due to its non-complex
mechanism and the ability to tune the gains, controller, (Bharali & Buragohain, 2016).

However, excess tuning of PID gains will make the system unstable.

Erenoglu et al., (2016), study, a design methodology is introduced that blends the classical
PID and the fuzzy controllers in an intelligent way and thus a new intelligent hybrid controller

has been achieved. Basically, in this design methodology, a combining mechanism based on a
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specific function of actuating error has been used to merge the traditional PID and fuzzy
controllers. Furthermore, the blending mechanism is induced by an intelligent switching
method that determines the precedence of the two controller elements, namely the classical
PID and the fuzzy constituents. When compared to pure classical PID or pure fuzzy controller
applications, simulations on various processes employing the new hybrid fuzzy PID controller
give 'superior' system responses in terms of transient and steady-state performances. The
controller parameters are all tuned with the aid of a genetic search algorithm.

Kumar & Vijayarangan, (2007), conducted an experimental study on PID-controlled active
suspension to improve the ride comfort of light passenger vehicles. The experiment was
carried out on a quarter car test rig for bumpy road input. The result of the experiment shows
that active suspension improves ride comfort by more than 50% compared to passive
suspension. The road handling ability was also greatly improved in active suspension compare

to passive suspension.

Shafiei, (2022), describes how to simulate a quarter vehicle model with an active suspension
system using the MATLAB Simulink software. The initial goal is to develop the proper
control system for a vehicle's active suspension system and to examine the closed-loop control
system for hydraulic cylinders and servo valves in more detail. The second goal is to improve
ride comfort and dependably maintain a vehicle's position on the road by correctly tuning the
PID settings for an active suspension system to minimize the displacement and acceleration of
the vehicle body. To achieve the desired passenger comfort while riding and the car's
consistent ride-holding, the control system is tweaked via a PID controller utilizing the
Ziegler-Nichols approach via the Control System Designer app. The simulation findings
shown that the car's body displacement and acceleration have a smaller amplitude for an active

suspension system than for a passive suspension system.

2.4.2 Fuzzy logic control

Zheng, (2010), developed a fuzzy logic controller for an active vehicle suspension. A
suspension system has been modeled as a two-degree-of-freedom quarter-car model to
represent passive and active suspension systems. MATLAB was used to simulate the

suggested system and compare it to a passive suspension. According to the simulation results,
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a logic-based suspension system improves ride comfort and road handling by reducing vehicle
body acceleration and tire deflection.

Cheng & Li, (2007), designed a fuzzy logic control for an active suspension system to
improve the riding comfort and minimize the suspension deflection. The optimum parameters
of fuzzy logic were designed by minimizing fitness function using an evolutionary program to
meet the desired performance of a full car model. The bumper road and white noise random
road were modeled to test the performance of the designed controller for active suspension.
The result of the simulation indicates that the designed controller improves ride comfort and

road handling significantly.

Salem & Aly, (2014), proposed an active suspension system to improve ride comfort. The
two-degrees-of-freedom (DOF) system is designed and engineered based on a four-wheel
independent suspension concept to simulate the activities of a vehicle’s active suspension.
The goal of their research was to show how the fuzzy logic technique will be used to operate a
continuously dampening vehicle suspension system. The ride comfort is improved by reducing
the body acceleration caused by the car body when there are road disturbances from both
smooth and rough roads. It also describes the models and controllers used in the study and
discusses vehicle response results obtained from various road input simulations. In the end, a
comparison of active suspension Proportional Integration derivative (PID) control and fuzzy
control is shown using MATLAB simulations. Simulation results showed Fuzzy control is

very effective and can be used in vehicles.

Palanisamy & Karuppan, (2016), the main objective is to investigate the performance of active
suspension system, using suspension deflection of the vehicle body as the principal criterion of
control and fuzzy-logic as the control scheme. And describes the application of fuzzy logic
technique to the control of a continuously damping automotive suspension system. The
proposed fuzzy control method for the vehicle's suspensions is simple to modify for control
tasks due to the controller's inherent capacity to describe dynamics. The proposed fuzzy
control strategy for the Active Suspension System's simulation results have been validated as

being feasible.
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2.4.3 Intelligent controller

Dhanaraju et al., (2015), proposed an intelligent approach (Fuzzy logic) for the design of a
PID controller for better disturbance rejection. The proposed PID controller is designed using
pessen’s tuning algorithm for the rejection of different disturbances. The proposed intelligent
controller has got so many advantages/features over the conventional methods. Sudden ability
to reject non-linear disturbances arch occur in the system during operation, speed of operation
and PID gains are altered online in accordance with the disturbances to reject. To show the
efficacy of the proposed method a liquid control of the process tank is considered and an
intelligent PID controller is designed. The designed intelligent controller is simulated under

different disturbances using MATLAB/Simulink. The results are successfully verified.

Munawwarah & Yakub, (2021), to improve vehicle ride comfort and road handling
performance, proposed an integrated chassis control of the quarter and half car active
suspension systems. The PID-LQR and Fuzzy-PID integrated controls were designed to
improve driving comfort by maintaining the vehicle wheels in contact with the road surface.
The PID control, which is extensively used in automobile manufacturing, was chosen as a
controller benchmark. Multiple road conditions such as speed bumps of different heights, 0.1
m < h < 0.3 m and widths, 0.3 m < d < 0.5 m were used in the system for analysis. In
comparison to PID-LQR, Fuzzy-PID had the smallest peak amplitude and reached the stability
state in the shortest amount of time when compared to the controller benchmark. They indicate
that vehicle ride comfort and road handling performance can be optimized using the proposed
Fuzzy-PID control.

Samsuria et al., (2021), propose an optimal control technique of an active suspension system
using two degrees of freedom quarter car model. The primary goal of the study is to evaluate
the performance of state feedback controllers based on the Linear Quadratic Regulator (LQR)
and Sliding Mode Control (SMC), which are optimized using the Particle Swarm Optimization
(PSO) algorithm for utilization of the active suspension system. The controllers' goal is to
increase ride comfort while limiting the suspension travel and road disturbance-induced wheel
deflection. Based on the road profile that the vehicle will travel through, the performance of
the SMC-based-PSO controller is compared to the LQR-based-PSO controller and the current
conventional suspension system. Simulations are conducted and tested under the input profile

for a double bump road in order to assess the effectiveness of the suggested controller. The
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results definitely indicate that the SMC technique outperforms the LQR and conventional
suspension systems in achieving improved ride comfort. Simulation by (Simulink MATLAB)
is carried out to illustrate system control and performances.

Tatsuo et al., (2015), presented a robust control approach for an active suspension that
improves ride comfort and driving stability. The vertical and pitch vibrations of the car body
affect the ride comfort. Loop shaping is applied for vertical and pitch motions based on
ISO2631-1 to enhance ride comfort more effectively. On the other hand, the fluctuation of a
vertical force of wheels, which is affected by pitch motion, is used to determine driving
stability. To consider both of them more realistically, a half car model including vertical and
pitch motions is analyzed. For practical application, considering uncertain parameters is
important. Their paper focuses on the car body mass. With polytopic representation, the
controller is designed to ensure robust stability for uncertain parameters. The LQ controller is

utilized, which can take into account both performance and input energy.
2.4.4. Fuzzy-PID controller

The Fuzzy-PID controller is a combination of the conventional PID controller and the
algorithm of fuzzy control designed to enhance ride comfort in vehicle suspension systems,
(Munawwarah & Yakub, 2021).

(Lan & Ni, 2013), developed a fuzzy-PID controller for a half car with an active suspension
system to improve ride comfort. The proposed controller's performance was verified in
MATLAB/Simulink by comparing it to the passive control approach. According to the
simulation results, the proposed fuzzy-PID controller improves the ride comfort performance
of the vehicle's active suspension system by drastically reducing body acceleration and pitch

angle.

