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ABSTRACT

In this study, we propose new control strategiastifie@ control of an electro-
hydraulically controlled active suspension syst&niID, along with fuzzy control is
employed to form a switch between bump isolatio amertial load rejection
strategies. Also, PID and optimized PID control amplied for different control
approaches throughout this study. Our study proposeecial construction of the
suspension system where the electro-hydraulic tmtimto be placed in series with
the conventional passive one to form a special aafsdéow frequency active
suspensions. The full dynamics of the electro-hylitaservo valve and hydraulic
actuator are employed. The proposed control siestegye applied to a quarter car
model. Response of the three proposed controlegiest is tested for different road
profiles and riding conditions including car chassilling effect when cornering and
pitch movements when braking/ accelerating. Reslitav superior performance of
our modified controllers, especially the optimiz&ID approach, over passive
suspensions and many other controllers of previstuslies. Simulations of the
optimized PID approach show that our proposed oblaetrprovides better passenger
comfort as it lowers maximum body acceleration l#y3% and with reduction in
body travel by 98.8% of that of passive one. Thiedlproposed control strategies also
show better road handling and car stability ovevihele range of road and inertial
disturbances.

Control strategies introduced in this study are agplied to a half-car model to
test mutual reactions between front and rear sadethe vehicle and our control
strategies show superior performance in ride qualrer passive suspension.
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1. INTRODUCTION

1. INTRODUCTION

1.1. BACKGROUND

Automotive suspensions have a great importanceaiking ground vehicles more
reliable, more comfort, and with less wear dueotadrroughness. Nowadays, vehicle
suspensions are important division of automotivassis control. Suspensions have a
notable improvements in 1960's by applying classsoatrol techniques to passive
suspensions. In 1980's, active suspensions weredutded employing electro-
hydraulic elements to improve suspension performanc

Automotive active suspensions have attracted istei@ research in the few
recent decades especially after the large integraitn electronic controllers for
industrial applications. Also, control engineerséda wide space to contribute in this
field by applying modern automatic control scheméih the new developments in
active suspension components, i.e., actuatorsosengrecise low-cost electronics
and fast microprocessors, [1].

1.2. PASSIVE AND SEMI-ACTIVE SUSPENSIONS

Passive conventional suspensions, shown in Fig, dobtain only passive
elements, spring in parallel with a damper, andehgood characteristics in achieving
passenger comfort and vehicle control, i.e., riok, not for all road and loading
situations. Semi-active suspensions have showmerbeérformance since they have
the ability to vary their damping value accordimmgdontrol scheme through using
Electro-Rheologicabr Magneto-Rheologicalampers.

These suspensions need some amount of power tededofit. In general,
increasing damper stiffness of a suspension givagerb handling but with less
passenger comfort and vice versa. Usually, suspendesign should compromise
between these conflicting trade-offs and alsoletee to cost, [1], [2].

1



1. INTRODUCTION

Figure (1.1): Suspensions: a)passive, b) semi-active.

1.3. ACTIVE SUSPENSIONS

Active suspensions have additional hydraulic acingato the passive elements of
conventional ones. These actuators give the suspetie ability to generate needed
forces to improve performance characteristics diiale ride for all driving situations,
[3], [4]. Active suspensions, in addition to theost, require additional power to be
injected to them and this is an important issubeqgustified when selecting an active
suspension for some vehicle and power consumpfisaspension must be taken into
consideration, [5].

There are two types of commonly recognized actisspsnsion structures [6], [4],
low bandwidth and high bandwidth, as shown in BHig. High bandwidth refers to
regulation of both the sprung mass of the susparfsiovibrations below 3Hz and the
unsprung mass, wheel assembly, for vibrations ardihHz, [1], [6]. While the low
bandwidth suspension regulates only the sprung fass low frequency vibrations
and the high frequency vibrations are controlledh®y/passive damper of the system,
[6]. Low bandwidth active suspensions have theitgltib improve ride comfort but
they have limited control on vehicle handling. W&ees high bandwidth ones have the
ability to improve both ride comfort and handlingt lvith a penalty of cost increase.

Figure (1.2): Active suspensions: a) high bandwidth (parallel), b) low bandwidth
(series).



1. INTRODUCTION

1.4. PROBLEM STATEMENT

Developments of vehicle suspensions are made tevactsome performance
characteristics in order to have a good suspersystem. Main characteristics are
summarized in [1] to be

a) regulation of body movement: by isolating body fromad bumps
(passenger comfort) in addition to minimize indftianass transfer
disturbances resulting from vehicle cornering (bodhl), braking/
acceleration (body pitch), and whole body vertioavement (bounce).

b) regulation of wheel hop: to maintain contact andesibn between tire and
ground (vehicle handling).

c) force distribution: distribution of car weight beten the four wheels to get
good handling characteristics needs all-time whieeleontact.

Different suspension categories, as shown in [@}ehbeen used in commercial
vehicles in order to achieve performance charastiesi The Society of Automotive
Engineers (SAE) standard regarding human acceptaglen and vertical vibration
thresholds is cited within [2] and main performanciearacteristics of a good
suspension are regulated Ride and vibration data manuéSAE J6& andVehicle
dynamics terminolog{SAE J670estandards.

The problem here is to propose and justify a spestiapension structure that
would give us the ability to use simple linear cohtechniques instead of nonlinear
ones in order to minimize needed computations andlde to control our proposed
active suspension with low cost conventional etettr components, e.g. PID
controllers.

1.5. RESEARCH OBJECTIVES

Our objectives can be summarized in the followinmys:
* Propose and justify a special mechanical constaif active suspension.

* Derive mathematical model of our proposed suspensipplied to a
quarter car suspension model with employing noalirsynamics of the
hydraulic actuator to be used, then extend the enaditical model to
simulate a half-car model.

» Design and develop control strategies that can detl the nonlinear
nature of active suspension, i.e. fuzzy and PI0robn

* Visualize system response of our proposed systegaiedpo a quarter-car

model.



1. INTRODUCTION

1.6. THESISCONTRIBUTION

Main thesis contribution can be summarized in til®wing points:

A special low bandwidth active suspension is inmcet with full
nonlinear dynamics of electro-hydraulic actuatopkayed.

* New simple control strategies are introduced.

e System and control are tested for different road iaertial disturbances
with notable performance improvements.

e System response is visualized in 2D animation.

