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ABSTRACT

The safety and comfort of the occupants and the stability of the vehicle are
affected by the vehicle's vibration, the main goal of designing the vehicle's
suspension control device is to reduce the discomfort that occupants feel due to
the roughness of the road. Numerous studies used quarter vehicles with various
types of stimulation to study and assess the vibration of automobiles. Through
modeling, simulation, and control scheme, this thesis examines the
characteristics and effectiveness of a novel type of active suspension for vehicle
(integrating an air suspension with a hydraulic actuator to create an additional
force that withstands the incoming vibration from the road).

In this study, a mathematical model of the nonlinear pneumatic
suspension system for a quarter vehicle using the hydraulic actuator was
constructed and the pneumatic suspension system parameters, such as vertical
acceleration, road holding, and vertical displacement are improved continuously
based on the controllers which have been used for nonlinear pneumatic
suspension systems.

Six distinct control types are created, and to choose the best controller
among them, comparisons between them versus various disturbance types are
looked at. The genetic algorithm is utilized to tune the controller's parameters to
the nonlinear active pneumatic system's 3-DOF. The proposed controllers are
simulated with using the MATLAB/SIMULINK program, and the responses of
the controlled models to various disturbances are shown in the time domain.

For the model of the air suspension system, the controllers are employed
to control the force of the hydraulic actuator. The outcomes demonstrated that
the Active Force Fuzzy Logic Controller outperforms the other controller types
in terms of efficiency and robustness in the reduction of the vertical
displacement of sprung mass, vertical acceleration of sprung mass, road holding,
and dynamic load coefficient respectively by 88.5%, 95%, 33.2%, and 33.6% in
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comparison with other controllers for rough road class B. The non-linear quarter
vehicle suspension modeling and simulation of the two air spring models (the
conventional and Gensys air spring) were also compared in terms of sprung
mass acceleration (RMS), dynamic load factor and vertical displacement. The
results obtained by comparison it indicate that Gensys type is more efficient than
the traditional type.
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Nomenclature

Symboal Description Unit
A, The effective area of the air bag m°
A, The cross-sectional area of piston m’
A The cross-section area of the surge pipe m°
Cy Nonlinear air damping N.s/m
Cs The damping coefficient of damper N.s/m
G The damping coefficient of tire N.s/m
dp The diameter of the surge pipe m

f The coefficient of friction -
Fy, Hydraulic force
” The vertical force affected on air spring
c Servo valve gain m/v
o The main spring of air spring N/m
v The auxiliary spring of air spring N/m
Ky The stiffness of tire N/m
m, Air mass in surge pipe Kg
mg Sprung mass Kg
niy, Flow rate of gas air bag Kg
n, Flow rate of gas reservoir Kg
mg Sprung mass Kg
my;e Unsprung mass Kg
m, Mass flow rate of upstream Kg
n The polytropic index -
Pa The atmospheric pressure Pa
Ppb The pressure of the air bag Pa
Po Theinitial pressure Pa
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Symboal Description Unit
Pr The pressure of the reservoir Pa
P, Pressure supply Pa

Tyo The initial temperature of air bag c°
Tro The initial temperature of reservoir c°
Vi The volume of air bag after deflection m3
Voo The initial volume of the air bag spring m3
Vr The volume of reservoir m’
Vio The initial volume of reservoir m?3
W The work done in surge pipe N.m
Wy The displacement of air in surge pipe m
Z Vertical displacement for sprung mass
Zys Vertical displacement for sprung mass
Z surge pipe's average speed m/s
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Abbreviations

Symboal Description
ARBFNN Adaptive Radial Basis Function Neural Network
DLC Dynamic Load Coefficient
FLAFC Fuzzy Logic Active Force Control
FLC Fuzzy Logic Control
FOSMC First-Order Sliding Mode Control
ITAE Integral of Time Absolute Error
LOR Integral Sliding Mode Control
NL Negative Large
NM Negative Medium
NS Negative Small
PACSA Parallel Adaptive Clonal Selection Algorithm
PID Proportional Integral Derivative
RH Road Holding
SMC Sliding Mode Control
STA Super Twisting Algorithm
VVSM Vertical Velocity Sprung Mass
VASM Vertical acceleration sprung mass
VFD Vertical Force Dynamic
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Greek Symbol

Symbol Description Unit
A real order of FOPID -
) real order of FOPID -
B The viscous damping parameter. -
g, Le, Vs Actuator parameters -
B The viscous damping parameter _
T Time constant second
® Displacement of air mass m
p The fluid density Kg/ m°
U Viscosity N.S/ m’
y Specific heat for an ideal gas -

X1




Chapter One

Introduction



CHAPTER ONE
| ntroduction
1.1 Vehicle Suspension

A few years ago, there has been significant interest in suspension
systems, especially air suspension systems in modern vehicles. The necessity of
having this vital part in the vehicle to keep vibrations out, separate it from the
uneven roads, and provide comfort to passengers. In order to achieve adequate
vehicle stability when driving, the suspension system must also maintain
continual contact between the tires and the road surface. This capability is
crucial when turning, accelerating, or braking for a brief period of time. This, in
turn, would lead directly to safety, briefly the design of automotive suspension
system involves compromise between the ride quality and driving stability. In
general, sports cars have rigid, hard suspensions with low quality of driving
while the better suspension is seen in luxury vehicles, but have a low potential
for road handling. Fairly minimizing output disturbance is a priority in a good
suspension design (e.g. vehicle height) and it needs to be "soft" against the road
with adequate cushioning disruptions and "strong" against disturbances of load
[1]. A suspension that is very dampened can produce good handling of the car,
but will also move most of the road input to the body of the vehicle when it ison
alow-speed ride on arough road or in a straight line at high speed, this would be
perceived as arough journey and the passengers may find that the rough ride can
be objectionable, or it can physically hurt a car, while a lightly damped
suspension results in a more relaxed journey, but will greatly decrease vehicle
stability at turns and maneuvers. A successful passive suspension design will
work toward a certain scope to regard to improve riding comfort and road-
holding capacity, however, this tradeoff cannot be avoided. There has been
substantial interest in active vehicle suspensions used in recent years, this can

get around certain passive suspension systems' restrictions. Many automobile
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industries are considering the usage of active suspensions as a result of requests
for better driving comfort and road management. Electronically, these active
suspension systems that are regulated can ability enhance the ease of the trip and
road handling of the simultaneously with a vehicle. The pneumatic vibration
isolation technology for air-suspensions is increasingly improving. The use of
pneumatic isolators has become more common as environmental vibroisolation
standards on precision equipment and air suspensions become more stringent,

and their performance needs to be further improved.

1.2 M echanism of Vehicle Suspension

The unit of suspension is composed of two simple spring and damper
suspension components, set in parallel. Spring absorb the shock-excitation that
are due to the roughness of the road surface that is, the spring is compressed and
stores shock energy when the suspension hits a bump. It then eventually expands
and transfer the absorbed energy to the body of the vehicle.

However, on the other side, dissipating the energy of suspension
vibrations is the feature of a damper. The damper explicitly dampens a portion
of the shock energy when the suspension hits a bump. In addition, in the spring,
it dissipates accumulated energy. It regulates the operation of the springs in this
way. Similarly, the motion of the vehicle's body triggered by driving movements

is controlled by springs and dampers.

1.3 Pneumatic suspension

Pneumatic suspensions can be passive, semi-active, or active, with air
springs serving as the primary elastic component. The benefits of employing an
air suspension come from the air springs, where ride height, comfort, and
handling can all be adjusted and can be summed up:

1. The pneumatic suspension system is neither expensive nor messy, and it

does not necessitate constant fluid pumping [2].



2. Air springs effectively shield the crew and passengers from wheel-rolling
noise and vibration. This contributes to their comfort [3].

3. Air springs are known for their dynamic nature, which provides excellent
road handling and comfort. Variable stiffness is provided by the air
spring.

4. The resonance frequency of air suspension systems is lower. Because
natural frequency is consistent, a better ride is provided under al loads.

5. Spring rate can be adjusted across a wide load range.

6. Because of the inherent limitations of passive suspension systems, have
enabled modeling of the air suspension system.

7. Air suspension systems are used in both active and passive suspensions to
meet the drawbacks of power consumption and design [4].

8. Air suspension reduces vehicle vibration, resulting in less wear and tear

on truck or trailer components.
1.4 Ride Comfort

The primary goal of car suspension systems is to provide a comfortable
ride. The term "ride comfort" refers to how comfortable passengers are when
traveling in a vehicle. As well as comfort for passengers, which is related to the
level of vibrations they feel while the vehicle is traveling on a bumpy road. On-
board sources and road sources are the two broad categories of vibration sources
that have an impact on ride comfort. The roughness of the road and the
maneuvering fall under the second group of vehicle vibration sources, known as
the road source. Because it influences how high the vehicle's center of gravity
will be, the ride height is crucial. Since it affects how high the vehicle's center of
gravity is, the ride height is critical (CG) so the CG must keep the as low as
possible but at the same time lowering the ride height reduces the suspension
movement and therefore a stiffer spring must be used which makes the ride less
comfortable. Heave acceleration is utilized as a gauge of comfort and vibration

levels, and the vertical motion of sprung mass is employed to assess the amount
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of body control attained [5]. the tire forces and road surface are connected to
road handling and relative motion, which is the movement of the sprung and
unsprung masses in relation to one another, whereas the acceleration felt
corresponds to ride comfort [6]. Stiff suspension is therefore necessary for high
handling performance and derive stability, however, comfortable rides are not
permitted [7]. In this study, weighted r-m-s measurements were used, which is
described by[8]. and depends on ISO 2631-1 in 1997 to analyze vibration

utilizing the fundamental way:

1/
a, = E fOT a,,> (t)dt] 2 (1.1)
The vehicle's vertical acceleration value would be compared to the readings in

Table (1.1) to get an idea of what kinds of reactions to expect from different

levels of overall vibration in vehicle [9].

Table (1.1) The comfort levels related to vertical acceleration[9].

< 0.315 Not uncomfortable
0.135-0.63 A little uncomfortable
0.5-1 Fairly uncomfortable
0.8-1.6 Uncomfortable
1.25-2.5 Very uncomfortable
> 2 Extremely uncomfortable

1.5 Road Holding

It is a characteristic that establishes constant contact between the road's
surface and the tires, ensuring safe and stable driving. Road holding is also
referred to by various names in certain contexts, including handling, ride

stability, and driving stability, all of which suggest the same concept. A vehicle's



comfort and road holding are both impacted by its capacity to smooth out road
irregularities.

When making motions like turning, braking, or accelerating, a vehicle's
road holding ability is crucial. The vehicle's capacity to regulate itself in the
maneuvers is reduced by poor road holding, which may jeopardize the
passengers safety. The road-holding ability of the car is affected by an important
part of the wheel which is the car's suspension. Wheel and vehicle body
vibrations have an impact on the tire contact force, which in turn affects road
holding. Road roughness mostly affects wheel vertica motion, and vehicle
direction changes primarily cause body motion [10]. The shift of the load from
one side to the other occurs due to the centrifugal force on the tires, this
significantly reduces the tire contact forces and, as a result, results in poor road
holding performance. Efficient suspension can limit the vertical wheels' vertical
vibration, which is brought on by road roughness and directly affects tire contact
strength and, consequently, vehicle handling.
handling objective consists [11]
min(zys — z.) (1.2)
where the tire deflection (z,s — z;)

z,. road reference.

Z,s -displacement of unsprung mass.

1.6 Dynamic Load Coefficient

The tire load's vertical dynamic root-mean-square divided by the static
load is known as the dynamic load coefficient (DLC) [12] which is used as an
objective goal to perform the effectiveness of the suspension system, that is, the
lower this ratio, the better the performance of the suspension of system towards

stability and comfort of vehicle.

F,
DCL = 2 (1.3)
Fg




Where F, .., represent dynamic vertical wheel force and F; represent the static

tire force. DLC may be zero when traveling down a particular smooth road [13].

1.7 Models of Air Spring

The preload and the frequency and amplitude of dynamic displacements
impact the air suspension systems' vertical behavior, whereas their horizontal
behavior is influenced by the preload [14]. The models of vertical air springs are
possible categorized into reward thermodynamic and mechanical models [15].

e The mechanical models that are equivalent, are dependent on the

utilization of lumped parameters for dampers ,springs, and masses.

e All parameters in the air suspension system in thermodynamic models have
a clear physical significance since they depict the real mechanical and
thermodynamic processes taking place, such as many different types of air
spring models; some of them are detailed in this section.

1.7.1 The Smple M odel
In this model, two springs are parallels coupled to dampers as shown in

Figure (1-1).

Figure (1-1) Simple air spring dynamics model [14].

The following are the stiffness constants:



dA,
dz

K; = (po — pa)
2Po
Vi

Where K;is the stiffness of the area component's change(N.m™), K, is the

K, = n(Ae)

gas compression's stiffness(N.m™), p,, is the system's initial pressure, Pa is the
atmospheric pressure, A, is airbag's effective area(m®), V; is the air bag's initial
volume(m®), Z is vehicle body displacement, n is index of thermal process, and
"damping coefficient” is C indicate to the material in the spring and the air are
both dampened.
1.7.2 Nishimura M odel

A one-volume assumption does not apply to the Nishimura air spring and

the orifice damping and flow resistance through the pipe may be modeled using

this model.
T -
K
Figure (1-2) NISHIMURA model [14].

Po
Ky :n'(Ae)Z'V
T
Po
K, =n- (Ae)z V_b

dA, dA,

K3 =pgo-——= o —Pa) -~

, 0.126
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The stiffness parameters are:
K;: the stiffness of airbag (N/m), K,: the stiffness of the reservoir (N/m). K5: the
stiffness of air spring due to change in the effective area(N/m),C: Coefficient of
damper accounting for substantial losses in the surge pipe and moderate losses
in fittings, ds. the surge pipe's diameter (m), g: acceleration due to gravity
(M/sY), A: effective area (m?), V,,: air bag volume (m°), V,.: reservoir volume
(m°), p;: mean density of the air (kg/m°), p;: initial absolute pressure (Pa), p,:
Atmospheric pressure (Pa).
1.7.3 Vampire Moddl

This model consists of four types of springs and a mass M, which consists
the air mass's inertia flowing in the tube connecting air bag and the reservair.
This model differs from the one before it (Nishimura) is the addition of an extra
spring (K4) depicts the safety spring, while the damper coefficient is non-linear,
and it differs from the model before it, as shown in the Figure(1-3)

L
K.

M

B

Figure (1-3) VAMPIRE model [14].

1.7.4 Smpac M odel
This model of air spring includes four stiffness, K1 represents the air
effect of the original air spring. K2 represents the stiffness of the air's effect on
the additional volume, K3 is the stiffness that depicts the impact of the changing
8



air bag effective area, K4 refers to the rubber mounts' stiffness. The surge pipeis
dampened by the damping coefficient C2, and the air bag is dampened by the
damping coefficients C3 and C4, respectively as shown in Figure 1.4 [14].

| 2 z
Ka
|

L =

Figure (1-4) SIMPACK model [14].

Where
_FZ
p, =
g Ae
A
Kl =n (pg +pa)V_e
Vy
K, =— K
2 Vr 1
dA,
Ks = —py dz
Where

K;is the stiffness of air in air bag (N/m), K, is the stiffness of air in reservoir
(N/m), K5 is the stiffness of the air spring's changing effective area (N/m), K,:
Stiffness of the rubber (N/m), C, is damping coefficient of the surge pipe, C; and
C, are damping coefficients of the air bag, F, is Vertical force (N), Ae is
Effective area of air spring (m?), pa is Atmospheric pressure (Pa),V, is Volume

of the air bag (m®), and V, is Volume of the reservoir (m°).



1.7.5 Gensys M oddl

It represents the lateral, longitudinal, and vertical behavior of an air spring
in three dimensions, as seen in Figure 1.5 [16]. a contribution from friction and
one from viscosity [17]. We shall analyze the Gensys equations for vertical

motion in section (3.1).

Ky

Figure (1-5) GENSY S model [17].

1.8 Control System

In the area of controlling oscillations, Many control laws are created to
provide the necessary performance for any closed loop system to solve different
problems. “FLC, FOPIDC, and SMC” are implemented in the current study.
1.8.1 Fractional Order-Proportional Integral Derivative

In order to overcome the shortcomings of the conventional controller a
“Fractional Order Proportional Integral Derivative” controller was used. The

following is a mathematical representation of the FOPID controller form [18].

u(t) =K,-e(t)+K;-D™*-e(t) + Ky - D? - e(t) (1.4)

10



inpu e(t) u(t) output
I"-,--rll"—-"i:-u':'"' e+ Kp- [P aln > plant

) 4
A 4

Figure (1-6) “Fractional Order PID” control system.

1.8.2 Fuzzy Logic Control

One of the most effective and well-liked control techniques available for
controlling active suspensions is fuzzy logic control (FLC). A “Decision-making
logic, afuzzy rule base, a defuzzification interface, and a fuzzy interface ” make
up a standard FLC.

Using a fuzzy controller, a linguistic control method is converted into a
program that intelligently controls nonlinearities with uncertainty. In spite of
road disturbances, this control system aims to keep the sprung mass acceleration

and displacement as near to zero as possible.

1.8.3 Sliding M ode Control

Slide mode control is one of the techniques which is used to control
suspension systems due to the main characteristics, such as robustness and
finite-time convergence compared to other linear controllers, it has a

significantly more complex layout and control process.
1.9 Genetic Algorithm

Ordinary and dynamic programming is one of the classic types of
optimization, in which it is not possible to deal with tasks that require complex
solutions with constraints and nonlinear functions, it also cannot find an optimal
solution or requires a longer processing time. Evolutionary algorithms (EAS),
stochastic optimization approaches that function similarly to the biological

11



evolution of natural selection and/or the social behavior of species, are offered
as a solution to these problems [19].

A set of optimization parameters has been used for the purpose of solving an
engineering, scientific or economic problem, such as reducing losses in power
networks by finding the best solutions in the distribution or training a neural
network to identify a problem through training on a set of images [20].

The biological system and Darwinian Theory of natural evolution, which
relies on the "survival of the fittest" tenet, served as inspiration for the concept
of a genetic algorithm. Genetic algorithms for solving problems were devel oped
and tested by John Holland, who put this algorithm into a theoretical form [21],
on the basis of genetics, in addition to the laws of natural selection [22]. The
genetic algorithm operates on three operators, selection, crossover, and
mutation. The GA mechanism depends on diagnosing specific sets of solutions,
caled chromosomes, for a desired optimization problem called population,
within the search space using the fitness function in each repetition case or
iteration called generation [23]. Chromosomes consist of chains where each
chain consists of genes. Genes represent a specific value, which can be a binary
system, an alphabet, a specific value, or an integer.

Chromosomes are grouped together as a population. During each
repetition or generation, the chromosomes are modified towards the optimal
solution through the chromosomes that began to be generated randomly, as
genetic factors (selection, crossover, mutation) are applied to this modification,
as shown in the first factor responsible for transferring information from one
generation to another through selecting the most chromosomes effectiveness
which is based on improving the desired fitness function while neglecting others
without affecting the population [24].The cross factor works to produce new
chromosomes (operable solutions) from the selected solutions by cutting and
switching these solutions between these genes [25]. The mutation factor creates

new solutions by changing the value of the gene within the chromosome that is

12



randomly selected on the basis of the mutation rate to ensure population
diversity, that is, GA does not depend on gradient information and thus enables
it to deal with non-simple optimization problems that include non-linear
functions or constraints [26]. This technique has been widely used in academia
in a variety of research domains, including drones, seat suspension systems, and
vehicle suspension systems [27, 28]. When using a large population and number
of generations, the probability of achieving an optimal solution increases
globally. However, this requires more time for calculations, especially for
complex [19]. The survival of the fittest is applied by a genetic algorithm to a
population of alternative solutions to create ever-improving estimates of the
solution. By selecting individuals based on their level of fitness in the issue
domain and breeding them together using natural genetics-inspired operators, a
new set of approximations is produced at each generation. Similar to how natural
adaptation occurs, this process causes groups of people to develop that are better
adapted to their surroundings than the individuals from which they originated. A
population of peopleisinitialized at random at the start of the computation.