Galab & Hurel, (2015), the fuzzy self-tuning PID controller is designed to control the active
suspension system for the quarter car model. To limit the suspension working space of the
sprung mass and its change rate and to maximize driver comfort, a fuzzy self-tuning is utilized
to generate the ideal control gain for PID controller (proportional, integral, and derivative
gains). The outcomes of the fuzzy self-tuning PID controller used in the active suspension

system are visually displayed, along with comparisons to the PID and passive systems. It has
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been discovered that employing fuzzy self-tuning effectively makes it possible to adjust the
PID controller's gain parameters.

Shen et al., (2010), the mechanical, control, electronic, and hydraulic subsystems were taken
into consideration when designing the active suspension. Electro-hydrostatics actuator (EHA)
which is widely used in Power-By-Wire (PBW) system is applied to active suspension in this
article instead of traditional hydraulic valve components. After the modeling, MATLAB is
used to create the computer simulations and design the active suspension fuzzy PID controller.

After that, better results were obtained by simulating the quarter-car active suspension system.

Divekar & Mahajan, (2017), focused on the development of modeling for 2 DOF and control
algorithm in order to adjust damping rates of damper according to road disturbances. Proposed
advanced Fuzzy Logic Controller (FLC) to minimize sprung mass displacement and
Suspension Working Space (SWS) using MATLAB Simulink.

2.5. Hydraulic actuator

Wang et al., (2017), Any vehicle's suspension system is an important part since it conveys
force and torque from the tire to the frame, ensuring that the ride is comfortable and the
handling is stable. A seven-degree-of-freedom active suspension system model using
electrohydraulic actuators is developed to address the issue of active suspension control. To
regulate the hydraulic actuators for the active suspension, a fractional PID controller is
employed. With the help of simulations of prototype vehicles and field tests on the road, the
controller's precision and effectiveness are confirmed. Results indicate that the active
suspension system performs better than conventional suspension systems. The reductions in
vertical acceleration, pitch angle acceleration, and roll angle acceleration have a significant
positive impact on ride comfort and handling stability.

Bello et al., (2015), using a four degree of freedom, nonlinear, half vehicle active suspension
system model with hydraulic actuator, a double loop PID control of generated force and
vehicle suspension parameters is designed. An inner hydraulic actuator PID force control loop
and an exterior suspension parameter PID control loop make up the loops arrangement. A
simulation study was carried out and comparisons between a nonlinear passive system and a

nonlinear active PID base suspension system were made. The results obtained indicate that the
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active system improves performance more than the passive system, but at the sacrifice of cost

and power consumption.

Ghazali et al., (2017), developed mathematical modelling and designed an intelligent control
strategy. The research started with the creation of a mathematical model based on the
operational theory of the passive and active suspension systems. The suspension system was
made active by the integration of an electro-hydraulic actuator. The model examined using the
MATLAB and Simulink programs. Finally, the active suspension system is constructed with a
proportional-integral-derivative (PID) controller and a fuzzy logic intelligent controller. As a
result, the performance of the quarter-car model has been improved by creating a nonlinear
active suspension system with an electro-hydraulic actuator. If not, the suspension control
system may support the vehicle's body and provide a comfortable ride. The performance

enhancements will improve both systems' road handling and ride comfort.

2.6. Research gap

From the literature review, it is clear that the active suspension based on the full car model is
not focused on by the researchers. The pitch and roll motion of the vehicle can be measured
only by using the full car model. The nonlinear hydraulic actuator dynamics due to control
force are not much focused either. The main difficulties in fuzzy controller are proper
selection of rules base and appropriate range of membership function which normally depends
on knowledge of designer. In this research work, an intelligent Fuzzy-PID controller is
proposed to overcome the issues in fuzzy logic. The active suspension systems are very good

to bring significant performance of vibration isolation.
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CHAPTER THREE: MATERIALS AND METHODS
3.1. Introduction

Each of the specific tasks to be performed in the research work is described here. Methods

Methodology, data collection and data analysis methods are discussed in this chapter.

3.2. Methods

The whole research work is classified into three different divisions namely system modeling,
controller design and simulation. Before and after title selection and problem identification,
the previous research work was carried out on the quarter car, half car and full car model
active suspension system. And also linear control, nonlinear control and intelligent control are
reviewed for the active suspension. In the first division of this research, mathematical
modeling for quarter car, half car and full car models was stated including actuator dynamics.
After the mathematical model is analyzed based on Newton’s law of motion the next task is
designing the controllers. For the comparison, two types of controllers are selected and

designed.

In the third division of this research work, the computer simulation is carried out and the result
are discussed. There are various types of simulations depending upon the type of model.
Physical modeling involves experimenting with physical prototypes of real-world systems. In
this case, the actual input data (scaled) is applied to the model and the output data is
compared to the real system. Sometimes electrical analog systems are also used for this type of

simulation.

Another type of simulation is numerical simulation of mathematical models. This is very
common in systems approach. Since the development of digital computers, this type of
simulation has become popular because it is easy to develop and modify. Computers are used
to imitate or simulate the operations of various kinds of real-world facilities or processes. The
facility or process of interest commonly referred to as a system, and scientific study of it
often requires several assumptions about how it works. These assumptions usually take the
form of mathematical or logical relationships and  constitute models used

to understand how those systems work.
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3.3. Data Collection

The model is developed in MATLAB/Simulink and estimated and validated using data
collected from both primary and secondary sources.

3.4. Data Analysis

After reviewing the literature and the best concepts selected, the quarter car model, half-car
model and full car model were numerically analyzed. Computer simulation carried out using
MATLAB/Simulink software.

3.5. Materials

3.5.1. MATLAB

MATLAB is a high-performance technical computing language, (Davis & Sigmon, 2010). Its
visualization, integrates, computation and programming in a user-friendly interface where
problems and solutions are represented in a familiar mathematical notation. Typical uses

include;

= Math and computation.

= Algorithm development.

= Modeling, simulation, and prototyping.

= Data analysis, exploration, and visualization.

= Scientific and engineering graphics.

= Application development, including graphical user interface building.
MATLAB is a cooperative system with an array as its basic data element that doesn’t need
dimensioning. This permits you to solve many technical computing problems in a fraction of
the time it takes to build a program in a scalar non-interactive language like C or FORTRAN,

especially ones using matrix and vector formulations.

The name MATLAB stands for matrix laboratory. In industry, MATLAB is the tool of choice
for high-productivity research, development, and analysis. Toolboxes are a type of
application-specific solution available in MATLAB. The toolbox, which is very important to
most MATLAB users, allows you to learn and apply special technologies. The toolboxes are
a comprehensive collection of MATLAB functions (M-fi files) that extend the MATLAB

environment to solve specific classes of problems. Areas, where toolboxes are available,
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contain control systems, signal processing, fuzzy logic, neural networks, wavelets,

and simulation.

3.5.2. Simulink

Simulink® is a software package used for modeling, analyzing, and simulating a wide variety
of dynamic systems. Simulink provides a graphical interface for constructing the models,
(Chaturvedi, 2010). It features a library of standard components that enables creating block
diagrams easier and faster. Simulink isan advanced learning tool for simulating real-
world operational problems,  assimulation  algorithms and  parameters can  be
changed between simulation and visual results. It is particularly useful for studying the effect

of nonlinearities on the behavior of the system.

Features of Simulink

A complete library for crating linear, nonlinear, discrete, or multiple input/output

systems.

= Mask facility to create custom blocks.

= Unlimited hierarchical model structure.

= Connections of scalar and vector.

= Simulations of interaction with the live display.

= One can easily perform a what-if analysis can be easily performed by changing the
parameters of the model.

= Simulink block library can be extended with special block sets.

= Custom blocks and block libraries can be created by using your icons and user

interfaces from MATLAB®, FORTRAN, or C code.

In general, Simulink is a visual programming interface designed to intuitively create
simulation systems. Providesa way to numerically solve equations using a graphical

user interface rather than code.
Models include signals, blocks and annotation on a background:

= Blocks are mathematical functions and can have different numbers of inputs and

outputs.
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= Signals are lines connecting blocks that pass values between blocks. Signals are

different types of data, for example, numbers, matrices, or vectors. Signals can be

flagged.