1.7. THESISSTRUCTURE

The structure of this thesis will be as follows:

In Chapter2 we make our literature review and some histbfeakground of
vehicle suspension systems and with emphasisabive ones and show previous
control schemes. While i€hapter3 we introduce model of proposed suspension
structure applied to quarter-car model with empigyiull dynamics of the hydraulic
actuators for simulation purposes. Next in the saapter, we show proposed
suspension control methodologies and then we stawth extend our system and
control to a half-car model. Power requirementsacfive suspensions will be
discussed in this chapter as well.

In Chapter4, controlled system simulation and discussionrésults obtained are
shown for quarter car and half-car models. Comparibetween our results and
previous studies is demonstrated. Also, power reqents for our proposed control
approaches are shown.

Then, inChapter5, we come to our conclusions and recommendationtiture
work.



2. LITERATURE REVIEW

2. LITERATURE REVIEW

2.1. BACKGROUND TO ACTIVE SUSPENSIONS CONTROL

Conventional suspensions are nonlinear due to wgs@nd coulomb frictions
appear in hydraulic dampers. Also, when employialy dynamics of the electro-
hydraulic actuators used in high-bandwidth activepgnsions, the system becomes
highly nonlinear. Thus, nonlinear controllers areren capable to handle high
bandwidth active suspensions because they show cgmability to switch between
operation modes around each equilibrium point efribnlinear system and adapt to
handle all operating conditions. That is, they oaprove worst-case road conditions
in addition to normal road conditions, [7]. Alsb,hias been shown that focusing on
some specific performance index will lead to lirditenprovement over passive
suspensions, [7]. Thus, most control schemes appiiemprove characteristics of
high-bandwidth active suspensions are nonlineairclbers.

On the other hand, it has been shown in [5] thatrégulated quantity should be
selected carefully in order to assure system dialaihd avoid oscillatory behavior of
the high-bandwidth active suspension. The aboveudson shows the complexity of
control the high bandwidth active suspension aredrteed for advanced nonlinear
techniques (aerospace technology and componefts)8], to control such system
and thus the need of microprocessors to hold neealegutations and adaptations. In
this study we introduce linear control techniques achieve good performance
characteristics for the active suspension. Linemtrollers such as PID are still the
most preferable in industry in addition to its eaf&uning without getting involved in
complex mathematical model of controlled system.

A brief review of some studies that applied low dardth active suspension and
main results and improvements achieved will be shdellowing, then we show
some high bandwidth suspension studies that emgltlye full nonlinear electro-
hydraulic actuator dynamics.



2. LITERATURE REVIEW

2.2. REVIEW OF LOW BANDWIDTH ACTIVE SUSPENSIONS
STUDIES

Some studies of low bandwidth active suspensiotis &nphasis on power needs
considerations are shown here. Most of these swapply adaptive techniques with
linear adaptation functions to improve low frequenmesponse of suspension. In
general, the following studies didn't show respon$evehicle handling for their
approaches.

In 1992, Shuttlewood, Crolla, and Sharp, [8], shdwleat low bandwidth active
suspensions still more suitable for mass produautomotive industry. Also, their
power consumptions are lower than that of high kadith suspensions as their
operating frequency is low (3 Hz) compared to (12 tér high bandwidth ones.

1n 1994, Williams and Best, [6], and Williams, [4gsted a low bandwidth
suspension with a dynamic leveling control thatelsvcar body rapidly through a
closed loop control with a modified skyhook dampinbhe system gave an
improvement in transmitted accelerations to carybogl a reduction of 8% for high
frequency disturbances and 58% for low frequensyudbances compared to passive
suspensions. The study showed that their systenempoaeds ranges from 500 watts
to 7.5 kilowatts according to driving conditions.

In 1994, Truscott and Burton, [9] also tested a lmmdwidth suspension using a
similar dynamic leveling philosophy by applying aultkloop PID control.
Nonlinearities of their system components were rfemtléAlso, their study focused on
modeling of the suitable test road profile to exaensuspension response in addition
to modeling inertial disturbances affecting suspmnguring cornering.

In 1995, Appleyard and Wellstead, [1], gave a gdmatkground to active
suspensions and noticed a brief historical inforomatibout vehicle suspensions in
general and cited technologies used by vehiclesufaaturers and trends in the field
of active suspensions concerning components arttlotstrategies.

More studies and approaches applied to low bantvadtive suspensions can be
found in [3], [10], [11], and [12].

2.3. REVIEW OF HIGH BANDWIDTH ACTIVE SUSPENSIONS
STUDIES

Review of high bandwidth active suspensions is shdwre to demonstrate a
background regarding actuator dynamics used irveduspensions. Many studies
employed full nonlinear dynamics of the electro-taydic actuator and most of these
studies used the same analysis in modeling actdgt@mics following Merritt, [13].
Also, a similar road disturbance function was aggplin most of these studies, which
will give us a comparison reference.

1n 1992, [14] and 1995, [15], Alleyne and Hedriakptoyed full nonlinear
actuator dynamics with adaptive control schemegdasn Lyapunov analysis. The

6



2. LITERATURE REVIEW

adaptive sliding control used in their study wasteetrack needed actuator forces.
Their studies showed notable improvements in ridality of the suspension
performance.

In 1997, Lin and Kanellakopoulos, [5], introducebtackstepping control to form
a nonlinear filter to switch between soft settirfgaotuator force in small suspension
deflections and a hard setting when suspensiorisliare reached in order to avoid
hitting suspension limits. Full nonlinear dynamiok the hydraulic actuator were
employed in their study. A reference road distudeasignal was introduced in this
study that has been used later in many followingliss as a reference base for
comparison of performance characteristics. Theyssidwed superior improvements
by reduction of car body acceleration by 70% ardlcgon of car body travel by
80% compared to passive suspension.

In 2002, Fialho and Balas, [7], introduced an adapapproach based on (Linear
Parameter Varying) for a gain-scheduling contra aombination with backstepping
control. The adaptation was made to the nonlinkaracteristics of the suspension
based on road condition. Also, full nonlinear dymzsmof the actuator were
employed. Car body acceleration achieved was refddbgeabout 50% compared to
passive suspension.

In 2004, Lin and Huang, [16], introduced a half cardel with applying the same
nonlinear backstepping technique introduced ingfaj test half-car response for the
applied technique.

In 2006, Sam and Osman, [19], introduced a Propuatiintegral Sliding Mode
Control (PI/SMC) to improve ride handling througlontrol of actuator force.
Robustness of the system was improved to handlertaaties.