Then, for these people, the objective function is assessed. Produced is the first or
initial generation. The start of a new generation occurs if the optimization
conditions are not met. People are chosen based on how well they are able to
produce progeny. Offspring are created by combining parents. There is a certain
possibility that every offspring will have a mutation. Next, the fitness of the
progeny is estimated. A new generation is created when the offspring are
introduced into the population in place of the parents. Up till the optimization

conditions are met, this cycle is repeated [29].
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1.10 Road Profile Excitation
There are three road profile kinds that are utilized to test the models in this
section using MATLAB-Simulink.
1. Inthis case, the road profile is taken from a simple sine bump and applied.
A speed hump that was generated from an equation and used in this case
for quarter-car model is depicted in Figures (1.7). Common humps come
In recognizable shapes like circles, parabolas, and flat surfaces [30]. In
this case, the circular type will be taken into account. The circular speed

hump's parameters, as described in eq.(1.4) [31].

y = hsin(wt) (1.4)
Where:
w = % rad/s, h is height of bump equal to 0.1 m, L isequal to 5.2 m, V is

velocity of vehicle in km/h. The block simulation for this bump is presented in
(Appendix-A).
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Figure (1-7) Road profile with 0.1-meter high bump.
2. A two-bump road disturbance of varying sizes, modeled utilizing the

subsequent eg. (1.5) [32].

(A t
—|1—cos|2n (—) ,for Ty <t < 2Ty,
2 Tyq

J(t) = 1 5 . (1.5)
E(l — cos| 2@ (T_> , for 8Ty, <t < 9Ty,

b2

\0 Otherwise
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Where:
A is the height of the first bump which is taken into account between the

seconds Ty, and 2Ty, B is the height of the second bump which is taken into
account between the seconds 8Ty, and 9Ty, . The following Figure (1.8) depicts

the two bump road disturbance. The (Appendix-A) contains the block simulation

for this two-bump road.
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Figure (1-8) Road profile with two bumps.
3. A random road roughness is used to simulate the road profile using the
MATLAB/Simulink platform according to 1SO/TC108 as illustrated in
Figures (1.9). using the Gq coefficient of roughness described in Table

(1.2) for alevel B rough road.
where q(t) represents the unevenness of the road surface, which can be

calculated using the equation below [33].

q(t) = —2nf,vq(t) + 2mn, fv Gq(ny)w(t) (1.6)

Where:
fo 1saminimal boundary frequency and equal to 0.0628 Hz, v is the speed in
(m.s?) which are various, n, = 0.1( m™ represented a reference spatial

frequency, w (1) : the Gaussian white noise, G,(n,) : the roughness coefficient
(m3). In (Appendix-A), the block simulation for random road roughness (level-

B).
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Table (1-2) Road classification levels[33].

Road Class A B C D

G,(n,)(x 107%) 16 64 256 1024
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Figure (1-9) Road input for roughness road 1SO class B.

1.11 Objectives of the Work

The fundamental aim of this study is to create an active air suspension
integrated with hydraulic actuator for vehicle in order to improve their dynamic
behavior. These particular objectives have been established in order to reach this
goal:

e To research the history of air suspensions as well as their strategies of
control.

e Evaluate a mathematical model of air suspension to quarter vehicle
model.

e Establishing the air suspension system's parameters.

o Make a comparison between two models of the air spring, the traditional
type with the Genesys type, to find out which one is better in the
suspension system

e demonstrate the effectiveness of integration of the hydraulic actuators
with pneumatic suspension system (build a model of an air suspension
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system combined with a hydraulic actuator) and optimal control strategies
by optimization and to know the effectiveness of this type of suspension
system
o Validation of the simulation model by comparing simulation results with
other studies.
1.12 Thesis Structure
This thesis is divided into seven further chapters, each of which is briefly
described in this part.

The first chapter covers a wide a variety of subjects, including the
background information about vehicle suspension systems, the models of air
spring, Genetic algorithm, and the thesis' objectives.

The second chapter relates to review of the literature on air suspension
systems and associated control methods.

The third chapter includes the designing, modeling the air spring and its
parameters and hydraulic actuator of suspension system model

The fourth chapter includes the derivation of the air spring of the tradition
type in addition to a simulation to compare two types of air springs in order to
connect one of them with hydraulic actuator.

The fifth chapter, Model comparisons between their outputs are carried out
(results and discussions).

The sixth chapter describes the conclusions of this study, and provide

suggestions for further research.
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CHAPTER TWO
Literature Review

2.1 Introduction

The vehicle's suspension system is an essential component. This system
aids in regulating and dampening vibrations that are transmitted from the road
surface to the vehicle body. The stability and comfort of the vehicle depend on
the operation of the suspension system. In order to increase the smoothness and
comfort for passengers in the vehicle, the stiffness of the suspension system
needs to be changed flexibly. The conventional pneumatic suspension system
can partially meet these requirements. However, the change is not much
[34].This chapter provides the technical background needed to understand active
suspension and the behavior of the air spring.

The suspension system's electronic control might improve the trade-off
between the stability and comfort that the vehicle's suspension scheme is
designed to achieve. Car suspension systems may be divided into three parts
semi-active, active, and passive suspension. The typical springs and damper are
part of a system of passive suspension. That mechanism have the capability to
accumulate energy using a spring and disperse it using a damper. A semi-active,
the damping coefficient value is variable, while the ability of the active
suspension to supply the system with energy between sprung and unsprung
masses, the actuator is linked in parallel together with a shock absorber and the
spring where desired force may be produced in any direction using the actuator.
The car's active suspension is fitted with sensing devices that are connected to a
reliable computer system that contains data on the vehicle and how it responds

to various road conditions. Figure (2-1) shows the types of suspension
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Figure (2-1) The types of suspension.

Many researchers added improvements to the pneumatic suspension system and

studied the strategies through experimental work and simulation.

2.2 Air Spring

A general model of an air spring is very difficult to create due to the
strong nonlinearities in the stiffness and the hysteresis effects, which are
scarcely noticeable in normal coil springs. The design of vehicles using air
springs can make use of them to improve the ride and handling while also

including a number of functions for the comfort of the passengers.

Kim and Lee, (2011), [35] proposed a new algorithm of control (Fail-safe
Algorithm) with (Fault Detection) for closed loop air suspension system. This
algorithm was implemented and verified through the simulation and the vehicles
test and then showed from this technique can evaluate the target height to
accomplish different control objectives and adjust the height of vehicle to the
desired height, even when using a time-varying model uncertainty.

Yin, et a., (2012), [7] proposed a new pneumatic air spring which
includes a tuning subsystem, two accumulators, and a double-acting pneumatic

cylinder., spring stiffness was derived according to the principles of fluid and
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thermodynamics, the experiments were carried out with various chamber
pressure settings and ride heights. The analytical and experimental findings
studies demonstrated an ability of the improved air spring system to
independently adjust the stiffness and ride height.

A. Kazemini et al., (2013), [36] designed a model for air suspension for a
quarter car, where the model-based simulation and experimental testing were the
two methodologies used in the test strategy for the suspension model. To
enhance the isolation effectiveness in the minimal frequency range, an active
control approach based on applying pressure to a pneumatic vibration isolator is
developed. They validated the effectiveness of their strategy by comparing
simulated results with experimental results through values, In modeling and
experimental data, the body acceleration was improved by 17.92% and 11.51%,
respectively, tire force was used to define handling performance, which

improved 8.1% stimulatory and 3.04% experimentally.

N. Khettou et a., (2015), [37] modeled a semi-active control of a quarter
vehicle using air spring. The air spring model was established by the dynamics
of equation, MATLAB and the transfer function were used to implement the
simulation model. Simulation results show that the valve diameter, air spring
pressure, the mechanical stiffness and the dumping coefficient impact the
system's dynamic responsiveness. The results showed a decrease in the

amplitude of oscillation in around the system's natural frequency.

Madliiev et al., (2015), [3] improved the mathematical model around the
damping of vibration considering the effect of pneumatic spring suspension
system parameters, gas thermal and dynamic system characteristics, and the
direction of airflow via the throttle orifice situated between the air spring and the

extra reservoir. The findings of the search reveadled that the masss vibration
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frequency was dependent on the throttle's cross section, the surface's area, and
the additional reservoir's capacity, which gave rise to the need to include them in
the expression for calculating the coefficient of damping, which also took the air
spring's active capacity, the density of the air, and the frequency of the resonant

vibration into account.

H. J. Abid et a., (2015), [38] investigated an equivalent model is one that uses
the same road profile inputs and an pneumatic suspension system configuration
to achieve a suspension system that performs similarly to a passive suspension
system component through the use of Matlab-Simulink with (OptiY)
optimization, as well as the air spring's characteristics as length of surge pipe,
initial pressure, ,diameter of pipe, a bag's volume, and the reservoir's size are

gained from optimization.

P. Karimi et al., (2016), [39] built a dynamic air suspension model with
independent stiffness and height adjustment techniques by modifying the air
pressure in the two air chambers of this air suspension, so that the ride height
and stiffness of the vehicle is synchronously changed for different driving
conditions. They used the maximum and least desirable natural frequencies
when operating at maximum pressure to derive the equations for the optimum

accumulator volume.

G. dalvi et a., (2017), [40] designed the mathematical model of air spring
by MATLAB/Simulink and studied the character of the variation in stiffness
with pressure for different loads, an adequate experimental setup was created,
frequency dependency of stiffness consideration and presence of friction
because of in connection pipeline the flow resistance was modeled according to
approximation. The simulation and the experiment were compared and

examined. As a result, the air spring's vibration settling time was reduced. They
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also explained that an amount of damping and flexibility can be produced by the
developed air spring.

Moheyeldein et al.,(2018), [33] evaluated the passenger's comfort and
vehicle stability by conducting a time and frequency analysis of severad
parameters of the spring and their effects on the suspension vehicle at a speed of
(20 m.s?) with the road level C and comparing it with, after that, both the
passive suspension and the dynamic air spring suspension in RMS of dynamic
tire force, suspension travel, and body acceleration. Results showed that these
parameters improved by 27 percent, 10 percent, and 20 percent, respectively
when compared to passive suspension, which offers more comfort and easier

handling.

We Li et a., (2018), [41] developed a single degree of freedom air
suspension mathematical model that is nonlinear and an additional chamber
based on fluid dynamics and engineering thermodynamics theories. They
showed that a tight relationship exists between the throttle orifice opening and
the damping properties of an auxiliary chamber air suspension and concluded it
has correlation of amplitude and has a close connection to the throttle's orifice
opening valve and showed the maximum error for the ratio is 7.69 percentage,
and the natural frequency of the system's maximum inaccuracy is 4.17 percent,
this demonstrates the precision of the simulation analysis and mathematical
model.

Me Li et a., (2019), [42] showed that the performance of air suspension
(shared chamber air suspension) with the Fuzzy-PID controller has explicit
improvement in the vehicle body's acceleration differs from the effectiveness on
dynamic tire load and suspension deflection. They concluded that a larger the
combined chamber volume with the lower pressure contributes to the

improvement of the acceleration of the body, while the dynamic tire load(DTL)
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and the suspension's deflection cannot obtain optimum value simultaneously

when these parameters are given weights.

K. A. Abd El-gwwad et al., (2020), [43] developed used to evaluate the
performance of semi-active four state switchable damper suspension gadget with
dynamic air spring then contrast the results with those provided by the passive
dynamic air suspension system and the semi-active four state switchable damper
device. The air spring size, air pressure, reservoir size, and tubing dimensions
were included in this parametric analysis. Therefore, as compared to passive
dynamic air suspension, the improved four state semi active suspension systems

offer considerable improvements.

2.3 Control of Air Suspension System

Many methods of control are utilized to enhance the efficiency of the
system of active suspension, such as:

M. Mailah and G. Priyandoko, (2007), [44] presented active force control
(AFC) and used adaptive fuzzy (AF) logic techniques to build a model of
control methodology which is applied to the suspension system of the quarter-
active car. The main components of the overal control system are three
feedback control loops: the inner control loop for PI, which tracks a force
applied by the hydraulic actuator, the middle AFC control loops, which
compensate for disruptions as well as the external AF control loop, which
calculates the ideal target or commanded force. They observed that the
performance of the active suspension system with Adaptive Fuzzy Active Force
Control (AF-AFC) is superior to that of its passive and AF counterparts, which

may thus improve the comfort of driving acar.
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Pekgokgoz et al., (2010), [45] studied proportional- integral- derivative
(PID) and the fuzzy logic controller methods on a sample quarter-car model, and
genetic algorithm techniques are used to optimize the membership functions.
Additionally, a comparison of the car's body deflections and force of control has
been established and contrasted. This comparison represented the effeteness and
convenience of the offered Fuzzy Logic Controller (FLC). They showed that the
proposed approach can be efficiently used for active suspension control in
vehicles.

J. Sun and Y. Sun, (2011), [46] studied three types of active suspension
control strategies of random road signal and verified that a method of the least
means squares (LM S) adaptive control which deprived from signal procession is
applied on the active control of suspension and the outcomes are evident, the
sky-hook and generalized adaptive controllers in 2D of freedom vehicle
suspension . They conducted a LM S adaptive control method might significantly
enhance the suspension system's performance (dynamic suspension deflection
and the sprung mass's acceleration) when compared to passive suspension, in

the frequency domain acceleration decreases by eight-ten times.

G. Yang and Y. Zhao, (2012), [47] proposed system of semi-active
suspension to enhance riding comfort and a 2-DOF vehicle simulation system is
designed to simulate the activities of the suspension system. They employed
Fuzzy Logic technology to control the suspension's continuous damping to
reduce vehicle acceleration when the vehicle is exposed to an irregular road and
according to the findings of the simulation, the proposed fuzzy logic controller
outperformed both a conventional passive suspension system and the linear
quadratic regulator control approach.

M. Jamil et a., (2013), [48] developed controller by combining
intelligent control and optimum control methods by fuzzy logic rules based to

reduce the vertical displacement of the vehicle's body, through this integration,
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the actuator control force is also decreased while comparing uncontrolled
suspension. The system's vertical displacement was reduced by 62.5% after the
implementation of the LQR controller, but produce high actuator force while,
proposed control was minimized by 40% with the modest peak and stable
magnitudes for actuator control forces, a more effective control strategy is
offered by these actuator's force to enhance ride comfort and stability when

coupled with active suspension.

C. V. Reddy et a., (2014), [49] modeled and analyzed hydro-pneumatic
suspension system for passenger cars and they built a hydro pneumatic
suspension of a quarter car using Matlab/Simulink with PID controller. By
adjusting the pneumatic pressure inside the chamber, the suspension stiffness
can be changed. In a hydropneumatic chamber, the pneumatic pressure can aso
be regulated by adjusting the hydraulic pressure on the opposite side of the
diaphragm.The hydraulic cylinder, pump, valve, orifice, piston, and gas
compression and expansion are all included in the suspension model, the valve
is turned by a PID controller to produce the required suspension performance.
The observed from the suspension model, the maximum sprung mass of the
passive suspension system is approximately 1.11*10-3m while the maximum
displacement of the hydro pneumatic suspension system is approximately
1.11*10-4m. That is, sprung mass displacement was reduced by 90%, also the
sprung masss acceleration is reduced by 79.5 percent as compared to
conventional suspension systems. further demonstrated that the use of hydro
pneumatic suspension model results in a reduction in the response time-length to
return to the static equilibrium position, thereby enhancing the suspension

system and passenger comfort.

A. Cakan et al., (2014), [50] suggested a linear actuator for active

vibration control of quarter suspension system . Various controller kinds are
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established under the influence of two road profiles by using ADAMS and
MATLAB software and two types of controllers under the influence of two road
profiles, Artificial Neural Network Based Fuzzy Logic (ANNFL) and PID as a
tool for control of active vibration simulations of the suspension system. The
used techniques and implementation are performed well according to molding
and control performance. By employing simulations, the comparison between
modalities of active and passive are established, and it is proven that the

controllers that were built are effectiveness.

R. Rodli et a., (2014), [51] implemented a hybrid control approach for a
vehicle suspension system utilizing a PID control system, iterative learning, and
active force control, with performed on test rig for quarter car, also they
suggested that PID and lterative Learning algorithms for active force control are
technically feasible and readily implemented in real-time. The testing findings
showed that the AFCIL scheme's active suspension system outperformed its PID
and passive counterparts. The obvious decrease in vertical body acceleration and
displacements and that the suggested control strategy improved the system's ride
comfort feature.

A. M. Shirahatti, (2015), [52] designed and simulated the Linear
Quadratic Control (LQR) controller for full vehicle model based active
suspension and eight-degree of freedom and used an input to the whole vehicle
model, measured random road surface that fits within the poor category of roads
according to 1SO is utilized as input to the entire vehicle model. An optimization
approach ( stochastical technique) has been used for quantitative comparison the
LQR controller design approach of active system with respect to a passive
system. When compared to a passive suspension system, the active case's seat
bounce and acceleration are reduced by 92 and 86 percent, respectively, while
the active case's tire vertical displacement with suspension- travel lowered by
13.8 and 18.4 percent.
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H. K. Tran et a., (2016), [27] proposed controller software showed a
superior and the most efficient process trgjectory, including fuzzy logic control
for Unmanned Aerial Vehicles flight motion control simulation. Fuzzy Scaling
Factor was optimized using ITAE “the integral of time times absolute error”
criterion using genetic algorithm optimization as the training software for the
Tricopter of flight motion control system and the performance finding
demonstrate the extremely dependable waypoint tracking and stable functioning
as per Figure (2-3).
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Figure (2-3) Diagram of the GA-FLC controller [27].

P. Karimi et a., (2016), [39] used a type of suspension in the chassis
height in form of air suspension that can be controlled the airbag by further
inflating, furthermore, the stiffness is not adjustable and is based on the airbag
volume and chassis load, including two chambers for air (rubber airbags), which
allow independent ride height and stiffness tuning. In this air suspension design,
the vehicle's stiffness and ride height can be altered simultaneously by adjusting
the air pressure in the two chambers for different driving conditions, alowing
the height of the vehicle and the natural frequency must be adjusted for the
charge situation and the road situation. They developed an optimal configuration
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that has been found for this air suspension system and can be used for any
vehicle model and air suspension geometry.

S. Palanisamy and S. Karuppan, (2016), [53] studied the effectiveness of
an active suspension system employing FLC as the control strategy and
suspension deflection of the vehicle body as the main control criterion. They
carried out the simulation results by simulatio/MATLAB using a quarter-car
model with, two different road profiles and compared the analytical results of
the model with a PID controller. Through the proposed model, they were able to
significantly reduce both the acceleration of the car body and the vertical
displacement in comparison to the PID controller's performance and the passive
suspension. By lowering body acceleration with the use of a fuzzy control
method, the comfort of the ride is increased.

X. Dong et a., (2016), [54] developed a nonlinear model for an electro-
hydraulic servo actuator with active suspension system by designing a FOPID
controller to control the displacement servo of the actuator. The optimizing the
parameters are tuned using a parallel adaptive clonal selection agorithm
(PACSA) by error integral criterion. They demonstrate that the performance of
the system for suspension using the FOPID actuator is superior to both the
passive suspension system and the active suspension system using the PID

actuator.

M. H. Ab. Talib, (2017), [55] studied a magneto rheological (MR) damper
for semi active controlled suspension. His study am to investigate the
development of vehicle suspension system intelligent controllers using magneto
rheological damper, PID control and FL control tuned using PSO algorithm,
algorithm firefly (FA), and sophisticated firefly algorithm. He proposed a
parametric modeling technique known Spencer model and used for measuring

MR damper. A semi-active simulation performed in the MATLAB/Simulink
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environment. The efficiency of all control strategies was examined with regard
to two key issues: the controller's capacity to reect the vehicle's undesirable
motion and to overcome the damping limitation. PID-AFA's proposed control
scheme has decreased the acceleration of the sprung mass and displacement of
Sprung mass up to 28.21 percent and 16.9 percent respectively over the FL -
AFA and passive system.

Y. Taskin et a., (2017), [56] designed three inputs and one output fuzzy
logic controller for suspension testing setup for quarter car. Comprehensive time
and frequency responses are used to display and explain the outcomes of the
experiment. For comparison, the traditional fuzzy logic controller is also used.
Both passive systems and active controllers, sprung mass vertical accelerations,
displacements , suspension travel, and forces of actuator are compared.
According to comparison the passive and traditional fuzzy logic controlled

systems, the results show that proposed controller worked well.
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Figure (2-2) The FLC active suspension system's standard block diagram [56].

Z. Ding et a., (2017), [57] used an adaptive neural controller with a
continuous damping controller damper (CDC) for the nonlinear suspension

system to minimize the sprung mass from oscillating locally in the case of road
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roughness, they employed an (ARBFNN) using online learning and skyhook
controller, additionally, the controller's settings are determined and optimized
using the PSO approach. They showed that the improvement in root-mean-
square values by use of the controller is that the displacement is decreased
compared to the control for a skyhook. The outcome demonstrated the
effectiveness of the control unit to improve semi-active suspension systems
performance compared to passive suspension systems and Skyhook control
structures.