= Annotations of images or text can be contributed to the model, and while they aren't

used in the computations, they can help others comprehend the model's design

decisions.

Simulink toolbar

The toolbar is located above the main canvas of a Simulink model.

Re-E-w ¢ ®»

@ v (10.0 Normal

P N

Model settings

are found in “model

cog.

All of the setting related to
how to numerically solve

the equations of the model

configuration parameters”

Working with blocks

Run model

To run the simulation, press the
green arrow. Be aware there are
different modes e.g. ‘Normal’.
If you are working with
hardware the mode will be

‘External’.

The textbox is indicates time

you want to run the simulation.

Build model

If your model is
interacting with
hardware, you will
need to build the
model before it can

run. The current

The library browser or the quick search are the two ways to add blocks to a model.

and drop library blocks into your model canvas.

sl Library Browser: Shows all Simulink blocks, organized by folders like 'Math
|55 Operations' and 'Signal Routing.' On the upper left, there is a search bar. Drag

Quick Search: directly search for blocks by single-clicking

on the background of your model and typing in a search

term. Select a block from the search results to quickly add it

to your model.
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The automatic block input box

When adding a block to a model for the first time, the most common

g ¢

parameter will often pop up automatically for a value to be specified. If

you add a gain block, for example, it will prompt you to enter the gain
value. Interacting with this can help you save time by avoiding having | E=EZiSEITE

to enter the block parameters menu.
Positioning blocks
= Clicking and dragging can be used to move blocks.
= Connect blocks by clicking and dragging the output of one block into the input of
another block.
= Once asignal connects two blocks, it can be clicked and dragged to be repositioned.
= To create a branch from an existing signal, hold ctrl while clicking and dragging.
= Clocks can also be rotated/flipped for better positioning by selecting "rotate and flip"”

from the right-click menu.
Table 1 show Simulink libraries which is used mainly for building Simulink block

Table 1. Overview of Simulink libraries

Library Types of blocks Example of block
Source Provide inputs to your model Constant, Sine Wave, Step
Sink Provide ways to view or export | Scope, XY Graph, To

data Workspace
Math operations Common mathematical Add, Divide, Abs

functions to apply data

Ports and subsystems | Create different subsystems Subsystem, Enable Ports, Inputs
(resettable, triggered, etc.) And Outputs: In1 And Outl

User-defined functions | Implement custom functions Fcn, MATLAB Fcn

Lookup table Use functions defined as 1-D Lookup Table

discrete data

Signal routing Organize signal from blocks Mux, Bus Creator, Goto, Switch
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Continuous Systems with continuous states | Integrator, Derivative

Discrete Systems with discrete states Unit Delay, Discrete Derivative
Logical and bit Boolean operators for Compare to Zero, Logical
operations comparisons Operator

3.6. Methodology

The overall research methodology for intelligent fuzzy-PID control of hydraulic actuated

active suspension is depicted in a flowchart in Figure 4. Initially, a literature survey is carried

out on active suspension based on the quarter car model, half-car model and full car model.

Start
[ Literature review ]
h..l
v
Study of vehicle design parameters such as CG calculation, vehicle system
parameters, etc.
|
v
1l car model 0
fu [ PID controller ]
v
Quarter car model
J' Intelligent Fuzzy-PID
controller
Half car model
|
v
[ Computer simulation ]
No
Satisfy Yes
[ Real time control ]

s

Figure 7. Flowchart of proposed research work
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Initially, the governing equation for the quarter car model is established without considering
the effect of actuator dynamics. Then the hydraulic actuator model is developed the for quarter
car model by considering the effect of actuator dynamics. The half-car model for hydraulic
actuated active suspension is developed based on a quarter car model with actuator dynamics.
Finally, 7 degrees of freedom full car model is developed based on the quarter car and half car

model of vehicle.

The PID controller is developed for the quarter car, half car and full car model-based hydraulic
actuated suspension system. The performance of the developed PID controller is compared

with that of the passive.

The computer simulation of full model-based hydraulic active suspension is carried out
separately for the PID controller and intelligent Fuzzy-PID controller. The parameters
intelligent Fuzzy-PID controller are tuned until it gives satisfying performance for the
hydraulic actuated active suspension system. Finally, the performance of an intelligent Fuzzy-

PID controller is verified experimentally by using SIL simulation.

The results of the simulation should indicate that an intelligent Fuzzy-PID controller
outperforms the existing conventional controllers with regard to body acceleration, body

displacement, roll angle and pitch angle.
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CHAPTER FOUR: MATHEMATICAL MODELING FOR ACTIVE
SUSPENSION SYSTEM

4.1. Introduction

The main objective of this chapter is to develop a mathematical model of active suspension
based on the full car model. Initially, this chapter discusses the development of a quarter car
model of active suspension with 2 DOF systems. Then, the development of half-car model
active suspension with 4 DOF systems. Finally, the mathematical model of the full car model
is developed based on a quarter car and half car model of active suspension with 7 DOF

systems.

4.2. Quarter car model for the active suspension system

A quarter car model for an active suspension system consists of 1/4th of vehicle mass, spring,
damper and actuator as shown in figure 8. The quarter car model is a simplified model of a car
with one wheel using which, the vertical motion of the car body is measured. Quarter car

simulation assumptions are:

= There is no rotational motion in the wheel or body, therefore the tire is modeled as a
linear spring with no damping.

» The spring and damper have a linear behavior.

= The tire is always in touch with the road surface, and the effects of friction are
neglected, so residual structural damping is not taken into account while modeling the

vehicle.

lx
b
m,

b,

T,_

Figure 8. Quarter car model of the active suspension system
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We may represent the vertical vibration of a vehicle using a quarter car model made of two
solid masses my (kg) and my (kg) denoted as sprung and unsprung masses, respectively. The
sprung mass my represents 1/4 of the body of the vehicle, and the unsprung mass my represents
one wheel of the vehicle. A spring of stiffness ks (N/m), and a shock absorber with viscous
damping coefficient bs, (Ns/m) support the sprung mass and are called the main suspension.
The unsprung mass my is in direct contact with the ground through a spring ki (N/m),
representing the tire stiffness. The actuation force fs (N) is acting between the sprung and
unsprung masses. The state variables x, (m) and xw (m) are the vertical displacements of the

sprung and unsprung masses, respectively and r is the vertical road profile.

The equation of motion based on Newton’s second law of motion that is related to the body

mass is given by;

mpX, = —ks(xp — xy) — bs(Xp — X)) + f5 Eqg. (1)

1
Y= [—ks(xp — %) — bs(%p — %) + fi] Eq. (2)

The equation of motion based on Newton’s second law of motion that is related to the wheel

mass is given by;
my %y, = ks(xp — xy,) + bs(Xp — X)) — ke(xy, —7) — fs Eq. (3)

Xy =mi[ks(xb — xy) + bs (X — %) — ke (xy, — 1) — £5] Eq. (4)

w

4.2.1. Actuator model for quarter car model

Electro-hydraulic systems are chosen as actuators for active control, and their dynamics are

Q|

taken into consideration.

<p

~{T]

FH“H _ILl

Spool Valve
Hydraulic Cylinder

Figure 9. The schematic diagram of the electro-hydraulic actuator
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The modeling of the hydraulic actuator with a four-way piston valve arrangement, (Mittal &
Bhandari, 2015), is shown in Figure 9. The force exerted by the actuator is fs = ApPL. Where
Ap and P. represent the area of piston and pressure drop inside cylinder respectively.

The rate of change of pressure drop is expressed as in equation (5)

Eqg. (5)

Vi

4B,

In the above equation, P is a pressure drop, V: indicates the volume of an actuator, S, is the

P, = CepP, — Ap(xp — xy) + Q

effective bulk modulus, Cy is piston coefficient and Q is the hydraulic flow which is derived

from Equation (6).

jl Eq. (6)
Q = Cqwxy, ’ [Ps — sgn(x,)P,]

Where Cq is the coefficient of discharge, w is the slope of a spool valve, xy is the displacement
of a spool valve, p is the density of the fluid and Ps is the pressure source. Hence, the actuator

force developed by the hydraulic actuator is described by the nonlinear equation (7).