Also in 2006, Sam and Hudha, [20], divided contsoheme into two control
loops; the outer loop one was to calculate the eg@edtuator force through a PI/SMC
controller introduced in [19], and the inner looprrhs a PI control to drive the
actuator force close to that generated by the P@SMntrol. This improved system
robustness but slightly increased wheel travel.

In 2008, Sam, Suaib, and Osman, [23], tested tHeM& control for a half-car
model for different road conditions and showed thatas completely insensitive to
road disturbances irregularities. Also, robustradgie control system was improved.
Simulations showed a reduction in car body acceterdy about 75% compared to
passive one.

In 2010, Hassanzadeh, Alizadeh, Shirjoposht, arghelazadeh, [25], developed
a nonlinear optimal controller based on a quadretist function. A full nonlinear
dynamic model of the hydraulic actuator was usedthe study for a half-car
suspension model. Results obtained showed notatgeovements in ride quality by
reduction of car body acceleration by about 75%mam@&d with passive suspension.

In 2011, Ekoru, Dahunsi, and Pedro, [26], introdlieePID control scheme for
force tracking control after dividing the systentointwo loops; outer loop for
determining needed actuator force, and inner l@mvddrce tracking. The technique
was applied to a half-car model with employing fattuator dynamics. The main
index achieved by this study was settling the cadybas fast as possible, i.e.,
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minimization of settling time and this gave theliépito cut the vibration exposure
time by half and return the body to its originahtst This maintained accepted
passenger comfort level.

24. SUMMARY OF LITERATURE REVIEW

Previous studies showed that low bandwidth actiuspsnsions are more
applicable for mass product in automotive induséigo, their energy consumptions
are lower than that of high bandwidth ones. Knoauw bandwidth studies lasted only
for about ten year, from 1986 to 1996, and no &rr#tudies held later which may be
confusing since studies in this field have dem@tstt a good base to justify using
low bandwidth suspensions in industry.

On the other hand, most of the above mentionediestunh low bandwidth
suspensions didn't apply a reference road conditatemonstrate a general base of
comparison, but they applied random signals wiffent frequencies to test their
systems.

High bandwidth suspensions need complex mathematidscontrol design and
need an aerospace technology and components tibalsheal to vehicles which may
not be justified from an industrial point of view addition to their high energy
consumption and low economic feasibility. Howewsted studies employed the full
nonlinear dynamics to model the hydraulic actuatidh the same parameters which
will give a general comparison base. Also, testuiagor these studies were similar.

In order to achieve good performance charactesistiche active suspension, we
have proposed a special structure of the low badttivactive suspension. Nonlinear
actuator dynamics will be employed in the propoked bandwidth suspension. A
new PID with fuzzy switch control scheme will beedsin order to improve
performance over conventional passive suspensilso, Aonventional and optimized
PID control schemes will be introduced.
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3. SYSTEM DESIGN AND CONTROL

3.1. INTRODUCTON

In this chapter we introduce our proposed susparfgist for a quarter car model
and the design of control strategies for such systeen we expand our analysis and
design for a half-car model.

3.2. PROPOSED SUSPENSION SYSTEM FOR QUARTER CAR

Our proposed system is a special structure ofalweblandwidth active suspension
system. We propose that a hydraulic actuator tplheed above the sprung mass,
which will be assumed a disc with a small massevafliative to car chassis mass.

Figure (3.1): Proposed quarter car active suspension system.

As shown in Fig. 3.1, car bodyy, is to be supported only by the hydraulic
actuator while the passive suspension componeritsemain the same. The sprung

9
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mass,ms, represents a small disc-like mass with appropnmaéchanical hardness to
support the hydraulic actuator. This mass will bful in slowing road disturbances
transfer to car chassis and this would give outrotier the time to be able to track
road profile. Unsprung massy,s represents wheel assembly. The spriag,the
damper,b, and springci, represent stiffness of passive spring, stiffnglspassive
damper, and stiffness of pneumatic compressedéspectively. The variables X,
Xs, Xc represent road disturbance profile, wheel tragied¢ travel, and body travel,
respectively. The forcEs, generated between sprung mass and car body isupuily
pressure difference across a hydraulic actuatodradytic actuator is taken here to be
a four-way critically lapped spool valve controlléy a flapper valve with force
feedback, the same as in [5], [7], and [14]. Thedayenerated by the actuator can be
written as
F,=AR (3.2)

where A is the cross sectional area of the actuator cgfinuiston andP_ is
pressure drop across cylinder piston. As showril8j {he change in pressure drop
can be written as

Ve

4_ﬁe I:)L = QL _CtpPL - A(Xc - Xs)l (32)

whereV; is total actuator volume, is the effective bulk modulu§) is hydraulic
fluid flow, andCy, is the total leakage coefficient of the pistoneTlid flow is given

by

Q. =sgn[R, -Sgn(XV)PL]CdW&\/%R —sgn(,)P| (3.3)

where Cq4 is discharge coefficientw is spool valve area gradienk, is
displacement of spool valvg,is hydraulic fluid density, an®s is hydraulic supply
pressure. The spool valve displacement is conttdliea voltage or current inputo
the servo valve. The dynamics of the servo valve lma approximated by a linear
filter as

X =2(x,+1) (3.4)

Now, the mathematical model of the proposed quacter suspension using
Newton's second law, along with the full dynami€she hydraulic actuator shown in
equations (3.1) to (3.4) will be:

10
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R, = mi[cz(xs — Xye) bk, = %) = G (%s ~ )]

1
Xs = —[~C, (X = X,5) —~D(X; = %) + AR,
Xs mS[c(xs Xus) ~B(Xs = X6) ]

(3.5)
L, _ 1
= [-AR]
m,
P = =8P —aA(X; = X) + KW,
where
44 1
a=—-%, pB=aC_, y=aC w\/:, and
v, i “Np (3.6)

w, =sgn[P, -sgn(,)P_1|P. —sgn(, )R]

Proposed active suspension shown in Fig. 3.1 watlening equations (3.5) and
(3.6) is built as shown in Fig. 3.2 below

¥y vyryewyvyyey ¢
-

Figure (3.2): Proposed active suspension SIMUL INK mode!.

Note the inertial force modeled within the diagrasna negative force value added
to the acceleration equation of the car body. Tihggut will form the inertial
disturbance that will applied to the suspensiomughout the study. Inputs to our
model are: inertial force, road disturbance, armbsgisplacement which is set by our
control signal according to the electro-hydraulerv® valve dynamics shown in
equation (3.4).