Durairg et al., (2018), [58] proposed a fractional order PID controller
with five parameters (five gains), with harmony search acting as the stochastic
optimizer to automatically tune the fractional order PID controller, utilizing the
objective function of ITAE. The tuned controller provides the best tuning
parameter that significantly decreases body displacement and ensures passenger

comfort by correcting wheel deflection.

Salem, (2018), [59] studied a quarter car model with two degrees of
freedom by designing a nonlinear spring and compared it with a linear spring.
Results reveal that adding nonlinear stiffness reduces the sprung mass's vibration
to satisfy ideal ride comfort standards and a nonlinear suspension that might
offer performance gains over those made possible by passive, semi active, and
active suspension. To achieve the required performance requirements, an
automatic optimization of the suspension parameters was carried out using the
Genetic algorithm. In comparison to a linear connection, the theory of energy
transfer between a linear oscillator and an energy absorber has been studied and
showed a significant energy transfer. According to the findings, adding the
nonlinear spring to the suspension will reduce the sprung mass amplitude by
50% to 60%. The amplitude would decrease to 60% to 90% with subsequent

advancement employing the new genetic parameters.
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Tran and Nguyen, (2018), [60] optimized the PID controller variables
both for real-time quadcopter flying motion and simulation using genetic
algorithms. They implemented the GA-optimized PID through criteria of ITAE
with regard to a motion control system for quadcopters as shown in Figure (2-4),
as well showed that the controller for PID controller works effectively in
evaluation of tracking flight motion and waypoint, the consequence is an

Improvement in the operation time.

Figure (2-4) Diagram of the proposed controller [60].

Ammar and Ameen, (2018), [61] studied different control algorithms for
modeling, simulating, and controlling a linear half-car for system of suspension
using “Matlab/Simulink for model which has 4 degrees, consisting of front and
rear-axel heave movements, pitch and heave movements of the vehicle's
unsprung mass, as well developed and implemented different control Fuzzy,
PID, and Fuzzy-PID for linear half-car active suspension systems with a
hydraulic actuator. Comparisons between active suspension using various
control systems revealed that the fuzzy-PID controller and passive suspension

indicated in the work performed better than the other controllers used in the
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analysis, having shorter settling times, smaller overshoots, and rising steady

precision, and better dynamic performance.

Ahmed A. Abougarair and Muawia M. A., (2019), [62] employed an
active mathematical model suspension system for the quarter car system. They
presented and used linear Quadratic Control, the proportional derivative (PD),
and Fuzzy logic tune PD controllers, and then compared between these
controllers to reduce the quarter-response car's to road disruptions model under
the influence of two road profiles and variation of body mass. The outcome
indicates that the usage of the three control strategies proposed is successful in
controlling a vehicle but the fuzzy logic tune PD controller is more robust than

the other two controllers.

C. Zhou et ., (2020), [63] researched a dynamic switch control technique
that can switch between handling and comfort controllers when driving on
various road surfaces. The load transfer ratio, which is determined using a six-
degrees-of-freedom (6 DOF) model, is chosen as the switch performance index
in accordance the sliding mode control strategy. Analytic hierarchy method is
used to produce the sliding mode controller's objective functions, and the
parallel adaptive clonal selection approach is then used to optimize the
controller's parameters (PACSA). They conclude that, when compared to a
traditional SMC controlled suspension system, the suggested key control
techniqgue simultaneously enhances ride comfort and maneuvering stability

under a variety of maneuvers and road profiles.

Y. Shahid and M. Wai, (2020), [64] deal with the control of vibration for
active a quarter-car system of suspension . They searched strategies of damping
control , (HOSMC) according to a (STA), (ISMC), (FOSMC), (LQR), (PID),

and passive system for suspension . Anaysis is done on the performance
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comparison of various active controls in form of vertical movement, wheel
deflection, and suspension deflection . The theoretical and qualitative analysis
verified the STA-based on HOSMC demonstrates better efficiency well as
negates the undesired FOSMC, LQR, ISMC, PID and passive system, and then
improves the ride comfort and vehicle stability.

G. W. Kim et a., (2020), [65] enhanced discrete Kalman filter for a car
suspension control system's input of unknown road roughness and used it to
estimate all state variables at once without any background knowledge of the
suspension system for the vehicle. Utilizing the CarSim program, the
performance of the estimator for the car suspension control system is validated
in order to evaluate every variable state and rough input from an unknown
surface for a car suspension control system that is important for performance of
the vehicle's ride and handling while being driven. They prove an effectiveness
of the proposed algorithm through simulation and experimentation with an in-
vehicle test bed type with a laser profilmeter under different driving settings,

such as changing vehicle speeds and road conditions.

Z. A. Karam and O. A. Awad, (2020), [66] proposed a robust controller,
the Fractional Order PIDC for active quarter vehicle suspension and Particle
Swarm Optimization PSO with Whales Optimization Algorithm WOA for
tuning of parameters of the FOPID controller to minimize car body
displacement and decrease oscillation time's damping frequency. The FOPID-
based WOA controller appears to function significantly better than that reached
by the PSO and conventional PID one, according to a simulation result. In
comparison to the PID controller, the FOPID controller offers a faster speed
response of the suspension system with a reduced overshoot, faster setting time,

and faster rising time.
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T. A. Nguyen,(2021), [67] used a system of nonlinear (single input—
single output) for the sliding mode strategy to control a hydraulic actuator force
that applies to the unsprung mass and the sprung mass for the active suspension
system. They obtained results for the sprung masss acceleration and the
displacement of sprung mass much smaller than the passive suspension system
when comparing the model with it, also showing that the sliding mode controller

Is extremely durable and robust versus road disturbance.

2.4 Concluding Remarks

Pneumatic vibration isolation technology for air suspension technique is
steadily developing, since pneumatic isolators are used frequently, its
performance needs to be further enhanced. The performance of comfort and
handling at the same time in any vehicle is one of the challenges, here comes the
role of active suspension as a key to solving this challenge, this is why there is a
lot of research and study done on the active suspension. In this study, presents a
new design and control pertaining to the active suspension system are
incorporated the hydraulic actuator into a pneumatic suspension system, as the
suspension system's stiffness must be flexibly altered on a regular basis to

maintain the vehicle's stability and comfort during the ride.
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3.1 Introduction

One of a vehicle's suspension system's primary purposes is to prevent road
vibrations experienced by the tires from being communicated to the occupants;
the creation of effects that stop rolling, sguatting, and diving caused by
dynamic load transfer, as well as the provision of the road holding. Passive
suspensions have constant spring stiffness and damping coefficient limiting the
suspension system’s unable to adapt to the dynamic conditions of a vehicle
leading to the deterioration of the ride and handling performance of a vehicle.
This necessitates the search for adaptive suspension technologies and at present
pneumatic suspension technology is promising and becoming popular in high-
end passenger cars.

3.2 Air Spring Model

The spring and damper stiffness are constant in a traditional passive
suspension system. Perhaps that may bring the stability and comfort of the car to
alower level. In order to improve this case, the characteristics of the damper and
spring, or both, must be modified. In this study, an air spring was used instead of
acoil spring to get more comfort.

Nishimura, Vampire, Simpac, and Gensys are just a few of the many air spring
models that are accessible as a smplified model for vertical air spring dynamics.
The quarter vehicle air spring model, presented here with the airbag and
reservoir which is connected by pipeline with valve, as shown in Figure (3-
1).The leveling mechanism is not taken into account in the air spring modeling

that is described here since these changes happen extremely slowly.

35



Chapter Three Theoretical Analysis

- .
D '

T N

Figure (3-1) Pneumatic suspension system, (1) tank, (2) valve, (3) tube, (4)
airbag (5) wheel [15].
It is possible to use air springs in a mechatronic method for suspension design
the fact that it offers a simple regulated variable spring rate, low-cost, and
leveling automatically.

For Gensys model to account for the difference in gas state between the
volumes(air bag and reservoir), a mechanical barrier has already been added to
the pipeline in the form of a fictive piston as shown in Figure(3.2). The
structural barrier is assumed to neglect mass, and an additional liquid mass that
oscillates along the pipeline is added to the barrier. The pressure difference
between the two volumes is caused by the barrier displacement. A significant
assumptions for minute changes in the gas state are made for the simplified air
spring model, and suitable linearization is used [68]. The fundamentals of
thermodynamics and fluid are the foundation for modeling an air spring, the
change in gas state is polytrophic [69]. The nature of pneumatic processes
makes the performance of the pneumatic suspension system inherently nonlinear
and irreversible.

From Figure (3-2), the pressure between the two volumes changes as the

bag(air spring) is subjected to a static load F,, as well as a reduction in the
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volume of the air bag. The following are the approximate pressures in the air

bag and reservair.

Pb -V 4. COms Py

Figure (3-2) The physical representation of the air spring [68].

Pb = Po + App (3.1)
Pr = Po t+ Apr (3.2)
Where:

py, : after deflection, the pressure of the air bag (Pa).
p,. after deflection, the pressure of the reservoir (Pa).
P, : theinitial pressure(Pa).

A : the pressure change.

The new air bag volume after a deflection as well as the new reservoir volume.

Vb = VbO — ZAe + ZpAs (33)
V. =V — szS (3.4)
Where

Vy,: After deflection, the volume of the air bag (m"3).

V.. After deflection, the volume of the reservoir (m3).

z: Anair bag's piston displacement (m).

zp,: The air displacement in the surge pipe (m).

The relationship between volume and pressure in general after deflection is as

follows:
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p1Vi = p2 V7 (3.5)
Where n is the polytropic index.

Substitute equations (3.1) to (3.4) in equation (3.5) become:
n
(pO + Apb) ) (VbO —zA, + ZpAs) = pOVl?o (3.6)

n
(po + Apr) ’ (Vro - ZpAs) = Po 1PO (3.7)

The binomial expansion is used to expand the equations [15].
nn-—1
(a+b)" =a™ +nba™ 1+ %

nn—1)n—2 |
+ ( 3)1( )a"_3b3+-~~...+nab”_1+b" (3.8)

an—ZbZ

from equation (3.7) and equation (3.8) respectively, assuming small

linearized motions, the equations (3.7) and equation (3.8) become:
(po + Apb)(vbon + n(_ZAe + ZpAs)Vbon_l) = PoVﬁlo (3.9)

(po + Apr)(Vron + n(_ZpAs)Vn_lro) = povlpo (3.10)

When we rearrange equation (3.9), we get the following:

A A n(—wAg + zZ,A
pb+(pb+1><( e ps>=0 (3.11)
Po Po

To ensure that the air bag maintains the initial pressure for improved comfort

and stability while riding.
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% «1,gives (24 1) ~ 1 (3.12)

(o}

Then the equation (3.11) becomes

App _ n(zAe — zpAs)

(3.13)
Po Vbo
Also for equation (3.10):
A A n(—z,A
APr (ﬁ n 1) (g) —0 (3.14)
Po Po Vri

Because there is a big reservoir volume, any small increase in pressure
has no influence on the reservoir pressure % « 1. then equation (3.14) becomes

Ap, (nszs> (3.15)
pO VI‘O

It is possible to express the force balance for the piston.

F, = AePp — AePa (3.16)

With equation (3.13), it is possible to devel op the pressure py,.

n(zA, — z,A n(zA, — z,A
Pp = 0+p° ( \; P S)=p0<1+ ( ev P S)> (3.17)
bo b0
equation (3-16) with equation (3-17) become:
F, = poA (1+ nAe nAS) A 3.18
z — Pofe ZVbO ZpVbO Pafle ( . )

A scaling of the air displacement in the pipe is required to get parameters
for the new air spring model. The scaling constant k,,, is responsible for this
[14], let
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zp = ky,Ws (3.19)

Substitute in equation(3.19)in (3.18) , add and subtract the z DA

and give:
Vbo

Kk...,nA nA k..,nA
F, = pole| 1+ (z —wy) —— + z( S S) — PaAe (3.20)
Vbo Vbo Vbo

The force balance in the pipeis calculated as [15]:
mpZ, = (Apy — Ap)As — CaZb (3.21)

Where
B : The parameter for viscous damping (1< £<2).

m,, : The surge pipe's mass (kg).
Zp: asurge pipe, the air mass accelerates. (m/sec?).
z,: The air mass velocity in the surge pipe (m.sec™h).

Equations (3.13) and (3.15) should be used in place of (3.21):

zZAe — 2pAgy  Z,A
: ps—ps)—azﬁ (3.22)

myZ =pAn<
pep 0+p Vo Veo p

Insert equation (3.19)to (3.22)and multiplying with (K).

Ae VbO Assz Assz
iy = Kpptgn (2 (5 - oo (Ao, Acko)
Hiptealls T 0 S“(Vbo TR\ Voo Ve /%

— KCy (k7 W5)P (3.23)

Compare equation (3.20) with equation (3.23), we put the term which with zg
equal to (1) to compare the factors that with (z- z,) [68].

Vio [Ak Ak
b0< sBwz n p WZ) _ 1\
Ae VbO VrO

(3.24)
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The answer to the above-mentioned equation system is

K=Kk,
k. = Ae  Vro ) (3.25)
wz As (Vpho+Vro)
Equation (3.23) can be written using the derived scaling.
2 1+
. ponAe VrO Ae VrO . B
my Ky, Ws = (z—wg) —C (——) W (3.26)
PPWE TS Vo + Vieo Vo ° "\Ag (Vpo + Vio) s
Equation is produced when the k,,, formulaiis inserted (3.20)
PoAZn PoAin Vi
F, = (pg — p)A +z<—>+(z—w) (3.27)
2= o™ Palfe Vbo + Vro *" Vpo + Vro Vo

The static load and stiffness constants, k, and k,,, are identified in the equations
above.

E

C'ﬂ : _I Wg '

Figure (3-3) GENSY S model [70].

In Figure (3-3), the air spring is equivalent to the oscillation system. The

system is made up from two linear springs: the main spring K, and the auxiliary

spring K,,.
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K, = P,n A2
Vbo + Vro

o _ P AL Vo
v Vbo + Vro Vbo /
Friction is created as air passes through the pipes. C, nonlinear damping

(3.28)

demonstrates this friction process. The initial absolute pressure P, the effective
area of the spring Ae, the initial volumes of the bag and reservoir Vi, and Vi,
and the multivariable coefficient n all influence the stiffness of the main spring
K,.. By comparing the initial volume ratios, the stiffness of the auxiliary spring
K, isrelated to the main spring's stiffness K,.

The mass m,, can be evaluated from the following :

A, Vo \° A, Vo \°
SN L LI S
ma mS wz mS As Vb0+Vr0 S Sp AS Vbo +V»r0 ( )

Instead of the 2D of freedom, this model employs 3D of freedom(Zs, ws,
and Z,) for three masses ( ms, m,, and mys) and their directions are shown in the
figure(1a) and agreement with[70]. The difficulties in a simulation caused by
adopting 3DoF due to the nonlinear viscous damper Ca is linked to the velocity
over the damper Ca and not linked to the velocity in the surge of pipe . the
vertical viscous nonlinear force is denoted by [16].

Foz = Ky(z — wg) = Calvis| ¥ sign(rs) + mg g (3.30)
The previous equation can be rewritten as:

maWs = Ky, (z — wg) — Colws| sign () (3.31)
When comparing equation (3.31) to equation(3.26), it is possible to determine

the link between the nonlinear damping C, and C,

MaWs = K,(z — wg) — Cg|vrs|Psign(,) =PoApnAckiz (
Vbo

zZ— W)

— Csh" P s |P sign(ivg) (3.32)

This provides
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1+f

de__Vro ) (3.33)

As Voo + Vi

B : The parameter for viscous damping (1< £<2).

Ca = Cply, P = cp(

Compressed air is turned to mass m, inasimilar way. Assumed 3 = 2.
where

A, is the airbag's effective area, A The cross-section area of the surge
pipe, V,, and V., are the reservoir's and balloon's initial volumes, P, is the air
spring's absolute pressure, P,; ambient pressure outside, k; is the connection
pipes' total loss coefficient, |, length of the connecting pipe and p., represents
the original density of the air.
The overall pressure loss in a conventional surge pipe results from the fluid's

energy being lost as aresult of friction with the pipe (major losses).

3.3 Configuration of the Air Suspension System Parameters

The pipe's air mass is propelled forward and backward by the variations
between the pressure in the airbag and the reservoir according to the
assumptions used in developing the governor equations of motion [2].

There are some presumptions, including:

1. Since there isn't enough time for heat transfer because of the rapid
compression and expansion, it may be said that the gas process is
isentropic, and airflow in a pipe is regarded to be adiabatic because no
heat is added to or removed from the system.

2. The valve's input and output pressure-volume changes are thought to be
adiabatic.

3. Inapipe, the air is moved as asingle lump of mass.

4. In the reservoir and the air bag, the density value is considered to be

average.
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3.3.1 Air Flow Equationsin the Bag
Figure (3-4) depicts a quarter-car model's schematic with the air spring

(Gensys). Compared to traditional air springs, which have a working pressure
that is dependent on the static load, the air spring's(Gensys) ability to
independently regulate pressure to balance the static load at various heights. The
piston can travel up and down, getting closer to the set riding height; the
stiffness can then be adjusted at this ride height by adjusting the pressures in the
airbag plus reservoir, in order to support the static load, while maintaining the

pressure difference in constant.

p———

Figure(3-4) Diagram of a quarter-car model with the air spring.

Assuming an isentropic gas process in cylinder chamber, then
P, B

_‘; — % (3.34)
P Pbo

e P, : The instantaneous gas is represented by the air spring pressure..
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* Ppo - theinitial pressure of the air spring.

* Ppo - @ninitial density of the air spring

* p :anair spring density represent the instantaneous gas

*y specific heat for an ideal gasit is defined as (cp/cv);

Ideal gas state equation is

PyoVho = mMRTy, (3.35)
Where R is the gas constant (Jkg/K).

Combining Equations (3.34) and (3.35), the instantaneous air density is obtained

as.

Poo (Po) /Y
oy = (52 (3.36)

a RTbo Pbo

The equation of continuity and the air spring are applying :

d"th= zthr—zthe=-ﬂﬁ (3.37)
Where:

m; :theairflow ontheinlet.

m, . the airflow on the outlet.

The sign convension assumes a negative value, hence the negative sign

corresponds to it.

Loy doy Yy
e b g Prg

m = (3.38)
where

m is mass flow rate and Vy: an instantaneous gas volume within the cylinder
chamber.

Substituting equation (3.36) into Equation (3.38), the mass flow rate is written

as.
1

. AR G T T T
Mo = _YR Tho (Pblo) ! VoBp — R'Il?bo (p_bbo)Y Vb (3.39)
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Then, the pressure gradient in the chamber of pneumatic cylinder can be

obtained from equation (3.39):
- YRTyho ( Py @ . YR
o=~ <ﬁ> =y (3.40)
And,

y-1
Ty = Too (%’) Y (3.41)
The instantaneous volume and volume variation of air bag [7].
Vy = Vo + Ay (Zs — Zys) (3.42)
Vy = Ap (Zs — Zys (3.43)
Where:

Z,s- the unsprung mass's vertical displacement.
Z,,s- velocity vertical of the unsprung mass.
Z: vertical displacement for sprung mass.

Z: the sprung mass's vertical velocity.

3.3.2 Auxiliary Reservoir

In this case the volume V., is constant, however, the equation of the
pressure gradient P, is simplified and demonstrable. The reservoir model
follows the same methodology as the air bag spring. The airflow expression

using the continuity equation are write as:

. d (prvr) dpr
m= =

dt dt

In this case, positive airflow were noticed and it means that the air enters

v, (3.44)

the auxiliary storage tank. The pressure gradient is indicated by the air density

equation and its derivative:

y—-1
_ YRTo (Pr

P ( )Tm 3.45
r v o r (3.45)
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3.3.3 The Orifice of Valve(Flow restriction of fixed area)

The mass flow rate into the valve through one port must thus match the
mass flow rate out of the valve through the other port, according to the principle
of mass conservation. To give damping to the air suspension system, a flexible
area of orifice is employed to modulate the mass flow rate of air between the
reservoir and the air bag when the fluid reaches a restriction in the opening
because of the pressure differnce [2]. The orifice of air spring-to-auxiliary
connection is modeled in accordance with 1SO 6358-3[71] as a Constant Area
Pneumatic Orifice, Considering an ideal gas flow rate through a sharp-edged
orifice fixed-area.

The mass flow rate viathe resistive element in a constricted flow is
computed as:

Using total energy conservation (kinetic +potential+ pressure).

From equation(3.39) the mass flow rate of gas from the air bag to the reservoir is
given by mi,and equation (3.45) mi,.the mass flow rate of gas from the reservoir
toar bag, i.e m, = —m, .