Sgn(xv)PL Eq (7)

fo = —BPL— aAp® (xp — %) + YApx, sz "

Where o = 4fe/Vy, f = aCyp, ¥ = ach% Kc is the gain of conversation and u is the voltage of

the servo valve, (Chantranuwathana & Peng, 2014). The parameters and values assigned for
the quarter car active suspension system with the hydraulic actuator, (Shafie et al., 2015) are

represented in Table 2.

Also, spool valve velocity, x, is given in equation (8), as a linear filter. Where 7 is the time

constant and k. denotes the servo valve gain.

SN e

Xy = =[x, + kou] Eg. (8)
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The hydraulic actuator as shown in figure 10 is modeled in Simulink using equation (7).

XS-XW

[k —

Figure 10. Hydraulic actuator Simulink model

The data in Table 2 indicates the parameters of the quarter car model and values used in the

simulation.

Table 2. Quarter car suspension system parameters, (Agharkakli et al., 2012)

Parameters Symbols Units Value
Sprung masses Mp Kg 290
Unsprung masses M Kg 59
Spring of stiffness Ks N/m 16,812
Tire stiffness ke N/m 190,000
Damping constant bs Ns/m 1000
Hydraulic pressure Ps Pa 10,342,500
Actuator ram area Ap m? 3.35x 10
Conversion gain Ke m/v 0.001
o A N/ms 4.515x 10*3
% % N/m>/2kg/2 1.545x 10°
B B 5t 1
Time constant T st 0.003
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4.2.2. Quarter car model in SIMULINK

Equation (2) and equation (4) is used to create the Simulink model. The road input (r) and
actuator force (fs) act as input to the quarter car model. The performance of the quarter car
model is measured using body displacement (xp), suspension travel (xp-xw) and body

acceleration (a).

N
Body velocity
B
> o 1 o1 . O
+ 5 ]
’—: . 1imb Xb dotdot Xb dot *b
v Body displacement
K=
» ]
J_ §182 >—@<—1
fs bs Body acceleration
L B

Xh-Xw
Suspension deflection

J

¥

o
Wheel displacement

l Howi-r
Wheal deflection

YYvyvy

_ i . 1 » 1 .
,I@ > 1 > 1 L

J

Road Profile 1

[}
£
¥

r

Figure 11. Quarter car active suspension Simulink model

4.3. Half car model

The half car Four Degree - of - freedom model was used for the investigation because it
provides a better understanding of suspension performance with the least amount of
complexity.  Figure 12 illustrates a model of a half-car active suspension system.
The suspension between the sprung and unsprung massesis modeled as a linear
viscous damper with an actuating spring element and the tire as a simple linear spring with

no damping component.
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Figure 12. Half car model of the active suspension system

The dynamics equation of the vertical moment at an unsprung mass of vehicle front and rear is

described by the equation (9) and (10) respectively.
murjéur - ksr (xsr - xur) - Csr(xsr - xur) + kur (xur - Wsr) + fsr =0 Eq- (9)

Mugiuy = Kop (Xop = Xur) = Cop(¥sp = Xur) + kup(xur — wip) + fyy =0 EQ.(10)
The governing equation for the vertical motion at the vehicle body can be obtained by
applying Newton’s second law of motion.
msjés + ksr(xsr - xur) + Csr(xsr - xur) + ksf(xsf - xuf) - Csf(xsf - J.Cuf)

— fss = for =0 Eq. (11)

The pitch motion of a vehicle obtained by taking moment about the pitch axis can be

represented as,

ISéS + Ls [ksr (xsr - xur) + Csr(jcsr - xur) - fsr]
+ Le[ksy (sp = xup) = Cop sy = %ur) = fos] = 0 Eq. (12)

The equations (11) and (12) are further substituted by the following constraints,

‘= (M) Eq. (13)
.=
L
Xsf — Xgr
0, = (S,«%) Eq. (14)
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-1 Ll S
XSf - I:E + ];5 r:l [CSr(xsr - xu‘r) + kST(xST - xur)_ fsr]

S

1
_ lﬁ — _l [Csf(xsf xuf) + ksf(xsf - xuf) fo] Eqg. (15)

[_ i l ST(xsr - xur) + CST(XST - xur)_ ﬁsr]

1 Ll
+[— e
S

s (sr = xup) + Cop(%sp = Fup)| = for Eq. (16)

Where:- f;; = Force at front actuator, f;, = Force at rear actuator, x; = Sprung mass
acceleration at Vehicle body, x;r = Sprung mass velocity at front body, x, r = Unsprung mass
velocity at front body, xsr = Sprung mass displacement at front body, x, ; = Unsprung mass
displacement at front body, x,,- = Sprung mass velocity at Rear body, x,, = Unsprung mass
velocity at Rear body, x, = Sprung mass displacement at Rear body, x,,- = Unsprung mass
displacement at Rear body, 6; = Rotary angle at vehicle’s CG point, %, = Unsprung mass
acceleration at front body, ¥, = Unsprung mass acceleration at Rear body, x,- = Sprung mass
acceleration at Rear body, wg = Road Input to Front wheel, wy, = Road Input to Rear wheel.

Table 3. Half car model for active suspension system parameters, (Gandhi et al., 2017)

Symbol Unit Value Definition

mg kg 1794.4 | Vehicle body sprung mass

Csr Ns/m 1190 Front suspension damper co-efficient

Csr Ns/m 1000 Rear suspension damper coefficient

ks N/m 66824 | Stiffness coefficient at the front suspension

kg, N/m 18615 | Stiffness co-efficient at Rear suspension
I kgm? | 3443.05 | Moment of Inertia

My kg 87.15 Unsprung mass at front vehicle body

my, kg 140.14 | Unsprung mass at rear vehicle body
lg m 1.27 Inter-space between Front axle and Vehicle CG point
L, m 1.72 Inter-space between Rear axle and Vehicle CG point
L m 2.99 Inter-space between Front and rear axle

kyr = kyr N/m 101115 | Stiffness co-efficient at front and rear wheel
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4.3.1. Actuator model for half car Model

The nonlinear hydraulic actuator force equation used in the quarter car is also used for the half
car model. The actuator force developed by the hydraulic actuator for the half-car model is
described by the equation (17) and (18).

sgn(x,)fs

fsr = —Bfsp = ad?(xsp = xur) + yAxv\/ k== : Eq. (17)
P _sgn(xy) for

for = —Bfer — aA*(xg — xyp) + YAXV\/PS A Eqg. (18)

4.3.2. Half car Model in Simulink

Half car Simulink model illustrated in figure 13.

X5
In1 Cut1

! In2 Outz

fsr

theta

Qut?

Figure 13. Half car active suspension Simulink model

4.4. Full car model

A seven-degrees of freedom (7-DOF) full vehicle active suspension system model is
constructed as shown in Figure 14. For the complexity of the various components of the
vehicle, a suspension system is an object with strong nonlinearity and uncertainty. Thus, the

accurate mathematical model of the full car system is difficult to describe. However, the
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vertical response can be modeled with a relatively simple set of dynamic equations by
simplifying the system into mass blocks and spring-damper systems.