Electro-hydraulic servo valve dynamics are modaeghown in Fig 3.3

11
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Figure (3.3): Electro-hydraulic servo valve dynamics.

3.3. CONTROL STRATEGIESAND DESIGN

The control problem we need to solve here can besidered a disturbance
rejection problem where road and load variationsuih not disturb passenger
comfort neither vehicle stability. In this sectisi®@ show design procedure and justify
our proposed structure and show that linear costbémes will be enough to handle
regulation of this system. Our analysis and contiedign is applied to quarter-car
model, then the control scheme is applied in theesananner to every wheel
individually. The proposed structure for each geradar suspension forms two series
components; passive suspension and hydraulic actudahe main idea of this
proposed suspension is to drive the hydraulic &otws a displacement compensator
for variation of road level or in case of body rotlpitch movements.

3.3.1. Stability of proposed quarter-car active system:

In order not to get undesirable behavior of thesetbloop system, we need to
perform analysis for our proposed system to chéwh tt is stable. Our stability
analysis is performed as illustrated in [5] andhswn below.

If we assume our goal is to minimize forces tramsef to passenger, i.e.
minimization of car body accelerations then, wedhieerealizeX, =0 and to have no

forces applying on car body which will yield to
P =0 (3.7)

Substituting of this value in system shown in eguraf3.5) results in
. 1 S
Xis = E[CZ(XS - Xus) + b(xs - Xus) - Cl(xus - U)]

%, = [0, (% ~ %) ~b(%, ~ X,)] (3.8)
my
% =0
Note that equation (3.8) represents a passive ssgpesystem which is stable.
That is, as control signal goes to zero the remgisiystem will behave as a passive
suspension which is stable. Also, if we want tosider minimization of car body
displacement the analysis will be similar to thmaeéquations (3.7) and (3.8).

12
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In the rest of this chapter we apply two differeantrol strategies; in the first one
we use PID control to compensate any variationassye suspension deflection with
a fuzzy controller to perform switching between ipes and negative compensation
as will be discussed in the following section, whih the second one we regulate car
body travel only through PID control schemes.

3.3.2. PID control with fuzzy switch scheme:

The proposed suspension structure gives us thentaye of that, at any fault in
active suspension, conventional suspension willaieroperating. In this section we
show design procedure and justify our proposedctira and control. Our analysis
and control design is applied to quarter-car motledn the control scheme can be
applied in the same manner to every wheel. As raeat previously in this chapter,
our main idea of suspension is to compensate i@mgtin passive suspension
deflection.

In order to realize this compensation, we will uke deflection of the passive
suspension parixéx,s as the reference value of the hydraulic cylinéegth. This
choice of input needs different reactions of ountodl scheme depending on whether
the disturbance is road induced or inertial loaduged. That is, if suspension
deflection is negative due to a positive road disance then the hydraulic cylinder
rod would contract in order to prevent transferrmbeel travel to car body as
possible. But this compensation should be inveigdte disturbance was due to
inertial disturbance. That is, an inertial disturba acting on car body downwards
will cause the suspension deflection to have a thegaalue, but the cylinder rod
here should extend not like the previous casehastevious reaction for this case
would double the effect of inertial disturbance.eTproblem here is to give the
suspension system some intelligence in order terohéhe if the disturbance applied
is road induced or inertial load induced since eeake needs a different control
reaction.

Our system can be implemented by attaching acaekters to car body, sprung
mass, and unsprung mass as shown in Fig. 3.4 talgaeeded measurements of
vertical velocity or displacement for any masshaf system. Following we introduce
designs for bump rejection and load rejection adritops and then we will set the
switching criteria between the two control stragsgiln all cases we suppose that
reference value of car body displacement is zero

Bump rejection

Fuzzy switch

Load rejection

Figure (3.4):PID with fuzzy switch control scheme.

13
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3.3.2.1. Bump regjection strategy:

This control scheme uses the passive suspensidactief s<X,9 as input
through a proportional control. Also, a PID contdolr the error of car body
displacement-k;) is applied to assure that final car body disptaeet is zero. The
control law for bump rejection can be written as

= Koy (X0 = X0+ OSLK X 0~ K, [, 0t - Ko g (3.9)

where Kp, K|, Kp are PID controller gains ankl and Ks, are scaling gains
corresponding to deflection and servo valve, retspelg, and all these gains are
tuned by trial and error.

Note that this control law will behave undesiraliy inertial disturbances as
discussed earlier. Thus, bump rejection strategybmaeffective only to isolate road
disturbances.

3.3.2.2. Load reection strategy:

This control uses the error of car body displacamex) as input for the
controller and the control law is the same PID cuigr used for bump rejection
strategy

=K Ko 0K, [x 0=k, B0) 310

3.3.2.3. Switching algorithm, fuzzy switch:

This algorithm forms the knowledge base of the saospn system and would
give the suspension the intelligence to decide dreto operate bump rejection or
load rejection strategy. This is achieved by a héwezy controller with five inputs
and two outputs. Inputs are car body displacemeudt \&elocity, (namely Xc and
dXc), sprung mass displacement and velocity, (npiXsl and dXs), in addition to
passive suspension deflection, (Xs-Xus). The ostptg 'Bump’ and 'Load'.

All inputs are given linguistic variables as: 'Nor negative value and 'P', for
positive value. Outputs are given linguistic valegbas: 'Zero', for "0" output and
'One’, for "1" output. As shown in Fig. 3.5, inglisplacements are given a range in
the interval [-0.25, 0.25] with trapezoidal memlbgps functions (MF's) while
velocities range is [-1, 1] with trapezoidal MFfsdaoutputs are selected to have either
'Zero' or 'One’ with triangular MF's.

Membership functions for displacements are: traf(-0.3,0,0) for 'N' and,
trap(0,0,0.3,0.3) for 'P'. While MF's for velocgiare: trap(-1.1,-1.1,0,0) for 'N' and,
trap(0,0,1.1,1.1) for 'P'. Output MF's are: tri(0)0for 'Zero' and tri(1,1,1) for '‘One".

14
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e

b)

c)

Figure (3.5): Membership functionsfor: a) displacements (Xc, Xs, and Xs-Xus),
b) velocities (dXc, dXs), ¢) outputs (Bump, L oad).