The temperature and pressure of the air within the spring chambers and the
reservoir are initially similar, resulting in:

Tro = Too = To -

Pro =P =F.

Figure(3-5) shows the air flow viathe orifice from upstream into
downstream. The orifice model is calculated using fluid dynamics theory
[72],[73].

n—1
n n-1

. puo —_
m, = _Cd AOQ) (b) W Pu n (346)
uo

where
subscript (u) refers to upstream.

subscript (d) refers to downstream.
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C4: the discharge coefficient.

A,: The effective orifice area.

b : the ratio of pressure, b = ? :

u

If P, > P., the cylinder chamber side is upstream, and the reservoir side is

downstream, i.erh, = my,.

Pu = Pb’ Pd = Pr’ Puo = l)bo and Tuo = Tbo

If P, < P, the cylinder chamber side is downstream, and the reservoir side is

Upstream, i.em, = m,.

Pu = Pr’ Pd = Pb’ Puo = l)ro and Tuo = Tro-

Flow-in is represented by a positive sign, whereas flow-out is represented by a

negative sign.
@(bi) isaflow function that is defined as [7].

r
2n
\/( )(bz/n— bV forb > 0528

(3.47)

n—1
@(bi) =« .
(2n) ; 2 \ /n-1
\
T 7Y . > 7\
I/ | ‘/ v‘ ".‘ l/ |
N \\‘.- _—
- F =
\7) k 4) Ac l\ f
\‘/ \ ,,‘ _-'./' \- 7&"/
Upstream Downstream

Figure (3-5).orifice air flow [7].
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3.3.4 Deter mining the Damping Parameters

The fluid's loss of energy results in a typical pressure drop total
connecting the pipeline induced by pipe friction, When there is a sudden change
in section, the flow direction can alter, creating turbulent eddies. The rapid
expansions and contractions that occur when the airbag and reservoir join the
flow tube, tube friction and the number of tube bends are the sources of this
wasted energy. The total loss coefficient so has the following components [14]:

Considering the surge pipe's flow to be steady and incompressible

App — Apr = powy = po%kﬂ'é (3.48)
where

w¢ : the work done due to pipe surge losses (Jkg™).

po - the equilibrium air density (kg/m?3).

k. :thetotal loss coefficients measured inside the surge pipe.

Z, . surge pipe's average speed in meter per second.

Along the pipe's length, there is aforce of
1
AF = Ap(Apb — Ap,) = EAspoCaZS (3.49)

p, . following deflection, air density is at equilibrium.
AF : the force variation along the pipe's length
The equation of state for an ideal gas can be used to obtain air density at

equilibrium
— Po
Po = (3.50)

The following components sum up the overall loss coefficient:

ke =kper + ke +kpy + ke (3.51)
where

kg, : the frictional loss factor

k. : theloss factor resulting from contraction

k; : theloss factor resulting from pipe bends
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k.,: the enlargement loss coefficient

The work done as aresult of friction in the flow tube can be found [14].

We = ——2 52 _
f727q, (3:52)
Lf

p
L, : the length of the surge pipe (m)
f : the coefficient of friction
d,, : the diameter of the surge pipe (m)

Reynolds number influences the friction coefficient (Re), and the Moody
diagram can be used to determine the relative roughness (r/d,) from Appendix-
B or simply from the following equation (3.54). Roughness value (r) for new

steel pipes may be approximately 0.025 mm, pipe friction [14].

f= 02> (3.54)
B (1 ( r 5.74))2 '
°8\37d, " Re??
Where Reynolds number
7,d
R, = puﬁ (3.55)
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3.4 Active Suspension System with Hydraulic Actuators

Active suspension can be obtained by adding a part to the passive system,
adding an actuator or controlling the air spring pressure. System hydraulics are
commonly used in high-performance applications requiring quick reaction and
tremendous power. High-bandwidth control of position and force is one of these
applications. Actuators utilized in the active suspension system must fulfill
certain performance requirements. Reasonable cost, excellent dependability,
simple and inexpensive maintenance, strong input and output performance.
Addition to, an actuators have a wide variety of applications in production
systems, machines for material testing, machinery for injection molding, milling
equipment for steel with aluminum, etc. Electric pumps do these tasks, but not at
the level of the hydraulic servo system, because the latter offers greater forces
and higher efficiency. Additionally, electrohydraulic servo actuators are
frequently utilized in industrial applications since they have a high lifting force,
a high power/volume ratio, and are resistant to environmental influences. The
control valve and the spool shape, as well as their manufacturing tolerances,

have a significant impact on hydraulic system performance [74].

3.4.1 Advantage and Disadvantage the Hydraulic Actuator Compared to
the Pneumatic Actuator
1. The efficiency of the hydraulic actuator is higher than that of the

pneumatic actuator because of the ability to control in a frequency range
up to about (10Hz) compared to (2-3 Hz) for pneumatic actuator [75].

2. The possibility of oil leakage is the most significant disadvantage of
hydraulic actuators.

3. Hydraulic systems include a number of non-linear effects that might make
the control task more difficult.

4. Purchasing pneumatic actuators is less costly than purchasing hydraulic
[75].
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5. If the power required is considerable, it is advisable to utilize a hydraulic
system when comparing pneumatic and hydraulic actuators.

6. Hydraulic cylinders require regular maintenance and care in order to
function properly compared to the pneumatic actuator.

7. Hydraulics are stronger than pneumatics when it comes to durability.

3.4.2 Nonlinear Hydraulic Actuator M odel

Hydraulic actuators are linked in parallel to the necessary suspension
springs and dampers to produce a force and placed between the vehicle body
and wheel assembly.

To get a better understanding of the suspension system's performance and
to create a reliable controller for it, the development of an accurate dynamic
model for the hydraulic servo system is essential, as a result, a description of the
parts subsystem's dynamics is required. Due to the large reservoir of the fluid,
the effects of temperature on the dynamic merits of the active system are
neglected in fluid dynamics(the driving fluid functions as a cooling medium,
moving heat away from the actuator and flow control components, making it
self-cooling). An actuator force is generated by a pressure differential between
the two chambers of the actuator cylinder.

As illustrated in Figure(3-6), a full hydraulic actuator set consists of five
basic components: an electro hydraulic driven spool valve, a piston-cylinder, a
reservoir, a hydraulic pump and a pipe system. A piston is controlled by a
voltage signal supplied to the servo-valve in an electro-hydraulic system.

Figure (3-7) depicts a hydraulic actuator physical model with a nonlinear air

spring model.
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P, Py
Supply Rt
Figure (3-6) The hydraulic actuator's physical schematic and variables [76].
Fluid
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Figure (3-7) A physical model of hydraulic actuators as a whole set and a
nonlinear suspension system.
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The spool's principal function is to travel within the enclosed box and
open and close these ports based on the spool's position. Spool valve can be
driven by a solenoid and spool controlling position permits a flow of liquid to be
sent from the source to any of the cylinder's chambers and removed from
another chamber to the oil reservoir.

3.4.3 Turbulent Flow Orifice Equations

In order to derive the excitation equations, it is necessary to understand
the flow effects via orifices in the control design of many hydraulic systems.

This region is crucial because most orifice flows happen at high Reynolds
numbers. Orifices are simply holes which restrict the flow of fluid through
variable or permanent region. The term "turbulent” is frequently used to describe
such flows (Figure 3.2b),

Orifices are being used to reduce pressure or enhance the velocity of fluid
flow. As shown in Figure, two types of flow systems. The flow through an

orifice is shown in Figure (3-8) .

Y AR e
1] 123 93

i
1 2 3

Figure (3-8) Fluid flows via orifice(a) laminar of flow; (b) turbulent of flow

[77].

From Figure(3.2b) shown, sections land 2, the fluid's velocity is boosted
from its upstream velocity to its jet velocity justified the utilize the Bernoulli's
equation in this areas. The region of the jet is less than the region of the orifice

because the fluid particles have inertia and move in a path curve at the orifice so
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the particles of flow have inertia and proceed in a path curve at the orifice and
the region (A,) referred to as “the vena contracta” and (A,) is orifice area [77].
A2=CAo (3.56)
Where ¢, is the coefficient of contraction.
In the case of incompressible fluids, p = const

The upstream velocity and jet velocity connection may be stated as

follows using the continuity equation. p = const.

A1V1 - A2V2 (357)
Generally
Q = VA = constant (flow of volume) (3.58)

The difference in pressure necessary to accelerate fluid particles from upstream

to jet pressure may be calculated as follows:

2
sz - V12 = ;(P1 —P;) (3.59)

Substitute equation (3.4) in (3.2) and V, can be written in the following way:

B AN |2
v, = [1 - <A_1> ] RORE (3.60)

V, is somewhat less than that provided in equation (3.4) due to viscous friction.
As aresult, the velocity coefficient C,, can be taken into consideration.
By substituting egs (3.1) and (3.5) in (3.3) The flow rate may be expressed in the

following:

Q=—= ;(Pl — P) (3.61)
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CyCcAg
2
1-(2)

Equation (3.61) can be write as

can be represent the coefficient of discharge (C,)

2
Q = Cado ;(Pl —P;) (3.62)

3.4.4 Coefficient of Discharge for Turbulent Flow

Orifices (Sharp-edged) as shown in Figure(3.9) are preferred because of
their known properties and temperature insensitivity. Cost typically prevents
their employment, especially as permanent restrictors, and orifices of length
Figure(3.3a) are used instead [78]. For short tube orifices, the average
coefficient of discharge is asfollow [77]

C —(228+64 L)_l/z f d°d<50
d = . dod or ZL =

1/21-1/2 dod (3.63)
Cq = [15 + 13.74 (do—d> ] for i > 50

N"NQ\':f*3"5513(.\:).:2N'L\T:Zi\'&:\f"§ SRR, AN,
R N

N R '\-.'\\. R A R A AR
N VAR A A A AT R A

AL

Short tube orifice Rectangular shit onfice with Round ppe orifice
slit widthw and length /
( >>w)

‘Ii\\\}‘.-\wﬁi\}:\')‘.-‘_\}\\b: RS AR

Figure (3-9) Short , dlit-type and round tube orifices [77].
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3.4.5Analogy of Electro-Hydraulics
An electro-hydraulic analogy concepts are summarized in Figure (3.10)

a) b)
Inductance L [nductance L,
Curmrent Flux Flow
| [ —l ] = T
= WL i - $ m=L,0 a
3 : 3 ;
= % s = ';Iﬂ e ﬁf}‘.‘h{ ";’I-'-'
|
*-L .‘F"". !_L (T} ﬁ.ﬁ B,
g =Cu V=C.p
g [———» u V ——— p
Charpe 2 Voltage Volume Pressure
Capacity C Capactty C;,

Figure (3-10) Variable relationship in (a) electrical, (b) hydraulic systems[79].

In this section the Analogy of electro-hydraulics (three land four-way
spool) with Wheatstone bridge (four-armed) shown in Figure (3-11) [77]. This
analogy is frequently used to visualize valve action. For the two valve chambers

continuity equations are:

QL =01 —0Q4 (3.64)

QL =03 -0 (3.65)

And the pressure changes over the load are calculated using the equation below.

PL=P1_P2 (366)
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b)

Figure (3-11) a)Wheatstone's bridge, b) Three-land-four-way, spool valve [80].
The arrows of the ports show the flow direction, while the numbers at the

ports indicate the valve orifices. by Ignoring the valve's leaking, The following

equations explain the flow via the valve orifices.
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’2

Q1 = cq4y ;(Ps - Py) (3.67)
2

Q2 = cqA; ;(Ps —P,) (3.68)
2

Q3 = cq43 ;(Pz -P) (3.69)
2

Qs = CaAy ;(P1 -B) (3.70)

Where

P,: the pressure of the return, and P, = 0 due to much smaller.

P;: the pressure of supply.

P;: the chamber -one pressure.

P, :the chamber -two pressure.

A1, 3 4: the orifice areas, It isafunction of the spool valve's movement x,,.

In particular, The orifices of the valves are symmetrical and matched. Matching
orifices necessitates:

Ay (xy) = Az(xp)

Az (xy) = Ay(xy) (3.71)
Symmetrical orifices necessitate the use of :

A1(xy) = A3(—xy)
A3(X‘U) = A4(_Xv)

The load flow a function that depends on the valve's position and the load's

(3.72)

pressure as:

Q=0 (xy,Pr) (3.73)
The flow rates in the Wheatstone bridge's diagonally opposing arms are equal.

¢ =05 (3.74)
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Q2 = Q4 (3.75)
Equations (3.67),(3.69),(3.72) into (3.74), the supply line pressure is determined

by the equation below.
Similarly, equations (3.66),(3.68),(3.72) into (Q, = Q,), to obtain

Ps — P

P, =
1 2

(3.77)

P, = (3.78)

For symmetrical and matched valve and no load i.e., (P,=0), the pressure
in each motor line is (Ps/2).When the load is applied, the pressure in each line
increases while the pressure in the other line decreases by an equal amount.
Because the pressure drops via orifices 1 and 3 are comparable, and the areas are
likewise the same, equation (3.74) is fulfilled. For the same approach may be
used to prove the correctness of equation (3.75). Using the Figure as a guide (3-
11):

Qs =01 +0Q> (3.79)
Qs =03+ Q4 (3.80)

In summary, the equations (3.64) and (3.65) combined may be used for
the symmetrical and matching valve ((3.74), (3.75), (3.77), and (3.78).

Q. = Cafly |2 (B = P) = Cafly [~ (P + P) (3:81)

In the same way, for equations (3.79) and (3.80) :
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Qs = Cady /%(Ps —P) + Cady /%(Ps ) (382)

By making the assumption that the critical the geometry of the central
valve is perfect, which means that the orifice's edges are exactly square and
there is no rounding, as a result of the leakage flows at section 2 and section 4
(Q2 and Q4) are zero when x,, is positive, the flow of leakage at section 1 and
section 3(Q1 and Q3) are zero when x,, is negative.

As a result, the new formulation for the equations can be obtained by the
equations (3.64) and (3.67) into (3.77) to get

P —P

Q, = C44, %( ) for (x, > 0) (3.83)

For the valve's negative displacement (Q,=—Q4), the equations ((3.70) and
(3.77) into(3.65) give:

2 (Ps+ P,
0, = —Cy4, ;( > ) for x, < 0 (3.84)

As a symmetrical valve, as seen below, the equations ((3.83) and (3.84)

may be combined for a single equation:

Xy

QL = CalA1l T
L d 1|xv|

1
\/; (Ps — sgn(x,)Py) (3.85)

1 for x,> 0

A sigmoid function isreferred toas  sgn(x,) = {_1 for x, < 0
v

QL = Caxyw j% (P — sgn(x,)Py) (3.86)

Aq

Where w =

indicates the gradient region.

Xy
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3.4.6 The Valve-Piston Control System

The piston's up and down motions are determined by a solenoid connected
to the electro valve, which dispenses the spool valve according to the control
signal in voltage. By raising the electro valve’s positive input voltage, the oil
flowing from a pump to the cylinder's first chamber and the pressure level rises
and guides the piston's upward movement as its velocity rises. When there is a
negative voltage, the piston's downward movement is determined by the
pressure increasing in the cylinder's second chamber [74].
The hydraulic actuator model. The orifices of the spool valve are considered to
be matched and identical, therefore the continuity equation may be written as
[81].

avV dP

20 — Lo =+ B dt (3.87)

When Eq. (3.32) is applied to each of the piston chambers, the conclusion is:

dv, V,dP,

Q1 — CipPL — Ceppl = E + EE (388)
dv, V,dP,

CipPL - CepPZ - QZ = E + EW (389)

Where

V; + supply chamber volume.

V, : return chamber volume.

P; : supply chamber's pressure.

P, :return chamber pressure

Cip: piston's interior leakage coefficient.
Cep- piston's exterior leakage coefficient

B. . system's effective bulk modulus.
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The piston chamber volumes can be expressed as.

Vl = VOl + Apxp (390)
V2 - VOZ - Apxp (391)
Where

Ay, : piston's cross-sectional area.
x, -the piston's inside-cylinder displacement.
Vo1 - supply chamber's initial volume.
Vo, - initial return chamber volume.
The volumes in total remains constant regardless of the piston's position
inside of the cylinder.
As a result, the total volume (V;) of the fluid compressed in both
chambers may be calculated as follows:
Vo=V 4+V, =V + V, (3.92)

The following equation can be used to control the flow rate via the load

(i.e. piston):
+
Q, = 91 : < (3.93)
Substituting Eg. (3.90) in (3.88) yields:
. VvV, dP
Ql - CipPL - Ceppl = Apxp + B_::d_tl (394)
In addition, substituting Eqg. (3.91) into (3.89) produces
v, dP, )
CipPL — CopPy — Q= T Apx, (3.95)
Egs. (3.94) and (2.95) are substituted in (3.93) to produce:
. V,dP, V,dP,
2Q, = 2Ap%, + 2C;, P, + R TERT + CopPy — CopPy (3.96)
By substituting Eqg. (3.66) for (3.96), we get
Ve .
QL = Apity + CoyP, + —P; (3.97)
4B
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Where Cy, = C, +Czﬂ the piston's overall leakage coefficient, and made

assumptions consist of the following: o = 47[3’2 and B = 0Cyp, It's possible to
t

rewrite eqg. (3.97) as:

P, = —pBP, — A%, +0Q, (3.98)
The servo valve's spool displacement dynamic equation x,,, and the voltage
signal (u,,) supplied to the servovalve controls it.

The equation of dynamic for the spool valve displacement , which is determined

using alinear filter in afixed time (z), and the gain of conversion (K,) is:
) 1
Xy == (K uy, — xy) (3.99)

F, = AP, (3.100)

In this study, the nonlinear friction force resulting from the actuator's
piston seals rubbing against the cylinder wall was taken into consideration. As a
result, the force supplied by the hydraulic actuator not equal to the force actually
created by the hydraulic actuator.

Fraction force F; is the term given to the difference between these two

forces [82].

ksgn(Zg — Z,s) if |z, — Z,5] > 0.01
Fr = Gy — Zys T (3.101)
f . s us ele s

Ksm< 001 2) if |z, — Z,5] < 0.01

The hydraulic actuator's force can be expressed as
where Fy, is the actuator's nonlinear hydraulic force and F; is the force created
when the piston sedls inside the actuator rub against the cylinder wall. The
relationship between the actuator's output force, F,, and the spool valve

velocity x,, exhibits anonlinear dynamic behavior [77].
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3.5 Mathematical Modeling of Active Suspension System for

Quarter Car

A quarter-car active suspension system's primary parts are two masses
(sprung mass and unsprung mass). Additionally, the hydraulic actuator, primary
damper, and air spring are linked in parallel. When the suspension encounters a
bump, the spring absorbs the shock and stores the shock's energy. The damper is
utilized to release the vibration's energy (road profile), by supporting the whole
suspension system, the hydraulic actuator is employed to control the suspension
to improve riding comfort (by Fj, is the force used in the suspension system to
minimize the vertical motion brought on by the input of road roughness). The
tire is modeled as a highly stiffness spring and a damper as depicted in Figure(3-
12).

Figure(3-12) The Quarter-car pneumatic active suspension.

The formulation of the motion equations is:;

mMsZs + Koir (Zs — Zys) + Cs(Zs — Z,,)) — Fp, = 0 (3.102)
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musZ“u + Kt(zu - Zr) + Ct(Zu - Zr) - Kair(Zs - Zus) - CS(ZS - ZI.JS) + Fh =0 (3103)

We obtain from equations (3.97) ,(3.98), and (3.100).

: 1
P, =—BP,—0Apx, + adexv\/; (Psup — sgn(x,)P, (3.104)

wherey, = oaCyq;w

where X, depicts the difference in vertical displacement between sprung mass
and unsprung mass and equal to Z; — Z,,.

from equation (3.100), by making the following assumptions:
x1 = (Zs — Zy)
xz - ZS

X3 = (Zys — Zy)

Xy = Zys
x5:PL
x6:xv

Taking the state variables utilizing the aforementioned assumptions:

Xy =y — 24 (3.105)

P (3.106)
. Kgi C K Ct+C A Ce .