A vehicle system can be decomposed into four parts: sprung mass, suspension system,
unsprung mass and road inputs. For sprung mass, it contains the vehicle body, chassis and
other elements like seats and passengers. In the simplified model, it is treated as a mass block
with geometric parameters. For the suspension system, we neglect its connecting structure and
simplified it into spring-damper blocks. The four suspension subsystems can be established
separately for modern independent suspension. For unsprung mass, it mainly represents the
four wheels, which are simplified into mass blocks and considered its elasticity as a spring

with large stiffness

Vol Pitch ]
axis fg{‘\

g
o

Figure 14. Full car model of active suspension system

Full vehicle suspension system parameters are given in table 4. Using Newton’s second law

the dynamic equations of each wheel are established as follows;

miz; = ky1(zrr — z1) — k(21— zp) — (21— 2p) — Fy Eqg. (19)
MyZy = kyy(Zr — 23) — ky(2y — zpy) — (2 — Zpy) — F Eg. (20)
M3Zz = kyz(zr3 — 23) — k3(z3 — zp3) — c3(Z3 — Zp3) — F3 Eq. (21)
MyZy = kyg(Zrs — 2a) — ka(2s — 2pa) — €424 — 2p) — Fy Eq. (22)
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A full car model can simulate the vertical vibration, rolling and pitching movements of sprung
mass, as are the most important characteristics of system dynamics. By applying Newton’s
second law of motion the following equations.

The vertical motion of the vehicle body;

mpZy = ki(z1 — zp1) + (21 — Zp1) + ko(22 — Zp2) + €2(22 — Zp3)
+ k3(z3 — zZp3) + c3(23 — Zp3) + ka(2s — Zps) + c4(Zs — Zps)
+ F+ F,+ F3+ F, Eq. (23)
The pitch motion of the vehicle body is obtained by taking moment along the pitch axis;

JO = [ky(zy — zp1) + c1(Zy — Zp1) + k(23 — 2pp) + 2(23 — Zp) + Fi + F,
— [k3(z3 — zp3) + c3(23 — Zp3) + ky(24 — zpy) + c4(Z4 — Zpsy)
+ F;+F, L. Eq. (24)

The roll motion of the vehicle body is obtained by taking moment along the roll axis;

10 = [ky(z1 — zp1) + €1(21 — Zpy) + Filte

— [ka(z3 — zpp) + c2(Z2 — Zpy) + Faltsy

+ [k3(z3 — zps) + c3(Z3 — Zps) + F3lty

— [ka(z4 — zpa) + c4(Z4 — Zp) + Fi]1 8, Eq. (25)

If we assume that the roll angle ¢ and pitch angle & change in a small range, we can gain the
equations of z; as follows;

Zpy = Zp + lpsin@ + trcos@ = zp, + 10 + t0 Eq. (26)
Zpy = Zp + lSin@ — tr.cos@ = z, + 1[0 — tp0 Eq. (27)
Zps = Zp — L, sin@ + t, cos@ = z, + 1.6 + t,0 Eqg. (28)
Zpy = Zp — L. sin@ — t,.cos@ = z, — 1.0 — t,..0 Eg. (29)

Table 4. Full car model for active suspension system parameters

Symbol Unit Value Definition
lf m 1.011 Distance between front axle and COG
L m 1.803 Distance between rear axle and COG
trr m 0.761 Distance between the front left tire and roll axis
ter m 0.761 Distance between front right tire and roll axis
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te m 0.755 Distance between the rear left tire and roll axis
trr m 0.755 Distance between rear right tire and roll axis
my, kg 1460 Body mass
my kg 40 Front tire masses
M3 4 kg 355 Rear tire masses
ku123.4 N/m 175500 Tire spring constants
ki, N/m 19960 Front suspension spring constants
ks 4 N/m 17500 Rear suspension spring constants
€12 Ns/m 1290 Front suspension damping coefficients
C34 Ns/m 1690 Rear suspension damping coefficients
I kgm? 460 Roll inertia
Ji kgm? 1460 Pitch inertia
Fi234 N Actuator forces
Zp m Tire vertical positions
Zr1234 m Body vertical position
Zp1234 m Suspension and body link point positions
1) radian Roll angle
0 radian Pitch angle
Zy m Road excitations

4.4.1. Actuator model for full car model

The full car model consists of four hydraulic actuators placed between the car body and each
wheel. The nonlinear hydraulic actuator force equation used in the quarter car will be used for
the full car model. Hence, the actuator force developed by each hydraulic actuator is described

by the nonlinear equation (30- 33)

Eq. (30
2 sgn(x,)F; % (0)

Fy = —BF, — aA*(zpy — z1) + YAx, |Ps — —a
Eq. (31
2 sgn(x,)F, %G

F, = —BF, — aA*(zp; — z) + yAx, |P; — —a
Eq. (32
2 Sgn(xv)F3 q ( )

F3 = —BF; — aA®(zp3 — z3) + yAx, |P — — 1
Eq. (33
_ 2 Sgn(xv)F4— q ( )

Fy = —PF, — aA*(zpy — 2z4) + YAx, |Ps — 4

F1, F2, Fs, F4 indicates hydraulic force generated by actuators at wheel 1,2,3,4 respectively
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4.4.2. Full car model in Simulink

Full car active suspension Simulink model illustrated in figure 15.

=

Zb dotsdot]

=

Out1
Out2
outa

=

' |
1T 1
|
> > K- 1 p 1 J N —»{int
- s s | win2
| In1 Clut_ H = 1m1 71 > 3 2utt —
L |:g0uu o
W 1h3 Out3 -— 1
X
Moo ] |11 SESSEEN [y R Ol |
>
1imz2 22 | »{int
plinz.. .
[a]i}
| In3
1
»{int out —¥ > 'K'>— ' o > |ins [
! T
S| 2 Out2 [ — 1m3 z ¥ +
Ly i3 outa H——
——| Ind Ot H ] J In1
N 1 N
— K- sl > L pin2.
o Oty —
1imé - In3
——| Ind
] In1 Outt =
B In2 Out2 Le{+ H 1 1 > [
w{in3 Outd -— 1 — " s
N
| In4 Outd | I Zbi #|Int
In2.
| - -
| 1 — | Inz Ot 44
J,_ I _, & > [ g s
1 1+ w
| 1 Out L Zho
W In2 Outz
4 in3 Cuta
ing outd f— . Ll —» L » 1 »(J
1+
u 7b3
] In1 Outt |
W In2 Outz |
L in3 otz ad ™
i
| ] ind Outd —

Figure 15. Full car active suspension Simulink model
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CHAPTER FIVE: DESIGN OF INTELLIGENT FUZZY-PID
CONTROLLER FOR ACTIVE SUSPENSION

5.1. Introduction

This chapter emphasizes the development of an intelligent fuzzy controller for active
suspension. A model-free fuzzy controller is designed for a full car model-based nonlinear
hydraulic actuated active suspension. The designed fuzzy controller is implemented using
Fuzzy Toolbox in MATLAB. The performance of the designed fuzzy controller is measured in
terms of body displacement, body acceleration, pitch angle and roll angle. The designed fuzzy
controller is combined with sliding mode control in order to remove the chattering effect in

sliding mode control.

5.2. Control objective

The essential function of the vehicle suspension is to connect the vehicle body with the
wheels. Thereby the body can be carried along the drive route and forces can be transmitted in
the horizontal plane.The suspension allows the wheel to move in a vertically aligned manner.
As a result, the wheel follows a route with uneven road surfaces to a certain extent. By using
spring and damping elements, the resulting body movements are reduced and driving safety

and comfort are ensured.

Furthermore, the geometry of the vehicle suspension, as well as the spring and damping rate,
influence the position of the wheel relative to the road. This enables for a systematic influence
on the vehicle's dynamic driving characteristics. Because the criteria of appropriate driving
behavior and great comfort are frequently incompatible, the modification of these features
necessitates a compromise. Therefore, in designing the control law for a suspension system,

usually, we need to consider the following aspects, (Du et al., 2014):

» Ride comfort: it is well-known that ride comfort is an important performance for
vehicle design, which is usually evaluated by the body acceleration in the vertical,
longitudinal and lateral directions.

» Road holding ability: The dynamic tire load should not exceed the static tire load in
order to provide a firm, uninterrupted contact between the wheels and the road, (Xu et
al., 2017).
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= Maximum suspension deflection. Due to mechanical structure constraints, the
maximum permitted suspension strokes must be considered to avoid excessive
suspension bottoming, which can result in ride comfort deterioration and even
structural damage.