Defuzzification is performed usiniylamdani method with applying centroid
defuzzification method in order to generate fuzagtool value. The fuzzy control law
is in the form:

IF "In1"is "Ix" AND "In2"is "ly" AND ..... THEN "O1" is "Ox" and "O2" is
"Oy".

where IN1 refers to input 1, IX is correspondindueato this input, O1 refers to
output 1, OX is corresponding value to this outgit, Designed rule base is shown
in Table 3.1 below.

For example, rule number 1 can be said to be
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IF "Xc" is "N" AND "dXc" is "N" AND "Xs" is "N" AND "dXs" is "N" AND
"Xs-Xus" is "N", THEN "Bump" is "Zero" and "Loadsi"One".

Table (3.1): Rule base of fuzzy controller.

Xc dXc Xs dXs Xs-Xus Bump Load
1 N N Zero One
2 P N One Zero
3 N p Zero Zero
4 P N One Zero
5 N N Zero One
6 P p One Zero
7 N p One Zero
8 P N One Zero
9 N N Zero One
10 P N One Zero
11 N p Zero One
12 P p One Zerc
13 N N Zero One
14 P p One Zero
15 N p One Zerc
16 P One Zero

Note that only shaded rules shown in rule base¢h@reases where bump rejection
is deactivated and note rule number 3 where thigton is treated passively. Also,
for all positive values of suspension deflectior thutput will be in bump rejection
mode.

Outputs of fuzzy controller may have values of @""1". Assuming "Bump"
output value to be "B" and "Load" output valueo"L", then the final control law is

r=Br+Lr, (3.11)

PID with fuzzy switch control strategy discussedhis section is implemented by
applying control law described in equation (3.14)shown in Fig. 3.6 below. Control
scheme is built as shown in Fig. 3.7 accordinghet shown in Fig. 3.4. Controller
output is filtered to reject high frequency contsignals that may occur from high
frequency switching. Low pass filter is used withsp edge at 200 rad/sec to prevent
undesirable switching.
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I

Figure (3.7): PID with fuzzy switch control scheme.

3.3.3. PID control:

This control scheme is applied to regulate car bdidplacement by closing our
control loop with the value of car body travel anQuur reference input for car body
travel iszeroand road variations or load variations are comsii@s disturbances in
the control loop. Schematic diagram of this consahown in Fig. 3.8 below

ZE10

Figure (3.8): PID control schemefor car body.

Our control law for this case is

17
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= KK 0= K [x 0dt- K, 2 (3.12)

Assuming that our reference value for car body ldisgment iszera Note that
PID gains here are different from those shown intrab laws of equations (3.9) and
(3.10). Setting of control law values shown in d@ua(3.12) is performed by two
ways throughout this study; first by tuning convenal PID control parameters by
trial and error, and the second is by the us8IBfULINK Design Optimizatiotool.

This tuning is performed using th&IMULINK Design Optimizationtool
supported by MATLAE. Procedure of tuning PID parameters tuning is dope
setting our desired car body level to some valag,06s01 m, and performing iterative
optimization problem for achieving desired stepoese characteristics, as shown in
Fig. 3.9. This is done usin§ignal Constraintblock with specifying our tuned
parameters to be the PID controller gaiasK;i, andKqy. Note that we have chosen to
have a rapid response with very small rise andirsgttimes in order to cut vibration
disturbances as fast as possible. But this foreetbuwviden the accepted overshoot
range up to 40%.

x 105 Input to PIDbody Sigral Constraint

Desired Response

Specify reference signal

(@ Specify step response characteristics

Initial value: |0 Final vale:  0.01

Step time o

Ampltude

Rise time: 0.3 % Rise: 80
51 Settiing time: 0.5 % Sefttling: 2

% Overshoot. 40 % Undershoot: 0.5

[ox ] [cancel] [ Hep | [Apply

0 1 2z 3 4 5
Titme (sec)
[¥] Enforce signalbounds || Track réference signal

Figure (3.9): Desired step response for optimized PID control.

Desired response is set to have the following bewhwn in Table (3.2)

Table (3.2): Desired step response characteristics for optimized PID control.

Characteristics
Rise time (sec) 0.3] % Rise 9(
Settling time (sec) 0.5| % Settling 2
% Overshoot 40 | % Undershoot 0.
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PID control scheme described in equation (3.12) ahdwn in Fig. 3.8 is
implemented as shown in Fig. 3.10 below

anual Switch1 ol xus >

inertia load Manual Switch2
=
: >
Lt Hs
g e ey gl
bump. Manu: ..E

Proposed LowBW | Terminstert

Adtive Suspension

Figure (3.10): PID control scheme.

34. HALF-CAR MODEL AND CONTROL

Now we extend model analysis for a half-car cagevshin Fig. 3.11 where car
chassis,m;, is to be supported only by the hydraulic actumtahile the passive
suspension components will remain the same. InJigl the sprung masses, and
my, represent the small disc-like masses. Unsprurgsesgm,: andmy, represent front
and rear wheel assemblies, respectively. The sprengndc;, the damperdy andby,
and springsgcy and ¢y, represent stiffness of passive springs, stiffnespassive
dampers, and stiffness of pneumatic compresses| fioe front and rear assemblies,
respectively. The variables, xu;, Xs, X represent road disturbance, wheel travel, disc
travel, and body travel of the front side, respexyi and variablesy, Xu, Xsr, X
represent road disturbance, wheel travel, disetrand body travel of the rear side,

respectively.

Figure (3.11): Proposed half-car active suspension system.
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The forcess andF, generated between sprung masses and car bodyitdra
by pressure difference across a hydraulic actuaami$ the forces generated by
actuators can have the general form, similar tagogun (3.1)

F=ABR, i=f,r (3.13)
and the change in pressure drops can be written as

V, .- S .
4_’;ePLi =Qu ~C,Pi A —Xy), i=F,r (3.14)

where the fluid flows are given by

1 .
Qu =sgn[P, _Sgn(xvi)PLi]CdWx/i\/;Ps _Sgn(xvi)PLi|’ i=f,r (315

and the pressure drops across actuators can bébaesioy
Py = =P —aA(X% = Xg) + W, i="f,r (3.16)
where,

:4—'6)‘5,,8:aCtp,y:aCdW\/i, and
Vi p (3.17)

w, =sgn[P, -sgn, )R, 1y|P. ~sgni, )R, |

a

The spool valve displacements are controlled byagel or current inputs to the
servo valves. The dynamics of the servo valvesbeaapproximated by a linear filter
as

X :%(_X\/i +r), i=f,r (3.18)

Now, following [16] the mathematical model of theoposed half-car suspension
using Newton's second law, along with the full dyies of the hydraulic actuator
shown in equations (3.13) to (3.18) will be:

for unsprung masses (wheels)

o 1 S .