X5 = _GApr + GApxz} — Bxs + ysxé\/% (Psup - xSSgnx6) (3.108)
-1 + 1 3.109

X6 = Txe rum (3.109)

For a quarter-car active suspension , the state space equations are [83, 84, 85,
86].
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X = AX + Bt + Cu,,

where:
0 1 0 —1 0 0
_Kair G 0 Cs Ap 0
M, M, M, M,
0 0 0 1 0 0
A= Kair _ & _ ﬁ _ Ce+Cs ﬂ 0
MuS Mu Mu Mu Mu
0 —cA, 0 oAp B Vs (Ps — x55gnX¢)
0 0 0 0 0 -

T

we]
[l

T I 1
(@)

o o X|¢ lLoo

AlRPO OO0 OO

The two following tables provide a list of the parameters utilized in the
simulation block [70, 84].
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Table (3-1) The hydraulic actuator's physical parameters|80]

Symbol Description Value Unit
o Actuator coefficient 4.515 x 1013 N/m>
effective bulk modulus 1 Sect
of hydraulic system
Vs Actuator coefficient 1.545 x 10° N/m“kg”*
Psup Pressure supply 10.3425 Pa
x 108
A, Piston cross section 3.35 x 1074 m°
Time coefficient 1/30 Sec
K. Servo valve gain 0.001 m/v
Table (3-2)the quarter vehicle's specific specifications[34].

Symbol Description Value Unit
Mg sprung mass 400 kg
Mys unsprung mMass 40 kg

C Damping coefficient 3000 Ng/m
Ky Tire stiffness 180000 N/m
A, Effective area of the airbag 0.002 m?
A Connecting pipe cross-section 3*10"-4 m?

s Connecting pipe length 2 m
Vio Initial volume of the reservoir 0.004 m3
Vbo Initial volume of the airbag 0.008 m3
Po Initial pressurein air bag. 4*10"5 N/m?
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CHAPTER FOUR
Dynamic Analysisand Modeling of Control Strategies

4.1 I ntroduction

The vehicle suspension system is crucial for enhancing the vehicle's
mobility, ride comfort, and stability, which extends the life of the vehicle. One
of the most notable benefits of pneumatic suspension over metallic alternatives
Is the ability to make the system's primary natural frequency independent of
sprung mass [87]. Additionally, air springs offer reliable protection versus
wheel-rolling vibrations for the benefit of passengers. In order to the better
performance of the air spring in obtaining more effective parameters of the
suspension system, the tradition type was derived and established for simulation
and compared with the Gensys type as shown in Figure (4-1), to reduce the
effects resulting from the road surface while driving the vehicle on different

types of roads.

Figure (4-1) Air spring (Gensys).
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4.2 Mathematical Modd of the Traditional Air Suspension System

The system shown in Figure (4-2) is a quarter car dynamic model for air
suspension systemwith two degree of freedom. The traditional rubber type of air
spring employed in this section is typicaly non-linear. On the basis of the
thermodynamic and fluid equations, a model of the quarter car-air spring is
established under random road excitation.

i) |z

| h
E | Zus k) )

| T
i i = »-+
I
i~ ‘:1 I
Ry = = C
L l-:': -;E‘ f : =
e T ke g L
3 L . I
\\ '__r,f
i S o

AT s

Figure (4-2) a) Suspension air system for quarter car. b) The schematic of the
structure for air bag. ¢) Equivalent air spring.

The following equations of motion are derived using a mathematical model
based on Newton's second law [88]:

Muszus = Kair(Zus - Zs) + C(Zus - ZS) - Kt(ZS - I‘) - Ct(Zus - 7:') (4-1)
1V[SZS = _Kair(zus - Zs) - C(Zus - ZS) (4.2)
Where:

M and M are sprung mass and unsprung mass of the body;

C; and k; are the coefficient of damping and the stiffness for the tire;

Kar s the stiffness coefficient of airbag;

C: isthe coefficient of damping;
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Zs and Z, are the displacements of sprung and unsprung masses,
and r is road surface roughness,
Z = Zs+Z,s is the distance between the unsprung and the sprung mass mass of a
vehicle.
In order to calculate the stiffness of an air bag. The schematic of the

structure as seen in Figure (4.2). Wherep absolute pressure (pa), p,g is gauge

pressure, p, is atmospheric pressure. F, elastic force of air bag, air spring can be

expressed by equation
P = Ppg * Pa (4.3)
The derivative of the air spring's elastic force-to-displacement ratio may
be used to determine the stiffness of the air spring.
Fa = (p — Ppa)Ae (4.4)
To determine the air bag of a suspension system's stiffness coefficient,
according to Hooke’s law[88] and insert equation (4.4), The derivative of the
ratio elastic force and displacement of the air spring may be used to determine
the stiffness of the air spring.
dF, d dp

A,
kair = Fr (P — pa) o T EAe (4.5)

where z = (z; — z,,;) iSsthe vertical displacement difference between the sprung

mass and unsprung mass, A, effective area.

There is no air exchange between the out and the air spring, according to
equation for the ideal gas state and the thermodynamics law:

PVY} = const (4.6)

When equation(4.6) is differentiated with respect to z, the result is

d _1dV, d

— (PeVE) = np Ve —£ + V> = 0 (4.7)
dP .ndV,

G - (4.8)
dz VB, dz
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dv,

Ae=—— (4.9)
dP _ P.n.A, 410
dz Vo, (4.10)
The equivalent stiffness may be calculated using the equations above:
A?, dA.
Kair = (pg+pa) nve + pg dz (4.11)

It can be considered an adiabatic process If the expansion stroke or

compression is fast enough. An air state can therefore be defined as follows [89]
(P+p)V" = (Pa + Po)Vo " (4.12)
Where P,: is the initial air pressure,V, : is the air spring's initial effective
volume, n:is ratio of specific heat.

p=C+P) (%) ~ p, (4.13)
The effective volume and area of an air spring change linearly as the height of
the air spring changes.

Vo =Vo —a(Zs — Zys) (4.14)
Ae = A, — B(Zs — Zys) (4.15)
Where A,: istheair spring'sinitial effective area. « and f are the changesin

effective volume and area as a function of z.

nA

air =
Ve

[pa + (Po + Pa) ( )n - pa]

e

+ﬁik%+p9( f—pJ (4.16)

e

And at standard height (when displacement z=0), the stiffness of an air spring is
defined as

nA

air =
Ve

[pa + (Po + Pa) (ve)“ - pa]
+ [(po +pa) (V_(;)n — pa] d:;
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Substituting equation (4.17) in equations (4.1) and (4.2), this equations are a
second-order differential equations, and we can utilize the Matlab Simulation
program to solve these systems of equations because they are difficult to solve.
The system will be resolved and verified by one of the methods which
are(using Simulink to construct the equations in Matlab) and the parameters of
Table (4-1).
Table (4-1) parameters of the tradition air spring [90, 91].

No | Parameters Values
1 mys (Kg) 40
2 my (Kg) 400
3 c (N.s/m) 1000
4 ks (N/m) 16000
5 ke(N/m) 160000
6 ¢t (N.s/m) 750
7 P, (Pa) 1x 10°
8 Vo (m3) 0.00298
9 A, (m?) 0.01667
10 P, (Pa) 2.682x 105
11 n 14
12 a 0.0169
13 -0.1122

The size of the air spring and the effective area are the most important
factors for the design of the air spring for a city car, as well as changes in the

effective volume(a)and the effective area (8)are sourced from [90, 91].
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4.3 Design of PID Controller with GA for Nonlinear Pneumatic

Quarter Car Integrated with Hydraulic Actuator M odel

To raise the level of performance of the dynamic characteristics of the
system without changing its specifications, there must be an external force that
gives external energy to the system, forcing it to act as intended without
manipulating those specifications. Therefore, a controlling projection after
comparing the actual output with the desired input, and there will be an error.
The controller's primary purpose is to create a control law that will allow the
system to accomplish the desired resullts.
4.3.1 Proportional I ntegral Derivative (PID) Controller of Design System

PID controllers are well-known controllers used in industry. In addition,

this controller can control nonlinear systems. The controls are made to
automatically get eliminate of steady-state errors and adapt to what the system
needs. In equation, a “PIDC” is described in equation(4.18).

de
u(t) = K, e + K; Je dt + Kq pn (4.18)
The signal will proceed via the controller, which will compute the error signal's

derivative and integral. The total of proportional gain (K,) multiplied by the

magnitude of the error, integral gain (K;) time by the integral of the error, and
derivative gain (K4) multiplied by the derivative of the error is the signal (u)after
passing through the controller as shown in figure (4-3), There will be a signal
(u) delivered to the system, and as a result, output will be obtained [93].
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Figure (4-3) Structure of “PID” controller

Proportional Kp, integral Ki, and derivative Ki are the three types of gains.
It can quickly modify or tune an applications to offer it fine control. For the
purpose of fine-tuning the controller, Table 2 displays the variance in gain with
various relevant factors.
Table (4-2) Gains fluctuation with a specific factor [94].

Response Rise time Over shoot Settling time SS error
Ky Degrease Increase Small change | Degrease
Kq Degrease Increase Increase Eliminate
K; Small change | Degrease Degrease Small change

4.3.2 Tuning of The PID Parameters by GA

Finding the correct set of adjusted parameters within the controller is the
key to controller design. Because the selection of these parameters is based on
the trial and error which takes a lot of time and traditional techniques such as the
Zeigler-Nichols method do not provide an optimum value for PID controller
parameters, the tuning method in this study is structured as an optimization

problem to address the limitations of employing trial and error and the selection

process.
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In this section, the Genetic Algorithm is used to optimize the PID controller
settings for active pneumatic suspension-quarter cars simulation as depicted in
the figure (4-4).

a Inl (w1} vl tang
AT Do 5 B - -
[ ] |
Tl Fay Fa
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ol el
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Figure(4-4) Block layout of PID-controlled active pneumatic suspension system

Figure (4-4) show the pneumatic active suspension system's control loop.
The PID controller controls the actuator system according to the output from the
velocity sensor for sprung mass, this will create a force proportional to the
velocity sensor, this force will oppose the unsprung mass force so it will supress
the oscillations immediately and improve the ride comfort and road holding. The
PID controller was designed by optimized proportional— integral—derivative
gains to provide a proper control orders to the actuator and entered desired force
for suspension system, utilizing Genetic algorithm to tune the gains and to
minimize the error via fitness function (the time integral times the absolute error
criterion). A genetic algorithm is a type of random search strategy that may be
used to find a solution to a problem. It is used to enhance complicated issues and

solve systems of nonlinear equations. GA works with a set of alternative
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solutions known as individuals or chromosomes that evolve repeatedly and
employs probabilistic transition rules rather than deterministic principles. A
generation is the name given to each iteration of the algorithm, a generation is a
unit of measurement for each iteration of the algorithm [95]. Fitness-related
behaviors and genetic components such as crossover and mutation are used to

simulate the development of solutions [96].

4.3.3 An Optimization Terminologies
e The performance indices (objective function) which are used to evaluate

the response by reducing the error, Time Integral Absolute Error (TIAE)

Jirag = [y t-le()ldt (4.19)

e Variable of choice which contains (Kp, Ki, Kd).

e Search space, the limits which the parameters operate must be within a

given range

The MATLAB platform was used to simulate the pneumatic active suspension
model. Simulations were ran numerous times to achieve the optimal value for
the algorithm's parameters so that examine performance of the suggested model.
parameters of genetic algorithm for proposed model are recorded in the shown
table(4-3) below:
Table (4-3) lists the parameters for the GA-based optimization method.

Par ameter Typel Value
Population size 50
Scaling function Rank
Crossover probability Mutation 0.5
probability 0.02
Maximum number of generations 50
Crossover Arithmetic
Mutation Uniform
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The GA is set up and run for a total of 50 generations. The range of the PID
inputs Ki, Kp, and Kd is € [0,10].

After adjustment, the PID gains are documented in table (4-4), with two
types of roads including a roughness road grade (B) and a road that includes two
bumps in the simulation to test the proposed model of suspension system.

Table(4-4) Optimize Control gains for the proposed PID by GA.

Optimize Range Obtain by GA
Control gains
Kp 3-5 4.001
Ki 0-1 0.3442
Kd 0-1 0.00001

Through the above table, the effect of Kp and Ki on improving steady
state as shown, in contrast to Kd, which has no effect. As result, a GA-based
PID controller tuning procedure has been created and implemented. Based on
the simulation results, the optimal controller settings derived by combining this
technique ITAE as cost indices have accomplished adequate set-point tracking

and disturbance rejection in the proposed model.

4.4 Performance Analysis of the Proposed Fractional-Order-PI D

Controller

Many types of controllers have been used recently in an attempt to
improve the ride comfort and road handling in vehicles, FOPID is one of those
types that have been used in this field, which has been used by researchers in
various fields. A proper fractional-I and fractional-D action setting can increase
the PID controllers' performance even more, moreover setting the relative to
(Kp, Kq, and K;), two order parameters: the integral and the derivative order
parameters need aso be modified in partial order PI*D* controller, the
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characteristics of “A and p” around (0,1), this gives the controller two extra
degrees of freedom. A traditional PID is a subset of fractional controllers. So, if
A and 6 are set to 1, atraditional PID controller is get, and if setting A equal to 1
and u equal to 0, a Pl controller is get, this obtains by equation (4.20) the
FOPID's continuous transfer function:

U(S) Ki u
m = Kp + S_}‘ + KdS (420)

In the presence of a nonlinear actuator, the fractional controller's resilience is

Gc(s) =

highlighted even more. Figure (4-8) portrays a block diagram that depicts the
FOPID control framework.

E 2 ] - - | l-.. ll-..-'l.l::,f,'-
I["‘*}_l; n 5 m KF}__’ ﬁ‘~TZ_x': .‘:-]

gH T

Figure (4-8) The schematic view of FOPID.

The fractional order controller's differential equation was written as [99]:

u(t) = Kpe(t) + KiDy*e(t) + KqD; e(t) (4.21)
u(t) : the control signal in the time domain.

A :isthe integral part's order.

u : isthe derivative part's order.

Where K, K;j, and K4 are the controller's gains and e(t) denotes a difference
between a process's single output that is measured and the desirable point. For
“A and p” should be adjusted in order provide an precise controller with

Kp, K;, Kp. The most common definition in fractional-order calculus is the
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Riemann-Liouville definition, which states that fractional order integration was
defined as [100].

D) = —— [ (¢~ )P 1 @ar (4.22)
t I'(p) a

Where ¢ : indicates the difference integral's real order (0<¢<1).

a : isinitial-time instance, which is commonly considered to be zero.

t : is the characteristic by which the differintegral was computed.

The problem, therefore, becomes how to keep the design process and structure
of a controller as simple as possible (similar to that of a PID controller), at the
same time delivering performance comparable to sophisticated controllers. One
approach is to keep the PID controller's structure as shown in Eq. (4.21), but
change the order of the integral and derivative terms to any non-integer number
(Us to 1/s* and s to s*), so that the controller's physical meaning remains the
same. Still, the parametric search range is expanded [101], as illustrated in
figure(4-9).

Ll
| ._-E' b _'PID
PID*
& iPI e,
P l

Figure (4-9) The parameters for “FOPIDC”.
By fine-tuning all the parameters of the FOPID control, a superior outcome may

be obtained via the Genetic Algorithm that has been proposed to design the

pneumatic active suspension using the FOPID controller.
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The pneumatic active suspension system's design includes the integrated of a
hydraulic actuator that is electrically controlled by a controllable servo valve.
The actuator is built by linking it to both sprung and unsprung masses. As the
wheel is deflected owing to road disturbances, the actuator controls the
displacement between the sprung mass and the wheel when the signal from the
sensor is sent to a controller, which measures the acceleration of sprung mass
and then the signal is amplified by controller (FOPID) and transmitted to the
actuator, which generates the necessary force to absorb vibrations from the road

, forming a closed loop system as apparent graphically in Figure (4-10).

n—h—

Sensor \I“I

M. Car body

Controller
C, g U,
K., <
M., Wheel I_ L
? ¢
— - Road input

Fig. (4-10) Active suspension system [1].

To achieve the goa of obtaining the least vertical distance and vertical
acceleration, the proposed control approach has been schematically presented in
figure (4-10) with the desired signal is set to zero, since the controlled system's
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desired outputs should be closed to zero. The two road profile model are the
supply for the model of nonlinear quarter-car suspension. (two bump and
random roughness road).

In this work, a simulation to verify the validity of the effect of the control
strategy (FOPID) was presented, MATLAB Simulink was constructed on

inserted hydraulic actuator in air suspension as depicted in figure (4-11).

Design proposed “FOPID” controller for quarter vehicle nonlinear
pneumatic suspension with hydraulic actuator.

The major goal of designing a suspension system's controller is to
minimize the vibration that travelers felt as a result of road disturbance while
also improving ride comfort and handling. By incorporating the scaling gains,
the FOPID controller's performance has increased. To test the proposed
controller's robustness, two different forms of disturbances will be investigated
(roughness road and two bump). For the air suspension system with hydraulic
actuator, the GA Algorithm was utilized to adjust the settings of the FOPID
controller.

From equation (4.21), KP, Kd, Ki, A and p parameters are designed for
proposed control by GA, after several attempts have been made to determine the
ranges to obtain the gains to adjust the FOPID controller's parameters. FOPID
parameter ranges are chosen as follows:

Kp € [15 20],K; € [0 5],K; € [0 5],A1€ [0 1]landpu €[0 1].

Because the control system wants outputs should be close to zero, the
reference inputs are set to zero. Occasionally, a single performance is al that is
required for the system, the optimization procedure in this case is typically easy.
If more than one, the performance is selected as the objective function, however,
a conflict may arise during optimization, resulting in certain objectives being
degraded. To cope with these conflicts, an indicator (ITAE) isused to measure

this performance in terms of the accumulation error over time. Equation (4.19)
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show the mathematical formulations of the used performance indicator (ITAE)
[102].

ITAE involves combining rise time, settling time, and overshoot optimization. It
Is computed by multiplying the integral of the error through the clock signal and
integrating the result across the trip time [58]. FO-PID controller settings are
obtained using a genetic algorithm with (ITAE) as the objective function. As
shown in the schematic of a block of the Genetic algorithm optimized “fraction

order —PID” controller for plant as shown in figure(4-11).
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Figure (4-11) GA tuned FO-PID controller for the plant.

The error's absolute value is multiplied with the time of data and then
integrated to get the “ITAE” to the globa optimizer, GA which is passed. The
FOPID characteristics are determined by the genetic algorithm, which is then

passed on to the active pneumatic suspension system's closed loop control. This
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method is run for the number of selected iterations. The genetic algorithm's
parameters are as follows:

NO. of variable=5

Number of generation = 100

Fitness scaling : Rank

Crossover technique: Arithmetic

Mutation : Uniform

The ranges of FOPID parameters are chosen as follows to shorten the
optimization process as table(4-6).

Table(4-6) The range and optimal values of GA for FOPID control.

Parameters Range values Optimal value
Kp 15-20 18.011
Kd 0-5 0.487
Ki 0-5 0.001
A 0-1 0.43
M 0-1 0.9

4.5 Design of Slide Mode Controller with GA for Nonlinear
Pneumatic Quarter Car integrated with Hydraulic Actuator

M odel
When the vehicle body is subjected to road roughness, oscillations may

occur, in this case, the oscillations should be absorbed as quickly as possible.
Slide mode control is one of the types of controllers that will be used to reduce
the error in suspension system to obtain better stability and comfort when a
vehicle travels over various disturbances, the impacts of such perturbations can
be communicated from the road to the cabin's vehicle. This strategy, however, is

more complex and sophisticated than using traditional linear methods.
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From figure(4.15) can be illustrated the phase plane is divided into two
semi-planes by the dliding surface (Syige =0), one is (Sqige > 0) and the other is
(Ssice <0). First, the SMC swap rules were used to construct the needed
controller, resulting in sporadic control signals and, as a result, a chatter
problem. To aleviate the problem of chatter, the control interruption of a narrow

border near the sliding surface should be avoided in general [103].
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Figure (4-15) SM C phenomena phase-plane [103].

This section includes the SMC with pneumatic quarter car integrated with
hydraulic actuator scheme, which is used to manage the suspension system
using arandom road as an external disturbance.

Let be the tracking of error as Figure (4-16).

e =XxXg—X (4.22)
Where variable x is velocity of sprung mass and x,; is desired signal which

equal to zero.

The following is a description of the switching surface can be characterized as
[104]:

s=¢+ce (4.23)
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Where (¢) is positive convergence rate of x, we substitute equation (4.22) into
equation (4.23)

s=0y—X%)— c(x; — %) (4.24)
The controller is designed using the proportional switch law to design the
controller (u) as shown in the equation (4.25)[105].

u = (ale| + Blél)sgn(S) (4.25)

u= (ala'cl + Bli])sgn(S) (4.26)

Where a and 8 are positive constants.
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Figure (4-16) Detail of the sliding mode [105].