= Saturation effect of the actuator: because of the limited power of the actuator, the
control force for the suspension system should be confined to a certain range.

= Reliability of closed-loop systems: the closed-loop systems should be reliable when
meeting with non-ideal situations caused by actuators, such as the problems of actuator

input delay, sampled data, and fault accommodation for unknown actuator failures.

5.3. PID controller

A PID controller is the most common controller in industry applications. It consists of three
terms: the proportional (P) term, the integral (I) term, and the derivative (D) term. In an ideal

form, the output u(t) of a PID controller is the sum of the three terms, (L. Wang, 2020).

Proportional Algorithm

Y

K,e(t)

Controller f’m":e;i
Set Point Error + ¥ Oupur ariable

1.[1} f_ai'-- _\..- e(t) Integral .:ng'iﬂlln " Z u(t} Process / yl:g
- K; f e(t)dt Phant
0

A A

2 +

Y

Derivative Algorithm |

Y

deft) !
Kz 7

Feedback Variable

Figure 16. Block diagram of process control using PID

The mathematic form of PID controller can be expressed as follows:

u(t) = kye(t) + Iy f e(Odt + kg d‘; (tt) Eq. (34)
0

Where, e(t) = set-point - plant output = proportional gain = integral gain = derivative gain
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5.4. Fuzzy logic

The concept of fuzzy logic was proposed by Dr. Lofti Zadeh, at the University of California in
1960. Fuzzy logic is an extension of a multivalued logic system where the true value is of real
numbers between 0 to 1. Fuzzy logic has the ability to handle partial truth which lies
somewhere in between true and false. Fuzzy logic works based on the principle of fuzzy set
theory, (Bustince Sola et al., 2015). The fuzzy set theory consists of a class of objects with
unsharp boundaries. The values of membership function in fuzzy set desired the performance

of fuzzy logic. Some of the salient features of fuzzy logic are:

» Fuzzy logic has tolerant of imprecise data.

» Fuzzy logic has the ability to model nonlinear systems with less complexity.
» Fuzzy logic can be combined with classical control techniques more easily.
= The concept of fuzzy logic is flexible and easy to understand.

The main aspects of fuzzy logic are fuzzy set, linguistic variable, membership function and
fuzzy rules. The fuzzy set contains elements with a degree of membership which lies between

0 to 1. In contrast, the classical set contains elements with a degree of freedom either 1 or 0.
A classical set A with a collection of object x is defined as:

A=frp@lxexy po={; T3] Eq. (35)

Where pA () is called degree of membership of fuzzy set A.

A={x,pu)|xeX} px)=[0 1] Eq. (36)
A fuzzy set A with a collection of object x is defined as follows:
Where pA (x) is called degree of membership of fuzzy set A.

Linguistic variables are words of natural language to represent the numerical value of fuzzy

input-output variables. The linguistic variables consist of a set of the linguistic term.

The membership function converts real data into linguistic terms during the fuzzification and
defuzzification process. The linguistic terms are quantified using the membership function.
There are different types of membership functions such as triangular, trapezoidal, Gaussian

and bell shape, etc.
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Fuzzy rules are created to control output parameters, (Bai & Wang, 2016). A fuzzy rule
consists of a simple IF-THEN rule with the condition and conclusion parts. Fuzzy sets and
fuzzy operators are the subjects and verbs of fuzzy logic. The conditional statements that make

up fuzzy logic are formed using these if-then rule statements.

If X is A, then y is B is the form of a single fuzzy if-then rule. Where A and B are linguistic
values on the ranges (universes of discourse) X and Y, respectively, defined by fuzzy sets. The
antecedent or premise of the rule "x is A" is known as the if-part, while the consequent or
conclusion of the rule "y is B" is known as the then-part. In general, the input to an if-then rule
is the current value of the input variable (in this case the service) and the output is the entire
fuzzy set (in this case the average). Later this set is purged and the output is assigned a single

value.

5.4.1. Fuzzy Algorithm

The working of fuzzy logic explained using a fuzzy algorithm, (Akgun et al., 2012), is as

follows.

Identify linguistic variables and its term.

Construct membership function for input and output.

Construct a rule base for the fuzzy system.

Fuzzification of real data into fuzzy values using membership function.

Evaluate rules on rules-based using an inference mechanism.

© a k~ w N oE

Defuzzification of fuzzy data into real values using membership function.

Initially, the linguistic variable, type of membership function and rules base are initiated for
fuzzy logic. The real data of the system is converted into a fuzzy set using linguistic terms and
membership functions. This process is known as fuzzification. A set of rules are created using
a rules base. Finally, the fuzzy output is mapped with real values. This process is known as

defuzzification.
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5.5. Fuzzy controller
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Figure 17. Fuzzy controller for active Suspension

A fuzzy logic controller has the ability to handle complexity, nonlinearity and unpredictable
behavior of actuator dynamics in an active suspension system. The overall layout of an
intelligent fuzzy-PID controller used in a full car modeled active suspension system is shown
in Figure 17. The actual suspension travel of each wheel act as a control parameter for the

fuzzy controller.

The linguistic variables used for fuzzy control of active suspension are error (e) and change in
error (ce) of suspension travel of each wheel. The linguistic terms are Negative Big (NB),
Negative Medium (NM), Negative Small (NS), Zero (ZE), Positive Small (PS), Positive
Medium (PM) and Positive Big (PB). The fuzzification stage converts the error (e) and error
change (ce) of suspension deflection into fuzzy values with the help of the membership
function. The triangular membership function with five linguistic variables is used for the
fuzzification process. The fuzzy rules which are designed based on expert knowledge are

applied using an inference mechanism.

5.5.1. Fuzzification

Fuzzification is an important concept in fuzzy logic theory. Fuzzification is the process of
converting crisp values to fuzzy values. The fuzzy values are created by identifying some of
the uncertainty existing in the crisp values. The conversion of fuzzy values is represented by
the membership functions. In many practical applications, in industries, etc., measurement of
voltage, current, temperature, etc., there might be a negligible error. This causes imprecision
in the data. This imprecision can be represented by the membership functions. As a result,
fuzzification is performed. Assigning membership values for the given crisp quantities may be

part of the fuzzification process. There are various methods to assign membership values or
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membership functions to fuzzy variables. The assignment can be just done by intuition,
inference, angular fuzzy set and using some algorithms like neural networks, and genetic

algorithms.

The membership function of error and change in error is represented in Figures 18 and 19
using MATLAB Fuzzy Logic Toolbox. The first stage is to use membership functions to
determine the degree to which the inputs belong to each of the suitable fuzzy sets. The output
is a fuzzy degree of membership in the qualifying linguistic set, and the input is always a crisp
numerical value constrained to the universe of discourse of the input variable. The range of

input variables for error and change in error is [-2, 2].

NE A MS £E P3 FM FB

input variable "emor”

Figure 18. Membership function for ‘error’

ME HhA MS ZE PS P FB

P |

input variable "change _in_ermor”

Figure 19. Membership function for ‘change in error’
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5.5.2. Rules Base

Fuzzy rules are a collection of linguistic statements that describe how the FIS should decide to
classify an input or control an output. Each linguistic variable has five linguistic terms. So
totally, 49 rules can be formed from the linguistic variables.

Table 5. Fuzzy Rules for Controller

elce NB NM NS ZE PS PM PB
NB NB NB NB NB NM NS ZE
NM NB NB NB NM NS NS PS
NS NB NB NM NS ZE ZE PM
ZE NB NM NS ZE PS PS PB
PS NM NS ZE PS PM PB PB
PM NS ZE PS PM PB PB PB
PB ZE PS PM PB PB PB PB

The list of rules for the rules base is represented in Table 5. The abbreviations used correspond
to NEB: Negative Big; NES: Negative Small; ZER: Zero; PES: Positive Small; PEB:
Positive Big; e (k): Error; ec(k): change in error.

output

change_in_error 2 -2 emor

Figure 20. Surface area of input and output parameter
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5.5.3. Defuzzification

Because the fuzzy results created cannot be used directly in applications, they must be
converted into crisp values for further processing. This can be accomplished through the use
of the defuzzification procedure. Defuzzification has the capability to reduce a fuzzy to a crisp
single-valued quantity or as a set or convert to the form in which a fuzzy quantity is present,
(Runkler et al., 2015). The membership function for output control voltage is represented in

Figure 21.