X :E[Ci (X = %) +B (X5 = %) — ¢ (% —u)l, i="f,r (3.19)
for sprung masses (discs)

X, :%[_Ci(xsi = Xi) —b (% —%,;) + AR,] (3.20)
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while the dynamics of motion for the front sidecaf body can be described by

. 1 o
X, :E[Ff +F —amJd] (3.21)

and the dynamics of motion for the rear side oftzaty is

. 1 .
X :E[Ff +F, +bmd] (3.22)

whereF; andF; are shown in equations (3.13) and (3.X6is the distance from
the front axle to center of gravity of car bodyis the distance from the rear axle to
center of gravity of car body, ads body pitch angle and can be described

6 :Ji[—aFf +bF ] (3.23)

y

where J, is moment of inertia of car body. Note that pesitdirection of pitch
angle is assumed to be clock wise. Finally, trafedlenter of gravity of car body can
be calculated by

X=X; +asind =x -bsind (3.24)

Now the full dynamics of the half-car model is désed. Control of half-car
model is achieved by applying control strategiesashearlier in this chapter for each
quarter-car individually.

For modeling half-car in SIMULINK environment, tteame quarter car model
shown in Fig. 3.2 is copied for the second wheaellf ldar model differs from quarter
car in treating with the car body mass which wélsupported here by two forces and
with taking into consideration the mutual reactidietween the front and rear sides
when moving. Thus, in Fig. 3.12 we show only theimmlalock diagram used to
simulate equations (3.21) to (3.24)

ol
\/
v

Figure (3.12): Simulating body bounce and pitch anglefor a half car model.
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3.5. POWER REQUIREMENTSAND ENERGY
CONSUMPTIONS OF ACTIVE SUSPENSIONS

Back to the name ddictive suspensiongnergy is injected to these systems to
drive them towards achieving our desired performreadicaracteristics (seBection
2.3). Thus, in this section we show calculationspofver needs for our proposed
active suspensions in order to compare power neadgs for each of our proposed
control strategies discussed in this chapter. Adat;ulation of total energy consumed
by the active actuator will be shown.

Active element in suspension is the hydraulic @dinand the mechanical power
injected to the system is in the form of lineamsiational mechanical motion. For
such motion, mechanical power can be calculated as

P(t) = F(t)v(t) (3.25)
where

F(t) is the instantaneous force applied by the actuatd,Vv(t) is the velocity of
the piston relative to cylinder body. For the gaexdar model, assuming that the
efficiency of the hydraulic system is ideal, ingtreous power requirements can be
calculated by

P(t) = F, ([ (1) - %, ()] (3.26)

And for the half-car model, power requirement is

P(t) = F (O[% () =%, (O + K O[% (O - %, (O]~ (3.27)

For some period of time t=[0, T], energy consumsadtibe actuator can be
calculated by

E= jOT P(t).dt (3.28)

To apply equations (3.26) and (3.28) in SIMULINKveonnment, block diagram
shown in Fig. 3.13 is built

D, J=

Actustor Instantaneous
Force

Actuator Force

Car Body Accelerstion Product Instantanecus Power

Needs

Sprung Mass Acceleration

Integrator Energy Consumption
Over Simulation Pesicd

Figure (3.13): Block diagram for monitoring power needs and energy
consumptions of active suspension.
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In the following chapter, our different controlatiegies will be applied for similar
driving conditions and comparison between suspengerformance and power
requirements and energy consumptions for each aasttategy will be shown.

3.6. SYSTEM VISUALIZATION

Visualization is performed to give us better untirding when project budget is
limited. Our visualization is set up through simpd®ls of MATLAB programming
language in 2-D animation. Animation is performgdptaying a sequence of figures
with step movements to form a whole video capt&equence of figures is updated
through &aor-loop.

Data of our system response are saved into MATLABkapace after running
our SIMULINK model. Data of our concern are captufeom SIMULINK using the
block To Workspacevith saving data in the forn8tructure with time

These data are called in our script and form datztors with the same length,
then viewed in steps to form the whole motion & Hodies in concern. Animation
shows response of our active suspension comparedssive one as shown in Fig.
3.14. M-file script is shown in Appendix.

Vertical Position [m]

-2 -1.5 -1 0.5 0 0.5 1 1.5 2
Ground

Figure (3.14): Suspension visualization.
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4. SIMULATION RESULTSAND DISCUSSION

4.1. INTRODUCTION

In this chapter we show simulation results for ptwposed suspension structure
controlled by our control schemes discussedCimapter 3. Control schemes are
applied first to a quarter car model, then we exteimulation for a half-car model.
All  simulation results are compared with passivespgamsion response and
improvements over previous studies are shown. Algak power requirements and
energy consumption for each control scheme are show

42. SIMULATION RESULTSFOR A QUARTER CAR MODEL

Our proposed suspension with control strategy dised is compared with passive
suspension response for the same input. Using atdnmarameters and values taken
from [14] and used in [5] and [7]:

m, =290kg, m, =20kg, m,=59kg, c, =190000N/m, c,=16812N/m,
b=1000N/m/s, 7=1/30sec, P,=1034250Pa, A= 335x10™n7, (4.1)
a =4515x10°N/m°, B =1sec!, y=1545x10° N/m>?*kg"?.

Note that value of sprung mass is set by trialemdr and cannot be eliminated as
it is important for our proposed suspension stibiflso, it is not justified to increase
it bigger than this value due to extra weight af ttar. Optimal selection of sprung
mass value may be a separate research topic.

First we test system performance for a single tmadp represented as
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oo = {h(l—coant), 05<t< 075 42

0, otherwise

Bump heights are said to be 5 cm and 11 cmh&6.025 and 0.055a sample of
bump profile is shown in Fig. 4.1. Since Many poas studies showed that most
important performance indexes for a good suspensystem are; minimization of
body vertical travel and acceleration which dirgaffect passenger comfort and,
minimization of suspension deflection, i.e. relatiisplacement between sprung and
unsprung masses which affects handling, [5], [4}§][ Also, wheel hop is so
important since it directly affects suspension hiauigdn addition to force distribution
of vehicle weight.