The Optimization of Proposed scheme Controller Parameters using Genetic
Algorithm

Figure (4-17) shows a schematic description of the proposed control
scheme. The controller (SMC) for a quarter vehicle of pneumatic with a
hydraulic actuator is designed, this proposed control tries to estimate and
approximate unknown parameters while reducing system nonlinearity. To fulfill
the performance index, the controller variables are optimized. Genetic algorithm
Is utilized to adjust the optimal sliding mode controller parameters with (ITAE)
as index of performance, it is computed by multiplying the error's integral with

the clock signal then integrate it over time period. A controller will receive the
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system's error signal as an input, and performance indices will be used as the
objective function.

ITAE as objective function represented to minimize the error in the
system's closed-loop control. The technique is repeated until the global optimal

solution is found.

» GA with ITAE Road profile
Set point
Quarter out put
B > SMC » Actuat > . >
vehicle

Figure (4-17) The Proposed Control Schematic Diagram.

The parameters selected for GA technique are given in table (4-9). To minimize
the optimization time, The gains(c,a, and B) need to be adjusted the controller

parameters for control scheme are chosen in the ranges listed below:

C €[10,30].

B €1[0,3].

a € [10,20].

Table (4-9) Optimizing input values for the best result.
GA parameters Values

Maximum number of generations 100
Fitness scaling Rank
Probability of crossover 0.8
Crossover technique Heuristic
Mutation technique Uniform
Object function accuracy 1x 10715
Generation gap 0.9
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After GA technique optimization, the parameters of controller are tuned as table
shown:
Table (4-10) Optimal best values obtained by GA.

Parameters Range values Optimal value
C 10-30 25.02
B 0-3 0.180
a 10-20 13.49

In this section the control of sliding mode control is designed with genetic
algorithm to test the quality of this control with the pneumatic active integrated
the hydraulic actuator for two road profile input. The characteristic of the
control scheme will be tested and compared with pneumatic suspension system
to demonstrate the control technique, computer simulations using
MATLAB/SIMULINK are provided. The outputs of Sliding Mode controller is
used in order to get the desired hydraulic actuator force. The GA technique with
objective function (ITEA) are used to find optimized values for the specified

controller parameters.

4.6 The Proposed Controller of Fuzzy L ogic Control with Genetic
Algorithmic Optimization

Fuzzy logic controllers provide for the use of system expertise during the
development of the rule base and can be used with systems that lack a defined
mathematical model. The fuzzy logic control (FLC) method converts a language
control technique and is commonly employed in suspension system [56]. The
use of fuzzy logic to plan a controller an active pneumatic suspension to

Increase suspension system performance which is given in this section.
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Figure (4-20) represents the block diagram of FLC active pneumatic
suspension system to a 3-degree of freedom suspension system with hydraulic
actuator. Dual inputs, error (e€) with the error of change (ec) and one output (u)
which has the desired force of the actuator, the output of FLC is the input to the
actuator and the rule-base has been implemented. The sprung mass's velocity of
error (e) and the acceleration of sprung mass change of error (ec) were
employed as inputs, and the controlling of output (input to model). The rule
bases of FLC are a linguistic-based rule set that takes into account previous
human experience. Fuzzy controllers with forty-nine rules as shown in the table
(4.10). The three stages to controlling the system itself are as follows [47]:

e Fuzzification : During the fuzzification stage, real-number (crisp) input

values are converted to fuzzy values.

e Fuzzy inference : Based on the rule base and the data base, the fuzzy
inference machine evaluates the input data and computes the controller
outputs.

e Defuzzification : This stage converts the outputs, which are in fuzzy
values, to real numbers.

The rule-based suspension system for three degrees of freedom is shown in

the form of alookup table (4.10), which was built from past experience
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Figure (4-20) Block diagram of fuzzy logic-controlled active pneumatic
suspension.
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Table (4.10) Fuzzy logic rules table (3-DoF active pneumatic suspension
system).

Error change

Error N-L N-M |N-S |NS |PS |P-M P-L

NL |PL |PL |[NB |-PM |PS |PS |ZE

N-M | P-L P-M |N-B |P-S P-S | ZE N-S

N-S |P-M | P-S N-M | Z-E Z-E N-S N-M

Z-E P-M | P-S N-S | ZE Z-E N-S N-M

P-S P-M |P-S |Z Z-E Z-E N-S N-M

P-M PS |ZE |ZE |ZE |ZE |N-M | N-L

P-L Z-E N-S |N-S |N-S |N-M |N-L N-L

Figure (4-21) The surface plot rule for FLC

The proposed membership functions of FLC inputs and outputs, these
membership functions were utilized to initiate system simulation; each

91



Chapter Four Modeling of Control Strategies

variable(input and output) consists of seven fuzzy sets (NL, NM, NS, ZE, PS,
PM, PL), are there linguistic factors that suggest negative large, negative
medium, negative small, zero, positive small, positive medium, and positive

large, respectively and the fuzzy inference of system (FIS) of the Mamdani type.

Aambamh g funciicn piots
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Figure (4-22) Input variable (e)
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Figure (4-23) Input variable (ce)
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Figure (4-24) Output variable (u).
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The inputs and outputs' discourse universes are normalized in the interval [-1, 1],
for input and output variables, trapezoidal membership functions are utilized as
shown in Figures(4-22,4-23,4-24).

In fuzzy parameters, the genetic intelligence method, which is trustworthy and
resilient for exploring solution spaces, is used, to reach the optimal solution.

A random road excitation and two bump are used to demonstrate the
effectiveness of the proposed by fuzzy logic with GA algorithm in this section.
The tracking error e(t) and the differential tracking error de(t) are the fuzzy
inference system inputs in the controller design in order to improve the scaling
factor (SF) for Fuzzy controllers. It can automatically determine the optimal or
near-optimal control gains based on the goal function's minimum, bringing
performance of the system closer to the target. The overshoot and adjustment
time are highlighted by ITAE, which shows the control system's speed and
precision. As a result, the system responsiveness is estimated [60], and then the
scaling factor (SF) for Fuzzy controllers are optimal as depicted in Figure (4-
25).
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Figure (4-25) The FLC-GAO controller schematic.
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For the goa of improving the scaling factor (SF) for Fuzzy controllers, as
Figure(4.25) depicted the controller schematic.

Mathematically, the integral time absolute error (ITAE) performance used as
index function as equation (4.19). The flow chart depicts the process for GA
optimized scaling factors (SF) as Figure(4.26).

The parameters of genetic algorithms for proposed model are recorded in table
shown below

Table (4-11) lists the parameters for the GA-based optimization method.

Parameter Typel Value
Population size 50
Crossover probability M utation 0.5
Probability 0.02
Maximum number of generations 50
Creation function Uniform
Crossover Arithmetic
Selection Tournament
Mutation Uniform
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Figure (4-26) Flow chart of genetic algorithm optimized.

The ranges of FLC parameters are chosen as follows to shorten the optimization
process as table(4.12).
Table (4.12) Range and optimal value for FLC.

Parameters Range values Optimal value
e 10-20 14.701
ec 0-5 1.351
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4.7 Design of Proposed A Self-Tuning Fuzzy-PID Control for
Active Pneumatic Quarter Vehicle

A self-tuning fuzzy PID controller is a hybrid of a tradition PID with a
fuzzy controller. The traditional PID controller's parameters are frequently not
properly adjusted for nonlinear plants with unexpected parameter fluctuations.
As a result, automated tuning of the PID settings is required, this control
approach is utilized to enhance the control effectiveness of nonlinear systems by
adjusting the parameters of the PID controller, therefore combining fuzzy
inference and providing a fuzzy adaptive “PIDC” [108]. The parameters Kp, Ki,
and Kd of the “PIDC” adapted by simulation in Matlab utilizing appropriate
fuzzy rules [109], coupled with optimization technique to overcome the
appearance of uncertainties and nonlinearities and to control of nonlinear
suspension system.

First and foremost, the fuzzy logic controller is built using rules to ensure that
the system is stable. Each PID controller parameter has (three) rules for auto-
tuning it, there are two input to the fuzzy logic controller (e and ce) and the
output of the FLC is the parameters of the PID controller. In this system, the
hydraulic actuator is controlled in order to control the system for nonlinear
suspension.

To control system, PID-C was applied in the time domain, the control

signal may be written as equation (4.18)

de(t)
dat

u(t) = Kpe(t) + K; [, e(t)dt + Ky
where g(t) is the difference in error between set point which equal to zero and
the output, de(t) is the change of error, the control signal is u(t) for controlling
force, the gain proportionately is Kp, the gain integral is K;, and the gain
derivative is K. A fuzzy controller transforms a linguistic control strategy into a

control strategy, and the fuzzy rules are created using an expert's or database's

expertise.
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There are two inputs and three outputs in this FLC design, the goal of control

and the type of controller both influence fuzzy rules. For equation(4.18) the

fuzzy controller is used to tune the coefficients Kp, K;, and K;. The fuzzy logic

outcomes of outputs are obtained by aggregating fuzzy sets of inputs and

designing fuzzy rules using the MAX-MIN aggregation approach [110].To get

the best solution for (Kp, K;, and K;), the Mamdani model is used as a fuzzy

inference structure with some modifications. Figure(4.30) depicts the
construction of the “Self-tuning FPIDC”.
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Figure (4-30) Block diagram of the pneumatic suspension model with “Self-tune

PIDC”.
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Figure (4-31). The Fuzzy Controller's Inputs and Outputs.
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Figure (4-31) showed that the output of FLC are (K, K/, and K;) which are
enhanced to tune PID gains (Kp, K;, and K;). The &(t) is the difference of the

output the plant from its reference value (zero).

HNL NS Fa S ra Ly ™

Figure (4-32) Fuzzy-Self PID for the membership of e(t) and de (t).

rva s s ™ A " Ly

Figure (4-33) Fuzzy-Self PID membership functions of k,, k;, and k.

Fig. (4-34) Kp tunner.
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Fig. (4-35) K; tuner.

Fig. (4-36) K, tuner.

Figure(4-31) shows that there are two inputs are connected to the controller,
error and derived from error, these inputs have a range of (-1 to 1). Five
membership functions are employed for each input variable (NL,NS ,ZERO, PL,
PS) Negitive Large, Negative Small, Zero, Positive Large, Positive Small
respectively. Figure(4-32) shows the functions of membership of the fuzzy
inputs in detail. The fuzzy set has three outputs: Kp, K;, and K;. The outputs

ranges are from O to 1.
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Here, “PVS, PS, PMS, PM, PML, PL, PVL, Positive Very Small, Positive
Small, Positive Medium Small, Positive Medium, Positive Medium Large,
Positive Large, Positive Very Large” respectively as shown in fig.(4-37).

For normalization, assume that Kp, K;, and K; have variable ranges/ K, min)
» Kp(max) ]y [Ki(min) » Kigmax)l: @ [Kq(min) » Kamax)], respectively. To generate
a feasible rule base with good inference efficiency, the range of each parameter
was established using a simulation of a PID controller [109].The parameters
ranges are as follows:

K, € [1,6], K; € [0.1,0.5], and K,; € [0,0.01]

To obtain the coefficients Kp, K;, and K, the above range with equation(4.19),
when substitute into the equation(4.27) [111], as shown in Figure(4-37).

/ KP - KPmin
Kp =
KPmax - KPmin
K:—K: .
Ki’ _ i imin (4.27)

Kimax - Kimin
Kd - Kdmin

Ky =
Kdmax - Kdmin

¥
. ]
ouipud i coniral

Sindala i

Figure (4-37) Block of Simulink fuzzy-self PID
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The proposed controller of a Self-Tuning FPID controller is designed to
obtain optimal parameters to reduce the vibration for non-linear active
pneumatic suspension system with hydraulic actuator . The suspension system is
controlled by a fuzzy logic controller with two inputs and three outputs, (K7, K;,
and K;) which are enhanced to tune PID gains (Kp, K;, and K;). The difference
between the set point and the measured output parameter, as well as the sprung
mass velocity, are two inputs and “ Kp, K;, and K4 “ are three output parameters

that determine the controllable force.

4.8 Design of Active Force Controller with GA for Nonlinear
Pneumatic Quarter-Car Integrated with Hydraulic Actuator
M odel

A technique of active force control is proposed for a pneumatic suspension
system of a quarter-car model with a hydraulic actuator utilizing an embedded
fuzzy logic controller to govern a dynamic design and ensure the system's
stability and robustness in the presence of unknown disturbances. To solve that
problem of dynamic decoupling of the motion trajectories of a robotic arm, an
active force control method is used. [112]. For controlling a robot arm, AFC has
been proved to be superior than traditional methods when dealing with a range
of disturbances and correcting for them [29]. AFC can be used under varying
loading conditions and has a fast decoupling property. The origins of the AFC
idea be linked back to Newton's second law of motion. The main element that
affects how effectively the control strategy works is the estimation of the mass
required by the AFC loop. Three loops make up the proposed controller structure
and that two controllers systems were used, namely fuzzy control in outer loop
and PID ininner loop. To reject road disturbances, the control of an outer loop is
employed for calculating the target force. To maintain the real force near to the

desired force, use is made of an inner force tracking loop which compensates the
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disturbance force obtained from the error between the ideal and actual force
vector. The suggested control strategy is robust owing to the implementation of a
feedback loop for "Active Force Control" to determine the force caused by a
disturbance.

Active force control operates by inferring the disturbance force from suitable
actuator force measures via a force sensor and acceleration measurements via an
accelerometer, simultaneously, an estimated mass should be calculated using an

appropriate approach as illustrated in Figure (4-40).

Actuator Force acceleration

force sensor v sccelerometer é

d I 1 - !
Ity 7™\ = Estimated mass | ~s
S— [
p— of the body |
—— o/
— Actator’

Figure (4-40) Active force control [51].

The design of the “Active Force Control” method implemented with a

suspension dynamic system as displayed in Figure (4-41).
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Figure(4-41) .The structure diagram of an AFC scheme

Figure (4-41) depicts the controller structure used in this investigation, which
includes three controller loops. In the outer loop, FLC is employed to calculate
the best target/commanded force. A traditional PID controller is used to track the
force of the hydraulic actuator. The AFC loop is used to calculate the estimated
force from the vaues obtained of the force and the dynamic system's
acceleration.

The force that is created when the ideal and actual forces difference is known as
the disturbance force is compensated by the AFC loop.

The key equation of motion driving the AFC agorithm is as follow [113] :
F,+Q=m.a (4-28)
Where, F, is the actuator force , Q is disturbance force, m is mass, and a is
body's acceleration .

The estimated value of the disturbance force can be formulated as:

Q' =F,—m'a (4-29)
where, Q' is the disturbance or estimated force, physical sensing devices may be

used to readily get F, and acceleration (force sensor and accelerometer),
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Intelligent processes can be used to obtain a mass(m), the key component that
contributes to the control scheme's efficacy is the mass estimation required by
the “AFC” loop. The estimated mass was obtained using a simple approximation
approach in this simulation. The error sends a signal for the actuation system's
adjustment equaling -Q', that may be utilized to decouple the real disturbance
force Q, ensuring that the system remains steady despite changes in the external
force [113]. “AFC” The loop is the primary component that improves the
efficiency of the control strategy.

4.8.1 Controller for Fuzzy L ogic (Force Computation)

The hydraulic actuator system with the pneumatic active suspension is
extremely intricate and non-linear, and the suspension characteristics will alter
as the vehicle ride through types different road conditions. Traditional control
strategies are based on a fragile system paradigm and are incapable of adapting
to changing environmental conditions. As a result, the suggested console
employs Fuzzy Logic which was mentioned in the section 5.5.

4.8.2 Tracking Force

Figure (4-42) depicts the hydraulic actuator's inner loop of force tracking
control. A PID controller is used to track the force of a hydraulic actuator. The
gains of “PID” were tuned by genetic algorithm. The spool valve position and
real-time piston speed are the two inputs to the hydraulic actuator model.
Proportional Derivative control is then implemented with force tracking error as

the input and control current as the output to drive the spool valve.

Target PID Hydraulic Desired
force actuator force

Figure (4-42) Tracking the hydraulic actuator's force.
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To validate the controller's force tracking performance the sinusoidal, square,

and arbitrary functions are used to express the targeted force. as shown in
figures (4-43,4-44,and 4-45). These simulation models are consistent with [114].
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Figure (4.43) Sinusoidal signal for force tracking.
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Figure(4-44) Sguare wave for force tracking.
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Figure(4-45) Random wave for force tracking.
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4.8.3 The Optimization of Intelligent Active Force Control Parameters
using GA algorithm

The proposed control is illustrated schematically in Figure(4-40). The
AFC loop was created to recompense for dynamic disorders. The hydraulic
actuator force tracking inner loop controller was designed to use the provided
control mechanism to manage the actuator force and generate the needed force,
it is utilized through combination with AFC scheme because it provides
continuous, but not very robust performance. In accordance with what has been
stated, the proposed controller is designed to reduce nonlinearity in the system.
The PID controller's main goal in this part is to regulate the actuator force and
generate the needed force, which is calculated using the suggested control
mechanism. The PID controller's equation in time domain is defined as
equation(4.18)

t

de,
u = Kper + KiJ e dt + KdE

0
where u: is the PID controller's output and The proportional, differential, and

integral gains are represented by (Ko, Kj, and Kg).

A PID controller attempts to reduce error by adjusting the PID controller's three
gains ( kp, ki, kq), GA approach and ITEA were used to reduce error and to
optimize the parameters of each constructed controller to get the best values for
gains (Kp, Ki, Kg, & and b) in order to reduce the amount of suspension
acceleration, and vehicle body displacement.

In this section, GA is utilized to tune the controller since it has the
capability to identify uneven situations and has a propensity to whole-optimize
[115]. The genetic algorithm's parameters are selected for adjusting as shown in
table (4-17). The desired signal (velocity of sprung mass) set compared to zero,

and the road profile is considered to be random, one bump, and two bump.
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Table (4-17) Optimizing input values for the best result.

GA parameters Values
No. of chromosomes in each generation 40
Fitness scaling Rank
Probability of crossover 0.8
Crossover technigue Heuristic
Mutation technique Uniform
Object function accuracy 1x 1071°
Generation gap 0.9

Through the process of optimization with the genetic algorithm, the gains
were obtained for the controllers fuzzy logic and proportional-derivative present
in the proposed system as shown in table:

Table (4.18) Range and optimal value for FLC.

Parameters Range values Optimal value
e 10-20 14.701
ec 0-5 1.351
K, 0-1 0.000001
K, 0-5 0.91

The idea from AFC technique, in the event that the forces of disturbance O’
are evaluated or measured accurately, then this value can be used to separate the
actual forces Q of disturbance from the applied forces.

The AFC loop is designed in Figure (4-41) to compensate the system for a
number of unknown disturbances, especially those related to the air system in
order to remain robust and stable. The strategy's efficiency is based on the mass

estimator when actuator force and the body acceleration are determined.
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he body acceleration and the active force hydraulic actuator are both inputs to
the AFC scheme. In outer loop, FLC is employed to calculate the best target
commanded force and fuzzy controller is used to track the force of the hydraulic
actuator. Its essential principle is for the actuator body's force and acceleration
which are both measured and an estimation of the moving body's mass is made
to compute the estimated force [116].
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Chapter Five

Results and Discussion

5.1 Introduction

The vertical acceleration (Z,) and vertical displacement (Z) for sprung
mass are used to evaluate riding comfort while for tire deflection (Z,5 —
Z.) and dynamic load coefficient(DLC) are utilized to evaluate road handling ,
respectively. The sprung mass's vertical displacement (Z;) and the acceleration
of the sprung mass (Z) shall be minimized by giving the control signal. When
the vertical acceleration and vertical displacement of sprung mass decreased, the
ride comfort will improved, while the performance of tire deflection and
dynamic load coefficient are decreased, this mean the road holding and stability
of vehicle. The capacity to respond to changes in road inputs allows an active
suspension system to achieve a trade-off between road holding and ride comfort.

The control system is responsible for giving proper control orders the
actuators, depending on the passive system's components and different types of
controllers entering the required suspension force, the different types of

controllers can be explained in this chapter.

5.2 Evaluating the Suspension System's Performance in

Comparison to Two Air Suspension Systems (without control)
Non-linear air spring simulations (Gensys and traditional) are compared
in terms of RMS of the sprung mass for vertical displacement, dynamic load
coefficient, vertical acceleration, velocity, road holding, and vertical dynamic
force. Road SO Class B and one bump with a height of 0.1 m at a speed of (72
kmv/h) are taken into consideration in the evaluation of the ride comfort (RC),
dynamic load coefficient (DLC), and road handling (RH) responses as objective
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functions respectively. To find out which is better to use later with a specific
controller to obtain better occupant comfort and vehicle stability.
The road profiles utilized in this section include road level B and one

bump with height 0.1m as shown in figures (5-1 and 5-2).
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Figure (5-1) Road profile for roughness road 1SO level B.
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Figure (5-2) Road profile for one bump with height 0.1m.