NE PhA M5 ZE PS5 P PB

arn T 1000 P 1000 A Ar

output variable "output®

Figure 21. Membership function for control force

The fuzzy inference diagram is the composite of all the smaller diagrams. It simultaneously
displays all parts of the fuzzy inference process. The flow starts in the lower left with the
inputs, then moves across each row or rule, and finally down the rule outputs to the lower
right. This compact flow shows everything at once, from linguistic variable fuzzification to

defuzzification of the aggregate output.

5.6. Modeling of an intelligent fuzzy-PID controller in Simulink

The Fuzzy-PID controller is a combination of the conventional PID controller and the

algorithm of fuzzy control designed to enhance the ride comfort in vehicle suspension system.

The developed controller comprises PID and Fuzzy-PID controllers to blend the benefits of
both controllers. The parallel combination of PID combination of both controllers enhances
the performance of individual controller. FPID, and proposed Intelligent FPID controller

structures are illustrated in Figure. 22 and 23 respectively.
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Figure 22. Fuzzy PID controller structure
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Figure 23. IFPID controller structure

Figure 24. Representation of an intelligent fuzzy-PID controller in SIMULINK
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CHAPTER SIX: RESULT AND DISCUSSION
6.1. Introduction

This chapter discusses about active suspension system’s performance. Simulation based on the
mathematical model for quarter car, half car and full car model performed by using
MATLAB/SIMULINK software. It is possible to observe how the suspension system performs
in terms of stability and ride quality when road disturbance is supposed to represent the
system's input. The suspension travel, body displacement, and car body acceleration for
quarter- and full-car models are among the parameters that are measured. For suspension
travel, body displacement, and car body acceleration, a minimal amplitude value is desired.

Each component's steady state should also be quick.

v

Body displacement

F.oad signal

Y

Suspension svstem

Suspension travel

_I—b Acceleration

Figure 25. Simulink model flowchart

6.2. Simulation of quarter car model.

The most relevant for ride studies are ground input disturbances caused by road roughness.
There are many possible ways to analytically describe the road inputs, which can be classified
as shock or vibration. A simple model of the vertical road displacement z(t) resulting from a

singular disturbance event is given by;

a
E(l —cos8mt), 0.5<t<0.75

Zy (t) =
0, otherwise Eq. (36)

Where a represents the bump amplitude, (a = 0.05 (road bump height 10 cm)

A single bump road input (zr) as shown in the figure 26 is used to express the road status, and
conditions, and to verify the developed control system, this road bump is called road profile or

road disturbance.
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Bump height (m)

02 03 0.4 0.5 0.6
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Figure 26. Road profile 1

The performance of the quarter car active suspension system is evaluated between the passive

and active suspension controlled by PID and IFPID controller. Computer simulations have

resulted and performed based on the equations of motion of a quarter-car model using

MATLAB / SIMULINK. The performance of the car suspension system can be illustrated in

terms of driving comfort, quality, and road handling, as the road bump is assumed to be the

input signal of the suspension.

Body velocity (m/s)

0.8

0.6

0.4

0.2

0.2

-0.4

1 1

—— I[FPID
—— Passive
— PID
\
|
gy
0.5 1 15 2 2.5 3 3.5 4.5 5 5.5

Time (sec)

Figure 27. Body velocity (m/s?) vs time (s) of active quarter car model
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Figure 28. Body displacement (m/s?) vs time (s) of active quarter car model
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Figure 29. Body acceleration (m/s?) vs time (s) of active quarter car model
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Figure 30. Suspension deflection (m) vs time (s) of active quarter car model
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Figure 31. Wheel displacement (m) vs time (s) of active quarter car model
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Figure 32. Wheel deflection (m) vs time (s) of active quarter car model

The simulation results are shown in figure 26 -32 for road profile 1. It shows the comparison
between Passive, PID and intelligent fuzzy-PID controlled systems for body deflection,

suspension deflection and body acceleration with road disturbance.

By comparing the performance of the passive, and active suspension system using PID and
intelligent fuzzy-PID control technique it is clearly shows that active suspension controlled
with intelligent fuzzy-PID can give lower amplitude and faster settling time. Suspension
travel/deflection for can reduce the amplitude and settling time compare to passive suspension
system. Even though the amplitude is slightly higher compared to a passive suspension
system, body displacement has improved, and the settling period is incredibly short. The term
"riding quality™ is used to describe body displacement. Wheel Displacement also gives slightly
higher amplitude but assure fast settling time. The main purpose to observe Wheel

Displacement it represents car handling performance.

Simulation results shows that there is improvement in the ride comfort performance and

suppression of vibrations with intelligent fuzzy-PID control as compared to passive and PID.
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6.2. Simulation of half car model.

The vehicle is excited by a sinusoidal bump on an otherwise smooth road. This is illustrated in
Figure 33 and expressed in equation. (37), and (38) where wr and W, are the fronts and rear-
wheel input disturbances. The road profile 2 illustrated in figure 33 is simulation of road
disturbance used in half and full car model.

a
Wwe(t) = E(l—cos8rtt), 05<t<0.75
s =

0, otherwise Eq. (37)

a
5(1 —cos8mt), 3<t<3.25
0, otherwise Eq. (38)

Wr(t) =

Where a represents the bump amplitude, (a = 0.05 (road bump height 10 cm)

[} - — —Wr

0.1F n ' WiE

0.08 F 1

Height (m)

0 05 1 15 2 25 3 35 4 45 5 55 6 65 7
Time (sec)

Figure 33. Road profile 2

The performance of the half car active suspension system is evaluated between the passive and
active suspension controlled by PID and IFPID controller. Computer simulations have resulted

and performed based on the equations of motion of a half car model using MATLAB /
SIMULINK.

To make the comparison easier between the active and passive response plot in varying work
environment. The developed Simulink basically, consists of two main subsystems with the
road disturbance being injected to simulate the actual vehicle performance. The controllers
need to be carefully tuned to get the best response. The time response plot is obtained during
simulation while considering passive and active system.
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Figure 34. Front axle vertical displacement of active half car model with fuzzy-PI1D controller
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Figure 35. Rear axle vertical displacement of active half car model with fuzzy-PID controller
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Figure 36. Vertical body displacement of active half car model with fuzzy-PID controller
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Figure 37. Rotational body displacement of active half car model with fuzzy-PID controller
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Figure 38. Body acceleration of active half car model with fuzzy-PID controller

Simulation results show that there is improvement in the ride comfort performance and
suppression of vibrations with intelligent fuzzy-PID control as compared to passive and PID
based systems in terms of settling time and body acceleration, suspension deflection, and
percentage overshoot. Intelligent fuzzy-PID based control technique delivers faster response
and lower amplitude in case of body deflection, suspension deflection, and body acceleration

compared to passive and active suspension using PID control scheme.

To look into the robustness of the controllers’ parameters in depth, the model is changed to the
half car active suspension system. This is to ensure that the controller can perform well as in
the quarter car model. The same criteria are measured by the same parameters which are: car
body displacement, car body acceleration, and wheel deflection. The front and rear axle
vertical displacement presented in Figures 34 and 35 reveal that intelligent Fuzzy-PID is able
to reduce the vibration effectively compared to passive and PID. On the other hand, the output
responses of the front and rear suspensions demonstrate ride comfort, as shown in Figures 36.
The response for body acceleration shows that intelligent Fuzzy-PID managed to reduce

vibration effectively.
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6.3. Simulation of full car model.

A full car model simulation results and comparison between passive, PID, and intelligent

fuzzy-PID controller are shown in figure 39 - 42.