Thus, for each case we examine body travel, bodglaation, wheel travel, and
suspension deflection (for our proposed active esnsipn, deflection is denoted by
passive component deflection. This performancexngeémportant because reaching
suspension limits may damage vehicle componerasldition to its discomfort effect
to passengers. Note that throughout this studplatisment of servo valve spool is
limited to +1cm.

Input Road Profile
0.15

0.1

0 0.5 1 1.5 2 25 3
Time (sec)

Figure (4.1): An 11 cm bump profile.

Road disturbance (bump) described in equation (4.BEhplemented as shown in
Fig. 4.2 and is set to be a multiplicatiofi two functions; first is a 4 Hz (0=8n
rad/sec), cosine wave shifted "+1" on the y-axighwai peak-to-peak value of "1" and
the second forms a delayed unit step function tratp like an on/off switch. This
function is set in many previous studies as thexjdency exceeds the corner
frequency of most of ground vehicle suspensions.

Figure (4.2): Road disturbance signal generator.
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4.2.1.

Response of PID with fuzzy switch control scheme:

Here we show response for the PID with fuzzy switohtrol scheme shown in
Section3.3.2 with input road profile represented in eqprat4.2). With the use of the
following control parameters to get our control $aghown in equations (3.9), (3.10),

and (3.11)

Ks~=0.01,ks=20,Kp=3.9,K;=0.0001, andKp=3

(4.3)

In Figure 4.3 response for a 5 cm bump is showrte Kwat acceleration has been
reduced by almost 60% and body travel by almost 93%mpared to passive
suspension. Also, handling performance still vataccepted region, [2].

Body Travel
0.04
" — Active
B - - Passive
| \\
i \
A/ ‘V
I \
E | | N
0.005 | \ fo
/ \ T~
of——" M —
!
t‘ , ~
\\ //
\ //
0.02 : — . -
0 0.5 1 1.5 2 25 3
Time (sec)
Wheel Travel
0.08

— Active
- - Passive

0 0.5 1

1.5
Time (sec)

2

25 3

Body Acceleration

— Active
- - Passive

1.5 2
Time (sec)

2.5

Suspension Deflection

— Active
- — Passive

15 2 25

0.5 1 .
Time (sec)

3

Figure (4.3): Quarter-car response of a PID with fuzzy switch control for a5 cm
bump.

When bump height is increased to 11 cm, respongetier relatively for body
acceleration as shown in Fig. 4.4. Note that acagtm is reduced by 70% and body
travel by 91% of passive response. This gives roongfort for the passengers.
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Figure (4.4): Quarter-car response of a PID with fuzzy switch control for an 11
cm bump.

Our proposed suspension performance is also tésteidertial disturbances by
applying a force to the body mass acting downwérdsome time period, [10]. The
input force is applied to model dynamics and igigen a value according to the
following function

3000 -cos27t), 1<t<15
60Q 15<t<55
IF(t) = (4.4)
300(L-cos27t), 55<t<6
0, otherwise

which can be represented as shown in Fig. 4.5 below

Inertial force value was calculated in previousdsts for a medium size cars
when passing a curve with a 0.4g centrifugal acagtsn which cause a force of
about 600 N applying on the outer wheel passingtinee.
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Inertial Force Disturbance
700

600

500

400

300

200

100

CO 2 4 6 8 10
Time (sec)

Figure (4.5): Inertial force disturbance.

Inertial force is modeled in SIMULINK as shown iimgF4.6 to have an s-shaped
rising and falling edges which are half of a 1-Hsioe wave described in equation
(4.4)

Sine Wave1

Figure (4.6): Inertial force signal generator.

Results shown in Fig. 4.7 show reaction for oumpps®ed suspension structure and
switching algorithm and this improved handling @weristics by preventing body
roll or pitch movements, but response of this adhswitch is undesirable when load
is released. This is due to the nature of our pgegduzzy controller which acts as an
on/off switch with applying a high gain proportidn@ontrol when bump rejection
strategy is activated. This may lead to unsatiefgctresponse for some cases.
However, the acceleration positive values still egtable, but the large negative
acceleration values lead to a large wheel hops Hrese affect handling
characteristics.
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Figure (4.7): Quarter-car response of a PID with fuzzy switch control for an
inertial load of 600 N.

4.2.2. Responseof PID control schemes:

First we test response of PID and optimized PIDtrotliers for road disturbances
according to the function described in equatior)(4vith the use of the following
control parameters to get our control laws showadguation (3.12). For PID control,
the parameters are

Ks=0.01,K,=25,Ki=2, Kg=7 (4.5)
And for optimized PID controller, the parameters ar

Ks=0.01,Kp=296.0798K;=-15.7379K4=52.0088 (4.6)

Figures 4.8 and 4.9 show our system responsedor &d 11 cm bumps,
respectively with use of PID gains shown in equei¢t.5) and (4.6).

Note in Fig. 4.8 that superior improvements havenbeeached with PID
controllers with maximum body travel of 3.6mm fdDPand 0.42mm for optimized
PID controllers. Most importantly, acceleration hhsen reduced to less than
2.5m/set and less than 0.25m/Sefor PID and optimized PID control schemes,
respectively. Also, wheel travel is good for botbntol schemes and suspension
deflection has been reduced which will give betsmlation and avoiding hitting
suspension limits.
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Figure (4.8): Quarter-car response of a PID control schemesfor a5 cm bump.

For an 11 cm bump, also superior improvements baea reached (see Fig. 4.9)
using PID controllers with maximum body travel o8&m for PID and 0.94mm for
optimized PID controllers. Also, acceleration hase reduced to less than
6.25m/set and less than 0.56m/Sefor PID and optimized PID control schemes,
respectively. This value of acceleration is notaBlypall and forms a credited
contribution for our proposed suspension. Also, ellteavel is good for both control
schemes and suspension deflection has been redocemptimized PID, but no
improvements for PID control.
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Wheel Travel Suspension Deflection
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Figure (4.9): Quarter-car response of a PID control schemesfor an 11 cm bump.

For inertial disturbances, response is tested ainiil conditions irSection4.2.1
with inertial disturbance force described in equat{4.4). Results in Fig. 4.10 have
shown an excellent, fast, and very smooth resptmgzevent body roll. Maximum
body travel is "-1 mm" for PID control and abouD.t mm" for optimized PID
control.