Figures 5.3 to 5.9 show the comparison between the two air suspension
between the air spring of the traditional type and the second type( Gensys) to
assess the effectiveness of the air suspension utilizing the Simulink/ MATLAB
platform in the time domain for 10 second and an ISO level B random road and
the figures 5.10 to 5.16 of for the same comparison for the road with one bump

(0.1m) in the time domain for 5 seconds.
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Table (5-1) The RMS value reduction for simulation (level B) road input.

No |Parameter s(unit) Traditional (Gensys) Reduction
1 |Vertica 1.567x 1071 1.169 x 1071 25.4%
acceleration(m/s™2)
2 |Verticad 5.902x 107* |5.46x 1073 8 %
displacement(m)
Road holding(m) 1.206x 1073 | 1.044 x 1073 23.5%
4 | Dynamic load 1.756x 102 1.344 x 1072 23.46%
coefficient
5 | Suspension travel(m) 2311 x 1073 | 2.266 x 1073 2 %
6 | Dynamic tireload(N) |7.579ex 10*! |5.796x 10! 23.5%

Table (5-2) The RMS value reduction for simulation bumpy road (0.1m) as

Input.
No | Parameter s(unit) Traditional (Gensys) Reduction
1 |Vertical 547 x 1071 |3.09x 1071 44 %
acceleration(m/s"2)
2 | Verticd 2.684 x 1072 | 2.224 x 1072 17 %
displacement(m)
3 | Road holding(m) 1.477x 1073 | 8.09x 1073 45.22 %
4 | Dynamic load 6.158 x 1072 | 3.377 x 1072 | 45.16%
coefficient
5 | Suspensiontravel(m) |1.374x 1072 |1.145x 1072 | 16.66%
6 | Dynamictireload(N) |2.658 x 1072 | 1.456 x 10%2 | 45.22%
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The simulation finding for the traditional air spring’s with one bump road
input, Figures 5-10 to 5-16 indicated vertical displacement, velocity,
acceleration, road holding, suspension deflection, DLC, and vertical dynamic
force of the suspension system take a longer time comparison with the Genesys
type, resulting in the discomfort of the passengers and inadequate road handling
capabilities.

In the two tables, 5-1 and 5-2 the vibration reduction in pneumatic
suspension, Genesys air springs in comparison conventional air springs. For the
same load and speed of the vehicle, the DLC value was consistently lower for
Gensys spring for air suspension. Based on that, air suspension efficiency was
clearly better for Gensys.

When a vehicle is traveling over a smooth surface, the DLC value is often very

near zero.
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Figure (5-3) Comparison of vertical displacement of sprung mass.
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Figures 5-17 to 5-22 presented a graph of the efficiency of two different
air suspension systems to reduce negative impacts from a vehicle wheel
traveling on a road with a bump of 0.1 m and an 1SO B road surface when
compared at speeds( 5,10,15, 20, 25, 30, 40, 50, 60, and 72 m/s). The values of
the vertical acceleration parameters (the lower the acceleration i.e the higher the
ride comfort), the road stability, and the dynamic load coefficient of two
different air suspension systems for two different roads were increased with the
increase in vehicle speed.

The results showed that comfort of the ride, dynamic load coefficient, and
road holding of air suspension of the quarter-car for Gensys air spring is
superior to the traditional air spring as demonstrated by the results in the time

domain response and this is in agreement with other studies [33, 92].
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Figure (5-17) Ride Comfort with speed for Road Profile level B.
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Figure (5-18) Road Holding with speed for Road Profile level B.
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Figure (5-19) Dynamic Load Coefficient with speed for Road Profile level B.
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Figure (5-20) Vertical acceleration (ride Comfort) with speed bumpy road
(0.1m).
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Figure (5-21) Road Holding with speed for bumpy road (0.1m).
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Figure (5-22) Dynamic Load Coefficient with speed for bumpy road (0.1m).
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5.3 Resultsof PID Controller with GA for Nonlinear Pneumatic

Quarter Car Integrated with Hydraulic Actuator M odel

PID (proportional-integral-derivative) controller with genetic algorithm
(GA) has been proposed for adjusting optimum PID parameters for better
performance of the air suspension system integrated with a hydraulic actuator,
using objective function integrated time absolute error(ITAE).
The objectives of this section is to optimize the PID controller to enhance road
holding and ride comfort. Examining is done using MATLAB - Simulink the
effect of the proposed controllers. Table (5-3) summarizes the results the road
roughness.

Table: (5-3) Reduction in “RMS” values for roughness road input.

No Parameters Pneumatic Optimal Reduction
(PI1D)

1 Vertical displacement | 5.192x 103 | 4.743x 10~* 89. 8%
of sprung mass (m)

2 The acceleration of 1.568x 10~1 | 5.058x 1073 96.77%

sprung mass (m/s"2)
3 | Vertical dynamic force 6.548 5.925 9.5%
(N)
4 DLC 2.223x 1072 | 2.013x 1072 9.44%

ol

Road holding (m) 4.089x 10~* | 3.703x 10~* 9.43%

6 Velocity of sprung 1.351x 1072 | 4.084x 10~* 96.97%
mass (M/s"2)

Uncontrolled (pneumatic system), PID controlled parameters of the ride
comfort and road holding for the sprung mass are compared, for input road
(roughness road class B, velocity 72 knvh) ) are presented in Figures (5.3a-5.3h)
in time domain.

Figure (5-23a) showed how the proposed controller reduces the peak
amplitude from 1.34x 10~ 2at time 8.952s for pneumatic to 1.19x 10~ 3at time
9.84s for control PID of vertical displacement, this gives the passenger the
feeling that he is walking in one level and Figure(5-23b) show the reduction
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velocity from 1.35x 1072 to 4.084x 10~* for sprung mass. As shown in
Figure(5-23c), the RMS of acceleration is decreased significantly and this
reduction in body acceleration magnitude ensures greater ride comfort. Figures
(5-23d), (5-23e), and (5-23f) illustrate the force dynamic, dynamic load
coefficient, and road holding of unsprung mass for proposed control less than
the force dynamic of unsprung masswhen compared with pneumatic suspension,
this leads to the improvement the handling of the vehicle with the road. Figure
(5-23g) indicated that the fluctuations amplitude of the suspension travel signal
Is downward direction (negative direction). In response to a road bump, the
suspension system's displacement needs to be continuously changed to make
sure that the vehicle body's (sprung mass) displacement and acceleration are
minimal.

Because of the time difference in the response between the actuator and
the air spring, there is a difference in response suspension travel. Figure (5.23h)
shows the actuator force with time. When the controller adjusts the initial
oscillation, the maximum actuator force (F,) equal to 329.3 (N) is reached.
Figures (5.23a to 5.23e) illustrate that settling time and peak values have
decreased by the proposed control in contrast to the pneumatic system for these
sprung masss characteristics are displacement, velocity of sprung mass
acceleration (ride comfort), road holding, force dynamic, and dynamic load
coefficient. As shown in the table(5-3) which provides the reduction's
percentage in “Root Mean Square” among the different parameters for the

roughness road.
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Figure (5-23) Performance Analysis of PID control for active pneumatic
suspension (roughness road class B, velocity 72 km/h).
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PID controller greatly minimize vibration of the quarter car system's
sprung mass, as seen in the figures. Through the results, it can be shown PID is
an effective controller compared to the air suspension system in simulations.
PID controlled parameters, uncontrolled (pneumatic system) of the comfort of
the ride and hold the road are compared, to the input road (two bump, velocity
36 knmvh) ) are presented in the following figures(5-24a to 5-24h) in the time

domain.
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Figure (5-24) Performance Analysis of PID control for active pneumatic
suspension (road two-bump, velocity 36 knm/h).
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The PID controller tuned by the GA is designed for the pneumatic active
suspension system for two bump. The fitness functions for the best trial out of a
total of 20 trials to get best results. Figure (5-25) represents the best and mean
fitness with the number of generation, where the GA algorithm reduces the error
until reaching the convergence stage. The proposed control in this section

corresponds in improving response with [97] and [98].
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Figure (5-25) Fitness obtained by GA algorithm.

The reason why the displacement response does not return in the shortest
possible time is that the processing of the PID controller(Lacks to settling
time)when subjected to nonlinear systems modeling is ineffective when
compared to the rest of the controllers in one domain and is effective in another,
although there are impressive responses to vertical acceleration and the holding
the road. Through the results the control PID was not adaptive with different
bumpy roads.
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5.4 Results of performance Analysis of the Proposed Fractional-
Order-PID Controller

Roughness road (class B,72 km/h), the performance of pneumatic active
none linear quarter vehicle suspension system for proposed control FOPID with
Genetic algorithm
For roughness road class B, Figures (5.26a, 5.26b, and 5.26¢) show “RMS” the
vertical displacement of sprung mass FOPID controller decreased 96%
compared the pneumatic system , or the system without a controller and for
vertical acceleration of sprung mass decreased 97% compared to the pneumatic
system and for vertical velocity of sprung mass decreased 98% , this means a
high rate of passenger comfort, but at the expense of vehicle stability, meaning
that the stability will be less compared to the pneumatic system through as
shown in figures (5-26d) and (5-26e) illustrate that the value of road holding
6.938x 10~ *for FOPID controller and 4.573x 10~ *for the pneumatic system ,
which will increase from the pneumatic system to the FOPID controller,
meaning that the stability of the vehicle will decrease, as well as the vertical
dynamic wheel force will increase its value compared to the pneumatic system
through the dynamic load coefficient (DLC) value that shows increase from
2.269x 1072 for the pneumatic system in comparison to 3.772x 1072 for the
FOPID controller. Figure (5-26f) shows the vertical dynamic tire force that has
deteriorated by the controller with an increase of 40%.

Figures (5-26i, 5-26j, and 5-26k) illustrated the change in the response for both
K,, K;, and K; with time. Table(5-4) summarizes the results performance

parameters for rough road.
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Table(5-4). Reduction in “RMS” values for roughness road input.

No | Parameters| Pneumatic Optimal Reduction I ncrease
(FOPID) (impr ovement) (no
improveme
nt)
1 | Vertica 5.497x 1073 | 1.282x 10~° 96.22%
displacement
of sprung
mass (m)
2 | The 1.516% 1.974x 1073 97.66%
acceleration -1
10
of sprung
mass(m/s"2)
3 | Road holding | 4.573x 10~* | 6.938x 10~* 34%
(m)
4 | Velocity of 1.414%x 1072 | 3.576x 107> 93.17%
sprung
mass(m/s"2)
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Figure (5-26) Performance Analysis of FOPID control for active pneumatic
suspension (roughness road class B, velocity 72 knmv/h).
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For bumpy road (two bump) and velocity of vehicle 36 km/h, the
parameters of pneumatic active none linear quarter vehicle suspension system
for proposed control FOPID with GA algorithm.
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Figure (5-27) Performance Analysis of FOPID control for active pneumatic
suspension (road (two-bump), velocity 36 knm/h).

Figure (5-28) represents the best and mean fitness with the number of

generations, where the GA agorithm reduces the error until reaching the
convergence stage.
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Figure (5-28) Fitness value obtained by GA
Table (5-5) Reductionin “RMS” values for (two-bump)road input.
No | Parameters Pneumatic Optimal Reduction
(FOPIDC)
1 the sprung mass's vertical 1.4%x 1072 1.285x 104 98%
displacement (m)
2 sprur;g mass's acceleration | 4.224x 10~1 1.995%x 1073 99.5%
(m.s®)
3 Vertical dynamic wheel 1.668x 102 8.968x 101 46.12%
force (N)
4 |DLC 5.669x 102 3.053x 1072 46%
5 | Road holding (m) 1.043% 1073 5.616x 10~* 46.15%
6 Velocity of sprung 5.33%x 102 1.854x 10~* 99.6%
mass(nV/s"2)

According to Table (5-5) for disturbances input road (two bump), comfort (RC)

and road holding (RH) are improved, but there is a clear fluctuation in the
figures (5-26d, 5-26e, 5-26f) which show that the controller is not effective with
this type of roughness road and Table (5-4), in addition to road holding (RH) is
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not taken into account a significant improvement in ride comfort (RC)can be
offered, as shown by the findings of ride comfort for FOPID controller when the
road input is roughness class B.

Because of this, the FOPIDC is not adaptive with different road, it meaning

cannot change its parameters in response to unforeseen disturbances.

5.5 Reaults of performance of Slide Mode Controller with GA for
Nonlinear Pneumatic Quarter Car integrated with Hydraulic
Actuator Model

Road roughness (grade B,72 km/h), the performance of pneumatic active
non- linear quarter vehicle suspension system for proposed control SMC with

Genetic algorithm.

LR L]

L ]
=
a3 o
o L] —-—

i
B
a

Yarticsl dosplecoman al BPrUn T

-]
-

139



Chapter Five Results and Discussion

255

1 w

Vertical vilasily of spsiing mass. (mis)
=1
.

& & &
E B

a¥
"
[
[
=
w
|
-
L]
w
=

=
m

| —— Proumatic|
—

g Y g i i ’f i

=
n

=
B

Vartical accelaration (mis’)
(=]

12
4
08 -
L] 1 Z 3 4 5 L] 7T ] 3 17
Tima |s)
(©
-
= Fraunslic:
It — |

.Il'h|-|._.-=.-| '|-"-||"1'.|-'-'| '|'|'1'|'|'il"||ll'|n II i '.'ll.l. |||I |.H ‘I| || I‘IllllI Illll

Road halding jm)
=

140



Chapter Five Results and Discussion

gm' — 8MC
.
| gttt AR
H o sl ”s'l? il l”]“" | iy , i ', . i Ill.‘_| 'l ' 'l | l’
z-am |
B 1 2 3 ‘. ﬂmi(s) ° ¥ . m -
(€)

0
0.0
- I .'|| ||| L |
a I il |
-ﬂ.lﬂ. |

141



Chapter Five Results and Discussion

AN

-£DD

Coniral feren W)
E - @ i

k
a

Thme {5}

(h)

Figure (5-29) Performance Analysis of SMC control for active pneumatic
suspension (roughness road level B, velocity 72 km/h).
Figure 5-30 show the best fithess value improves gradually in the

generations, whose populations are closer to the optimal point.
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Figure (5-30) Convergence value obtained by GA.

Figures (5-29a, 5-29b, and 5-29c) the simulation results are shown the

vertical displacement, vertical velocity, and vertical acceleration in the time
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domain for the proposed system, the optimal SMC minimized these parameters
compared to pneumatic suspension.

As shown in figures (5-29d, 5-29e, and 5-29f), where these figures
explained that the transient responses amplitude of the sprung mass road
holding, dynamic load coefficient, and vertical wheel force which have increase
with time (no stability), meaning that the controller does not work effectively
and this leads to the instability of the vehicle during the path on roads that have

bumps, as aresult, the effect of this controller is not adaptive to road bumps.

5.6 Results of performance of Fuzzy Logic Control with Genetic
Algorithmic Optimization

Matlab Simulink for the proposed fuzzy logic control was used to analyze
the suspension system's response. A fuzzy logic controller based on a genetic
algorithm (GA) has been proposed to tune optimum FLC parameters for better
performance of the air suspension system integrated with a hydraulic actuator,
using an objective function (ITAE) integrated time absolute error. Optimal FLC
for the pneumatic suspension system and pneumatic (passive) are compared in
order to illustrate the comfort of the ride and the holding of the road for a
passenger vehicle.

The input road (roughness road class B with velocity 72 km/h) and for
input road (two bump with 50mm and 75mm amplitude, velocity 36 km/h) ) are
presented in the following figures in the time domain.

The parameters for sprung mass, vertical displacement, velocity, vertical
acceleration, road holding, actuator force, vertical dynamic wheel load,
suspension travel, and dynamic load coefficient are summarized in tables (5-6).

The time response graphs of sprung mass's displacement are shown in the
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figures, the FL controller designed produces a reduction in “RMS” the
suspension system's active pneumatic suspension's sprung mass displacement
reaction, as shown in the figures (5-31a and 5-32a), athough there is a very
small change from the transient vibration, the vibrations are quickly settled. The
ability of FLGA to control the suspension system has been proven with 95.6 %
and 95.2 % reduction in vertical displacement of sprung mass for the random
disturbance and two bumps respectively. In the case of sprung mass velocity, the
active system reduced both “RMS” when compared to the passive system for
random and bumpy roads as shown in figures (5-31b and 5-32b).

These findings showed that the acceleration of the chassis against road
irregularities and two bumps is a good improvement. Because of the applied
suitable force from the actuator placed between sprung and unsprung masses
would result in comfortable riding (minimize acceleration) for the passengers
which is explained in figures(5-31c and 5-32c), for active system the
acceleration values (3.297x 1073, 2.818x 10~3) in compression with passive
(1.643x 1071, 4.349x 1071) for random road and bumpy road respectively.

In case of the road holding, the active system for both the settling time
and peak overshoot when comparison with the pneumatic system, the road
holding in root-mean- square value has increased by 29% for random road and
decreased 61% for bumpy road as shown in figures(5-31c and 5-32c)
respectively. The increase in road holding by 29% compared to the pneumatic
suspension system (without a controller) when the vehicle is traveling on a
rough road is a bad indicator of the stability of the vehicle.

Figure (5-31g) showed the control force reaching about a value in RMS is
200N for the roughness road, which agree with [106], while the observed force
in figure(5-32g) from the actuator controlled reaching about the value of 179N
and the maximum value is 1054N at time 0.92s and in reverse direction so
1212N at time 6.166s, this agreement with [20].
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Figures(5-31e and 5-32¢) illustrate that the dynamic load coefficient for a
road with two bumps is greater than for irregular road. The coefficient is
generally lower for the air suspension system compared to the conventional
spring suspension system.

Figures (5-31f and 5-32f) illustrate the vertical dynamic wheel load in the
time domain, that the vehicle was excited by the rough road surfaces, resulting
in continually varying tire forces and for the road with two bumps, this force
decreases and fades until it reaches the tenth second, while on a rough road it
increases with time, indicating that the vehicle is unstable while traveling.

In the case of suspension travel, the figure (5-31g) shows that the distance
between the unsprung mass and sprung mass is oscillating, this means that when
the vehicle is exposed to an irregular road, the distance of movement between
the wheel group and the vehicle structure whenever it heads towards the
negative or down gives more stability to the vehicle.

Figure ( 5-32g) can be shown that the active pneumatic suspension system
with (FLGA) proposed controller exhibits greater negative deflection during the
bumps disturbance intervals. A larger negative deflection means that the tire had
good tire-road contact under the fluctuating conditions [32].

Figure (5-33) illustrates the convergence pattern between the best fithess
with the average fitness values. The best fitness value not alter for many more
generations after 25 generations. The best fitness and the average fitness are
getting closer to one another, this indicates that the estimate could be optimal or
close to optimal.

According to the simulation's outcome for road holding, it hasn't much
improved during road holding analysis for fuzzy control strategy. This means
that this controller (fuzzy logic) does not adapt itself to deal with irregular roads.
Thus, the vehicle in terms of handling might not as better when the FL strategy
only is used.
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Figure (5-31) Performance analysis of FLC control for active pneumatic
suspension (roughness road level B, velocity 72 km/h).

Table (5-6) Reduction in RM S values for roughness class B as road input

No Parameters Pneumatic | Optimal FLC | Reductio | Increas

n e

1 sprung mass's 5.017x 1073 | 1.750x 10~* | 95.612% -
displacement (m)

2 sprung masss | 1.643x 1071 | 3.297x 1073 | 97.999% -
acceleration (m/s?)
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3 | Forcedynamic(N) | 6.449x 10 | 9.1249x 10! - 29%

4 DLC 2.127x 107% | 3.161x 1072 - 30.1%

5 | Road holding (m) | 4.032x 10~* | 5.703x 10~* - 29%

6 | Velocity of sprung | 1.3x 1072 6.28x 10™* | 95.16% -
mass(m/s"2)

For roughness road input, velocity 72 knvh are presented in the shown figures,
the settling time and the peak value have decreased by the effect of a control
system which was used a genetic algorithm against the pneumatic system.
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Figure (5-32) Performance Analysis of FLC control for active pneumatic
suspension (road-two bump, velocity 36 km/h).
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Table (5.7) Reduction in RM S values for two bump road input in RMS.

No Parameters Pneumatic Optimal Reduction
(FLC)
1 sprung mass's 1.219x 1072 | 5.851x 10~* 95.2%
displacement (m)
2 sprung mass's 4.349x 1071 | 2.818x 1073 99.35%
acceleration in m/s*2
3 DLC 5.937x 1072 | 2.275x 1072 61.6%
4 Road holding (m) 1.056x 1073 | 4.148x 10~* 61.9%

5 Velocity of sprung 5.581x 1072 | 4.688x 10~* 99.16%
mass(m/s™2)

5.6 Analysis of Proposed A Self-Tuning Fuzzy-PID Control for
Active Pneumatic Quarter Vehicle.

The results of active suspension with “Self-tuning FPID” controller are
shown graphically by input roughness road at velocity with72 kmv/h and for
input two bump with 50mm and 75mm amplitude with velocity 36 knvh.