DD?_ T T T T T T T T T -
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Figure 39. Body displacement (m) vs time (s) of a full car model
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Figure 40. Body acceleration (m/s?) vs time (s) of a full car model
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Figure 41. Pitch angle (radian) vs time (s) of a full car model
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Figure 42. Roll angle (radian) vs time (s) of a full car model
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Full-car model with hydraulic actuator and disturbance is modeled by the dynamics equation.
One of the desired point of this study is to decrease the amplitude of car body vibration, when
the suspension system exited from the road profile. Therefore, the effect of PID and intelligent

fuzzy-PID controllers is simulated for impulse excitation.

By comparing the performance of the passive and active suspension system using intelligent
fuzzy-PID control technique for full car model, it is clearly shows that there is a problem with
robustness. Body Displacement improved even the amplitude is slightly lower compare with
passive suspension system and the settling time is fast. The term "riding quality” is used to
describe body displacement. Each pairs of wheel set have same output performance due to
mathematical modeling that has been use shows that there are relationship exist among these
wheel. The conclusion for the relationship between these wheels is when front wheel right and
left receive same types of disturbance therefore output performance will be exactly same. This
also refers to the rear wheel right and left. According to the results intelligent fuzzy-PID
controller can be clearly seen that considerable improvement the ride comfort.

6.4. Validation

The performance of the proposed fuzzy control scheme is illustrated in this section through a
series of simulations. Simulation results are carried out using a quarter car model with active
suspension, with road profile as shown in Figure 43, to demonstrate the efficiency of the
proposed Fuzzy controller. For comparison purposes, the numerical results of the vehicle
model with PID controller are also presented. PID control is perhaps the most widely used
control method. It can provide fast response, well system stability and small steady state errors

in a linear system with known parameters, (Palanisamy & Karuppan, 2016).

0.5
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Figure 43. Road input signal for the simulation
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Figure 44. Response of suspension system for road input signal

Figure 44 show the response of suspension system for the road input signal. The comparison is
between passive, PID and fuzzy controller. In this comparison fuzzy controller outperform
than passive and PID regarding to body displacement, suspension travel and acceleration. The

graph is have similarity with this thesis work. So then this similarity indicate this thesis work
result is validate.

In addition Figures 45 (A) to (E), respectively shown the simulation results of the half car
model with Fuzzy-PID controller, (Nassar & Al-Ghanim, 2018).

The comparison is done between passive, PID and fuzzy PID controllers. As we see from the
graph the fuzzy PID controller outperform than passive and PID controller. In this thesis work
the result of half car model have similarity with the graphs shown in figure 45. Therefore this

similarity confirms the results obtained in this thesis work is validate.
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(B) Rear axle vertical displacement of
active half car model with fuzzy-
PID controller

(A) Front axle vertical displacement of
active half car model with fuzzy-
PID controller.

(C) Vertical body displacement of (D)Rotational body displacement of
active half car model with fuzzy- active half car model with fuzzy-
PID controller. PID controller

(E) Body acceleration of active half car model with fuzzy-PI1D controller.

Figure 45. Simulation results of the half car model with Fuzzy-PID controller
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CHAPTER SEVEN: CONCLUSION AND RECOMMENDATIONS

7.1. Summary

The suspension system consists of a spring and oil damper interconnected between the vehicle
body and tire. The spring isolates the vehicle body from road disturbances by carrying the load
of the vehicle.

The design of the suspension system involves an optimization process as it is not possible to
provide both ride comfort and stability simultaneously. Therefore, through an optimization
process, the improved suspension can be designed to provide the vehicle with optimum
ride quality and optimum road safety.

Initially, a model-based controller is designed with a quarter car model for active suspension.
But it cannot be used to measure the pitch and roll motion of the vehicle. Both quarter and half
car model does not model the actual system for practical applications. Hence, an accurate

model of the actual system requires a complete car model with 7 degrees of freedom.

The objective of this thesis work is to develop an intelligent fuzzy-PID controller for vehicle

active suspension based full car model of the vehicle.

The whole research work is classified into three different divisions namely system modeling,
controller design and simulation. Before and after title selection and problem identification,
the previous research work was carried out on the quarter car, half car and full car model

active suspension system.

The mathematical model of the full car model is developed based on a quarter car and half car
model of active suspension with 7 DOF systems. Electro-hydraulic systems are chosen as

actuators for active control, and their dynamics are taken into consideration.

The designed fuzzy controller is implemented using Fuzzy Toolbox in MATLAB. The
performance of the designed fuzzy controller is measured in terms of body displacement, body
acceleration, pitch angle and roll angle.

Simulation based on the mathematical model for quarter car, half car and full car model
performed by using MATLAB/SIMULINK software. It is possible to observe how the
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suspension system performs in terms of stability and ride quality when road disturbance is

supposed to represent the system's input.

By comparing the performance of the passive, and active suspension system using PID and
intelligent fuzzy-PID control technique it is clearly shows that active suspension controlled
with intelligent fuzzy-PID can give lower amplitude and faster settling time.

7.2. Conclusion

An intelligent fuzzy-PID controller was developed for full car model based hydraulic actuated
active suspension to measure pitch and heave motion of vehicle which cannot be measured

using quarter car model of vehicle.

The major difficulties in an intelligent fuzzy-PID controller were selection of fuzzy rules base

and appropriate value of membership function.

It is clear from simulation that acceleration, pitch and roll angle of vehicle are considerably
reduced by using an intelligent fuzzy-PID controller which further improve ride comfort and
stability of vehicle.

The results of simulation confirms the feasibility of intelligent fuzzy-PID controller for
hydraulic actuated active suspension in terms of body displacement, body acceleration, roll

angle and pitch angle.

7.3. Recommendations

The performance of the proposed an intelligent fuzzy-PID controller is demonstrated by
simulation under bump road. Further, its performance can be validated for various types of
ISO road profile and random road profile to assess the robustness of proposed an intelligent

fuzzy-PID controller.

An intelligent fuzzy-PID controller is developed based on modeling and simulation of full car
model of active suspension. Hence, the real active suspension should be tested on real road

with varying disturbance in order to assess the effectiveness of proposed controller.
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APPENDIX - A

State-space equation

x(t) = Ax(t) + Bu(t) + Dw(t)

y(®) = x(t) + Dw(t)
Where, x= State input variable matrix, w = Rod input matrix, A = State Matrix, D = Input

Matrix, B = Feedback Matrix, u = Controller input variable matrix

Quarter car model state-space equation

The states space of the quarter car model is defined as,
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Half car model state-space equation
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Full car model state-space equation

The states space of the full car model is defined as,
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APPENDIX - B

The membership function editor in Fuzzy Logic Toolbox

[4] Membership Function Editor: fuzzynew — O X

File Edit View

Iy

2_in_error

05

[-1.2-0.8-0.4]

The list of rules used in the rules base

4] Rule Editor: fuzzynew - O *

File Edit View Options

1. If {error is NB) and (change_in_error is NB) then (output is NB) (1)
2. If (error is NB) and (change_in_error is NM) then (output iz NB) (1)
3. If (error is NB) and (change_in_error is N3 then (output is NB) (1)
4. If (error is NB) and (change_in_error is ZE) then (output is NM} (1}
5. If {error i=s NB) and (change_in_error is PS) then (output is NK) (1)
§. If (error is NB) and (change_in_error is PM) then (output is NS} (1)
7. If {error is NB) and (change_in_error iz PB) then (cutput is ZE} (1}
8. If (error iz MM} and (change_in_error is NB) then (output iz NB) (1)
9. If (error iz MM} and (change_in_error iz NM) then (output is NB) (1)
10. If (error is NM} and (change_in_error iz N3) then (output is NK) (1)
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Rules of fuzzy

4| Rule Viewer: fuzzynew

View Options

Edit

File

544

output

Close

Help

change_in_error=0.0172

arror = <0.741
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Opened system fuzzynew, 49 rules
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