From the tables (5-8 and 5-9) show a summary of results related to
passenger comfort and vehicle road holding.

Figures (5-33a and 5-34a) showed the improvement in the vertical
displacement of the sprung mass (This means a good improvement in passenger
comfort) for both types of roads(roughness road and two bumps) after the
obvious effect of the controller(self-tune FLPID). The controller minimized the
road disturbance in “RMS” by 95.2% for a rough road (from 5.436 x 10~ 3to
2.607x 10~*) and by 95.60% for a bumpy road (from 1.29 x 10~2to 5.589x
10™%), Additionally, the simulations demonstrated stable convergence.
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Figures (5-37b and 5-38b) showed the improvement in the vertical velocity
of the sprung mass for both types of roads(roughness road and two bumps) after
the obvious effect of the controller(self-tune FLPID).

Figures (5-33c and 5-34c) showed the improvement in the vertical
acceleration of the sprung mass (This indicates a significant increase in
passenger comfort) for both types of roads(roughness road and two bumps) after
the obvious effect of the controller(self-tune FLPID). The controller reduced the
road disturbance in “RMS” by 65.7% for a rough road (from 1.606 e-1 to 5.508-
2) and by 91% for a bumpy road (from 5.058x 10~ 1to 4.468x 1072). The
simulations also revealed stable convergence.

Figures (5-33d) for a rough road the controller (self-tuning FLPID)was not
effective in attenuating the response and therefore the vehicle’s tires were not in
contact with the road, which leads to the vehicle’s instability while driving.
While the effect of the controller itself is effective in holding the road when the
road is two-fold, i.e. reducing the response from 1.247 * 10"-3 to 5.606 * 10"-4,
I.e. by 55.1% as shown in figure(5-34d). Also for dynamic load coefficient with
time and the vertical dynamic wheel load, the controller does not play arole in
reducing the response to them , as in the figures (5-33e and 5-33f).

Based on the simulated outputs shown in the figures (5-33d, 5-33e, and 5-33f
)for the roughness road, the controller (self-tuning FL-PID) does not play an
effective role in adapting to the different road.
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Figure (5-33) Performance Analysis of S-TFLPIDC control for active pneumatic
suspension (rough road, level B, velocity 72 knvh).
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Table (5-8) Reduction in overshoot values for roughness road input.

No | Parameters Pneumatic Optimal Reduction | Increas
(FSTPID) | (improvem e
ent)
1 | Vertica 5.436x 1073 2.607x 95.2% -
displacement of 107*
sprung mass (m)
2 | the sprung mas's 1.606x 1071| 5.508% 65.7% -
acceleration(m/s*2 1072
)
3 | Forcedynamic(N) | 6.703x 10! | 7.667x 101! - 14.3%
4 |DLC 2.2x 1072 2.636% - 16.5%
1072
5 |Road holding (m) [4.047x 107*| 4.772x - 15.2%
1074
6 | Velocity of sprung |1.392x 1072 | 1.292x 90.7% -
mass(m/s’2) 1073

The results of active pneumatic suspension system with fuzzy self-tuning
PID controller are presented graphically by input road of two bumps at velocity
36 kmv/h.
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Figure (5-34) Performance Analysis of ST-FLPID control for active pneumatic
suspension (road-two bump, velocity 36 km/h).

Table(5-9) Reduction in overshoot values for two bump road input in “RMS”.

No | Parameters Pneumatic Control Reduction | Increase
(FSTPIDC) | (improvem
ent)
1 |[Vertica 1.29% 1072 |5.589%x 1074 | 95.61% -

displacement of
sprung mass (m)

Acceleration of 5.058x 107! | 4.468% 1072 | 91.15% -

2 sprung
mas(n/s’2)
3 |DLC 6.778x 1072 | 3.048% 1072 55% -
4 | Road holding (m) | 1.247x 1073 | 5.606x 10~ 55.1% -
5 | Force dynamic 1.995x 10% | 8.97x 101! 55% -
(N)
6 | Velocity of 5.67x 1072 | 2.787x 1073 | 95.07% -
sprung
mass(m/s"2)
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5.7 Results Analysis of Active Force-Fuzzy Logic Controller with
GA for Nonlinear Pneumatic Quarter-Car Integrated with
Hydraulic Actuator M odel

From roughness road (ISO 8606 class B with velocity 72km/h) and for
input road (two bump with 50mm and 75mm amplitude with velocity 36 km/h) )
are presented in the following figures in the time domain.

The parameters of pneumatic active none linear quarter vehicle suspension
system for proposed control FLAFC with Genetic algorithm in time domain.

Tables(5-10 and5-11 ) illustrate the percentage decrease in RMS of the
different parameters for random and rough terrain input, due to the controller
equipped pneumatic suspension with a hydraulic actuator to improve system ride
comfort and road handling.

Figures (5-35a and 5-36a) are shown the car body displacement. It can be
observed that the quarter car vertica displacement is much reduced and
successfully reduced near zero approximately 88.5% for roughness road and
94.7% for the two-bumps road in the case of AFC method-based GA compared
to the pneumatic suspension system. Good results were obtained in comparison
with a coil spring for active suspension system [117].

Figures (5-35b and 5-36b) are illustrated the vertical velocity of the
quarter car. It can be seen that the quarter car vertical velocity is significantly
decreased and successfully lowered near zero in the case of AFC method-based
GA, at around 95.3% for roughness road and 99% for the two-bumps road.

As shown in figures (5-35c and 5-36¢) illustrate that both the “RMS” value
of body acceleration which is a measure of ride quality is reduced from 1.593x
1071 to 7.971x 1073 for roughness road and from 4.731x 101 to 7.006x 10~3
for the two-bumps road and settling time has been reduced in the case of active
force controller based GA agorithm. The simulation results and analyses above
show that the suspension system provides a comfortable ride in compared to an
active suspension system's coil spring [104].
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Road holding has improved by AFC can be observed in figures (5-35d and 5-
36d) and tables (5.10 and 5.11), compared to the pneumatic suspension in
addition to controls previously described, AFC is the best strategy that offers
excellent active control in terms of vehicle handling. It can be observed that the
reduction of road holding (reduce the vibration) in “RMS” is 33.2% for rough
roads and 63.49% for the two-bumps road. Figures (5-35e and 5-36e) show
take into account the holding on the road measure, which describes the
interaction between the tire and the road; the related principal performance
indicator is ” normalized tire deflection” dynamics, or dynamic load coefficient,
as long as the normalized tire deflection is less than 1, there will be good road
contact [117].

In the case of active pneumatic suspension (AFC), the suspension travel is
increased from 1.821x 1073 (m) to 3.952x 1073 (m) for rough roads compared
to pneumatic suspension system and from to give a more comfortable ride, this
mean less displacement, while for 7.546x 1073 (m) to 1.346x 10~2 (m) for the
two-bumps road, the increase suspension travel for the two-bumps road to
increase stability, active suspension systems have a larger possibility of
enhancing road holding, this agreement with [118].

The suspension system's displacement must be continuously altered in
reaction to a bump in the road to be able minimized acceleration and
displacement of the vehicle's body. On the other hand, if a vehicle just employs a
pneumatic only, the system of suspension won't nearly displace, as a result, this
suspension system can be compared to a very solid block, and it has an
Immediate impact on the car's comfort with stability [119]. To improve ride
comfort, or less the sprung masss displacement, active suspension travel is
increased compared to passive suspension [120].

Figures (5-35f and 5-36f) describe the vertical dynamic tire force for
rough road reduction at “RMS” for time domain by 33.2% and for road bumps

by 63.5% compared with pneumatic suspension(without actuator), this force is
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related to road holding. Figures (5-35h and 5-36h) illustrate control force of the
actuator which follows the path of the road and what it includes bumps and its
limits between 300N and -400N.
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Figure (5-35) Performance Analysis of AFFLC control for active pneumatic
suspension (rough road, level B , velocity 72 knvh).
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Input road with two-bump,36 knvh, the parameters of pneumatic active
none linear quarter vehicle suspension system for proposed control FLAFC with

Genetic algorithm in time domain.
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Figure (5-36) Performance Analysis of AFFLC control for active pneumatic
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Figures (5-37a, 5-37b, 5-37¢,5-37d, 5-37e and 5-37f) investigated is the
effect of changing the dynamic responsiveness of vehicle speed for parameters
of quarter-car. Figures show simulations performed with road level B for various
vehicle speeds ranging from 10 m/s to 72 m/s. When the velocity of vehicle is
increased, ride comfort for passenger decrease, as seen by the sprung mass
acceleration "RMS' values plotted in Figure (5-37a). The deflection in “RMS”
(Figure 5-37¢), tire deflection in “RMS” (Figure 5-46b), vertical dynamic tire
force (5-37d), and dynamic load coefficient(5-37f), which represent the stability
of vehicle when increase velocity of vehicle the stability decrease. This analysis
Is agreement with [117]. Figure (5-37€) shows that the AFC suspension system
outperforms the pneumatic suspension system in terms of the actuator's power

demand.
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Figure (5-38) depicts the point at which the best and average fitness levels
converge. Both values nearly converge to each other in the eleventh generation
and the average fitness has remained fairly near the best fitness, following
twenty generations, the best fithess doesn't always alter as generations increase,

I.e. providing the parameter values of an optimal or near-optimal solution.
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Figure (5-38) Convergence obtained by GA.
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Table(5-10) Reduction in overshoot values for roughness road input.

No | Parameters Pneumatic Optimal(FL- | Reduction
AFC)
1 |VDSM (m) 3.859x 1073 | 4.438x 10~* 88. 5%
2 |ASM(m.s?) 1.593x 10~ | 7.971x 1073 94.99%
3 | VDWEF(N) 6.6x 10! 4.411x 10?1 33.2%
4 |DLC 2.243x 1072 | 1.499x 1072 33.6%
5 | RH (M) 4.125x 107* | 2.757x 10~* 33.2%
6 |VSM (m/s) 1.409x 1072 6.61x 10* 95.3%

Table(5-11) Reduction in overshoot values for two bumps road input in RMS.

No | Parameters Pneumatic Optimal(FL- | Reduction
AFC)
1 [(VDSM M (m) 5.017x 1073 | 1.641x 10~* 94.735%
2 |ASM (ms-2) 4.731x 1071 | 7.006x 1073 98.35%
3 |DLC 6.410x 1072 2.34x 1072 63.33%
4 |RH(m) 1.179x 103 | 4.304x 10~* 63.49%
5 | VDWF(N) 1.887x 102 6.887x 10! 63.5%
6 |VSM (m/s'2) 5.581x 1072 | 4.688x 10~* 99.16%
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Through the simulation results and analysis, it was shown that the Active Force
Fuzzy Logic strategy is adaptive control and more robustness compared to the
other of the types of controls which discussed in terms of comfort and handling
road compared to the passive suspension system (pneumatic), it adapts to bumpy

roads and gets good results.

5.8 Concluding Remarks

Characterization of the displacement and acceleration values of the sprung
mass in the vehicle's suspension system, which play a part in stability and ride
comfort through the vibrations brought on by the impact of the road. Control and
Genetic algorithm optimization of an active nonlinear (3DOF) quarter car
suspension system is presented in this section. The air suspension with a
hydraulic actuator system provides a qualitative improvement in vehicle
performance and ride comfort compared to traditional air suspension systems.
The FLAFC simulation results have better performance in controlling and
isolating the vibration from the road compared to other controllers for air

suspension and for the same calculation time.

176



Chapter six

Conclusion and

Recommendations



Chapter Six

Conclusons and Recommendations

6.1 The Conclusions

In this work, intelligent control design for quarter vehicle nonlinear
pneumatic active suspension with hydraulic actuators has been investigated.
Nonlinear hydraulic actuator and frictional forces effects are taken into account.
By simulating the pneumatic suspension alone, comparing the Gensys type with the
traditional type, and obtaining the characteristics of the suspension, it was found
that the first type is the best, and accordingly, it was chosen in the active control. It
was connected to a hydraulic actuator and a control unit to control and optimize the
control unit (A genetic Algorithm was used as a tool to tune the gains of the
controller). The PID controller, Fractional order PID controller, Fuzzy controller,
Fuzzy Control Active Force, A Self Tuning Fuzzy PID Controller, and Sliding
Mode are implemented on a nonlinear pneumatic suspension with hydraulic
actuator for the quarter car system and the controller scaling was tuned by
optimization approach.

The air suspension-integrated hydraulic actuator's objective is to represent how
the suspension system behaves with rough roads to evaluate the performance of the
vehicle through simulations. The goal of this study was to improve the ride comfort
of vehicles through the application of an air spring integrated with the hydraulic
actuator of the suspension system.

e According to the findings, air suspension systems alone are unable to

effectively reduce vibrations caused by bumpy roads.
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¢ A benefit of the suggested air spring with extra volumes is the capability to
control suspension stiffness through the orifice.

e AF-FLC was proven robustness controller with the integrated model is stable
in terms of performance and has the ability to improve control targets better
than other types of control used and the results show that the vertical
displacement of sprung mass, vertical acceleration of sprung mass, road
holding, and dynamic load coefficient is significantly reduced respectively
by 88.5%, 95%, 33.2%, and 33.6% in comparison with other controllers for
rough road class B. To design the best scaling factors of controllers for the
vehicle's pneumatic active suspension system, the genetic algorithm was
used because of its effective effect

e According to the simulation results, the proposed controller performs better
at minimizing the body displacement's magnitude and settling time as well
as its velocity and suspension travel.

e The hydraulic nonlinear actuators involving frictional forces are taken into
consideration for their effects.
e Models that are the nonlinear and intricate can be handled by the controller

using fuzzy logic (FLC). To dea with this problem, GA technic is used in
this work to improve the performance of FLC-based PID controllers.

e Therough road inputs are of B-level approximately approximate to the road
tested in practiceto evaluate the car's ride and handling.
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6.2 Recommendations for Further Wor k

Simulation model has demonstrated that it is successful to apply the preview
information to model of a quarter-car, although this still needs to be tested

experimentally. Below are a number of recommendations for future works.

e The double-integrated actuators with controllers can be used with each
guarter in suspension system.

e Intelligent hybrid controller methods can be used to control the system to
show behavior its performance in order to show the integrated air suspension
system'’s efficacy, experimental work is required in advanced laboratories.

e |t is suggested that experiments be performed on actual full suspension
systems under actual operating circumstances.

o Other techniques for optimization can be utilized in future work, like the
grey wolf algorithm.

e A comparison between two types of control over the suspension system, the
electric pressure regulator and the control of the force of the integrated-

actuator for the same road input.
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Appendix

Experimental Study and Simulation of the Behavior of the Unsprung
M ass of the Suspension System

Vibration Analyzer was used in this work to analyze the suspension system's
vibrations. to record the component's acceleration, velocity, and displacement
information. Accelerometer to measure the vibration on bumps at different speed
conditions. This part, Data acquisition which designed by College of Engineering —
University of Basrah, and accelerometer which used in this study are shown in

Figures(A-1,A-2), which was conducted on a defined track as input university of
Basrah road.

w Hll - BEEEL ' EIE

Front View

Back View

Figure(A-1) Data Acquisition.
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Figure(A-2) Accelerometer.
Set-Up for an Experiment
The accelerometer is mounted on the suspension system (unspung mass) as
shown in figure (A-3) to analyze the vibration caused by bumps under various
speed conditions. The Data Acquisition Set up is placed in car and the
accelerometer is mounted on suspension system and fixed it with tape. The
accelerometer measure the vertical vibration to analyze the vibration caused by

bumps under various speed conditions.

Accelerometer

Figure(A-3) Placed the accelerometer on unsprung.
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After linking the Data Acquisition with the accelerometer and the computer,

analyzing the information and converting it by the Matlab/Simulink program into

figures for acceleration and displacement for the purpose of analyzing the vibration

behavior of the suspension system.
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Figure (A-4) Vertical displacement of unsprung mass for velocity of car (10 knvh).
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Figure (A-6) Vertical displacement of unsprung mass for velocity of car (30 km/h).
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Figure (A-7) Vertical displacement of unsprung mass for velocity of car (40 knmv/h).
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Appendix-B
Calculation of the Damping in GENSY S Model[14].
close all, clear all, clc
%f f ecgi ve area
Ae=;
% Di aneter of surge pipe
ds=;
% Surge pipe length
| s=

% Surge pipe area

As=(pi *ds"2)/ 4,

% REservoi r vol une

Vr es=;

% Air bag vol une

Vbag=;

%sCal e factor

kwz=( (Ae/ As) *Vres/ (Vres+Vbag));

% Ordinary rnms acceleratons for an air spring

arns=[ 0. 2: 0. 05: 0. 4]

% Frequenci es

f=[0.5:0.5: 20]

%Cal cul ation of rns velocity and rns defl ection

for j=1:1ength(f)

fi=t(i);

for i=1:1ength(arns)

vrs(i,j)=arnms(i)/ (2*pi *fj);

zrs(i,j)=arns(i)/ (2*pi *fj)"2;

end

end

zsrims=( Ae/ As) *zrms; YRNVS di spl acenent of the air in surge pipe
wsr ns=zsr s/ kwz; %RVS di spl acenent over the nodel danper
wsmax=sqrt (2) *wsrns; %Cal cul ati on of maxi mal di splacenent over danper
vsrns=(Ae/ As) *vrns; % al cul ation of rns velocity in surge pipe
wsdot r me=vsr s/ kwz; %Cal cul ati on of rns velocity over danper
p=; 9%Cal cul ation of pressure

ro=p/ (287*288); %Cal cul ation of density

Re=r o*ds*vsrns/ 1. 789e-5; % al cul ati on of REynol ds nunber for flow
% n surege pipe. 1.789e-5 kg/ns is the val ue of

%dynam c viscosity for viscosity for air.

k1=0. 025; %roughness for a new steel pipe

k2=0. 00004; % Roughness for a snoothe pipe

e=Re. 0. 9;

for | =1: max(size(e))

for mel: min(size(e))
e2(ml)=(5.74/e(ml));
e3(ml)=(loglo(kl/ (3.7*40)+e2(ml)
e31l(m!)=(l ogl0(k2/(3.7*40)+e2(m I
ed(m1)=0.25/e3(ml);
e4l(m1l)=0.25/e31(ml);

end

end

% Friction coefficent

)) "2,
))) "2,
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fr=e4,

%Cacul ati on of average friction coefficient

nmedel fr=sun(sun(fr))/ (max(size(fr))*m n(size(fr)));
% Correction factors for bend | osses

frsnoot h=e41;

medel f r smoot h=sun( sun{frsnoot h))/ (max(si ze(frsnooth))*m n(size(frsmooth)));
Cf =nmedel fr/ medel f r snoot h; % Cf =f r ough/ f snoot h
Co=1; % from Appendi x D

CRe=1.1; % from Appendi x D

Kbst ar =0. 24; % fr om Appendi x D

% oss coefficients

Kb=Kbst ar * CRe* Cf * Co;

Kfr=medel fr*ls/ds; % Kfr=(1s*f)/ds

Kc=0.5; % from Appendi x D

Ken=1; % from Appendi x D

%otal [oss coefficient

Kt ot =Kb+Kf r +Kc+Ken;

The Fluid Diagrams

The contraction coefficient can be found from Figure B- 1 below:

Cl]lltl'ﬂﬂtlﬂn d/D ;(B=500} §[3=130°}
}\ + 0.0 0.08 0.50
. = 0.20 0.08 0.49
e d —» 0.40 0.07 0.42
),/ 1 0.60 0.06 0.32
0.80 0.05 0.18
0.90 0.04 0.10

Expansion d/D {(0=10°) {(6=180°)
+ /( 0.0 1.00
. 5 0.20 0.13 0.92
g d ® 0.40 0.11 0.72
* ~<_ 0.60 0.06 0.42
' 0.80 0.03 0.16

Figure B- 1 Values of the loss coefficients due to enlargement and contraction [14].
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Vabues of UD ar 15°C, 760 mmHg (velocity in mvs, diameter inm)
Ar 01 02 OlS 10 2 8 0 50 100 200 1000
Water 001 (IF ' Pl 5 IHl . (;;l. 0. ! - 1(;
01y ; L 11 A g
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Figure B- 2 Moody diagram U is the mean velocity, D isthe diameter, v isthe
kinematic viscosity and k is the roughness value [15].
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