Body Travel Body Acceleration
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--PID \ -~ PID
0.01 j| + Passive i - Passive
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0 Au + e 0.5 i k
| Y i
0.01 : 1 R
8, R
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0.04 e 05f i i
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% 2 4 6 8 10 ) 2 4 6 8 10
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Figure (4.10): Quarter-car response of a PID control schemesfor an inertial load
of 600 N.
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43. SIMULATION RESULTSFOR A HALF-CAR MODEL

Our proposed suspension with control strategiesudsed inChapter 3 are
compared with passive suspension response forathe siput. Control is applied for
each quarter of the car individually. Using staddaarameters and values taken from
[14] and used in [5] and [7] with the half-car mbdarameters shown in [16]:

m, =575kg, m, =m, =20kg, m, =m,60kg, c, =c, =190000N /m,

Cyq =Cy =16812N/m, b, =b =1000N/m/s, J, =769kg/m’, @.7)
a=138m, b=136m, r=1/30sec, P,=10342500Pa, A= 335x10"*m?, '
a=4515x10°N/m°, B =1sec', y=1545x10° N/m>?kg"2.

First we test system performance for a single tmadp represented as

h(l-cos87t), 05<t< 075
u (t) = . (4.8)
0, otherwise
and
h(l-cosB7t), 3<t< 325
0, ) :{ ( ) . (4.9)
0, otherwise

Note that the bump to the rear wheel is a delaygzgion of that of the front one.

4.3.1. Response of PID with fuzzy switch control scheme:

Bump heights are said to be 11 cm. Performanceystes) is compared with
passive one for both the front and rear sides@¥thicle.

Front Body Travel Front Body Acceleration
0.1 T T T
—Active 0 — Active
. — ~ Passive I - — Passive
I H 0
| s i
0.05f I 1 n |
[N fy h
" | RS i Y
\ = Ad
1S I l \\ g 0 ~ H'“Y'r - -
(Y | [
0.0lM N £ 1\’ L
| . ! ]
0 Yy ,/ fos t‘ “ by = -5| H‘ .
}
\/ v \‘\
UV ‘:
-10 |
- 5
0.0uo 2 4 6 8 0 2 4 6 8
Time (sec) Time (sec)
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Figure (4.11): Half-car response of a PID with fuzzy switch control for an 11 cm
bump.

Our proposed suspension performance is tested niertial disturbances by
applying a force to the body mass acting downwé&dsome time period, [10], and
this force can be generated in real in the casesroiering, braking, and accelerating.
We first simulate car body cornering when inertaatces are acting on both front and
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rear sides of the body. Thus, inertial forces ateas follows

33




4. SIMULATION RESULTS AND DISCUSSION

IF: () =1F, (1) =

300(1-

600

300(L-

0,

wherelF stands for inertial force.

0.04

Body Bounce

—Active
—- — Passive

N

2 4 6
Time (sec)

cos27t), 1<t<15
15<t<55
55<t<6

otherwise

cos27t),

(4.10)

77777777777

—Active
- — Passive

Time (sec)

10

Figure (4.12): Half-car response dueto inertial forces generated with car
cornering situation- PI D with fuzzy switch control.

Also, our proposed system with control strategytasted forbraking condition
by applying 600N to the front side of car body, sayhe period [1,6] sec, and then
we simulate caaccelerationcondition where inertia force is applied to tharrside,

say in the period [9,14] sec. The input forcesapplied to model dynamics and are
given values according to the following functions

3001-cos27t), 1<t<15

60Q 15<t<55
IF, (t) = (4.12)
300(L-cos27t), 55<t<6
o} otherwise
300(L-cos27t), 9<t<95
60 95<t<135
IF, (t) = 4 (4.12)
300(L-cos27t), 135<t<l14
o} otherwise
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Figure (4.13): Half-car response dueto inertial forces generated in car body
braking(t=[1,6]sec) and acceleration(t=[9,14]sec) situations- PID with fuzzy
switch control.

Results shown in Figs. 4.12 and 4.13 show goodtiogador our proposed
suspension structure and switching algorithm ands timproved handling
characteristics by preventing body roll and pitabmements.

4.3.2. Response of PID control schemes:

The same test procedure shown in the previousosetdiapplied here with our
proposed PID control schemes discussedhapter3.
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Figure (4.14): Half-car response of PID control schemesfor an 11 cm bump.

When applying inertial disturbances to both frondaear sides according to
equation (4.10), this simulates a cornering coadifor the car. System response for
this situation is shown in Fig. 4.15.
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Figure (4.15): Half-car response dueto inertial forces generated with car
cornering situation- PID control schemes.
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Note that both our PID and optimized PID contralgave excellent response in
preventing car body roll in a smooth manner. Faklirg and acceleration conditions,
equations (4.11) and (4.12) were applied to thédaal model. Results are shown in
Fig. 4.16
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Figure (4.16): Half-car response dueto inertial forces generated in car body
braking(t=[1,6]sec) and acceleration(t=[9,14]sec) situations- PID control
schemes.
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44. SUMMARY OF SSIMULATION RESULTS

Performance characteristics of vehicle suspensawasdiscussed earlier in this
study and it is shown that four main charactergssace to be necessarily studied to
check our improvements on suspension system. k ghction we compare our
control schemes performance for the same distugsann Fig. 4.17 maximum body
travel is compared for proposed control schemesdad disturbances of 5 cm and 11
cm.

Max Body Travel, meters
B PID with fuzzy switch PID [Optimized PID
8.4e-3
7.4e-3
3.66e-3
3.2e-3
9.4e-4
4.2e-4
1
5 cm Bump Isolation 11 cm Bump Isolation

Figure (4.17): Max body travel comparison for proposed control schemes.

In Fig. 4.18, maximum positive vertical acceleratior car body is compared for
our three proposed control strategies.
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Max Body Acceleration, m/sec?
B PID with fuzzy switch PID O Optimized PID
6.72
2.58 2.73
1.57
|
5 cm Bump Isolation 11 cm Bump Isolation

Figure (4.18): Max body acceleration comparison for proposed control schemes.

Max Wheel Hop, meters

B PID with fuzzy switch PID O Optimized PID

0.14 0.138 0.1406

0.063 0.063 0.064

5 cm Bump Isolation 11 cm Bump Isolation

Figure (4.19): Max wheel hop comparison for proposed control schemes.

Also, a comparison of passive suspension deflecsiomade in order to check it is
as small as possible especially when suspensidectieh is negative, i.e. when the
two masses are getting closer together, in orderavoid hitting suspension
mechanical limits. Thus, in comparison shown in BigO0 the larger the value shown,
the higher the chance to hit suspension limitstarglis undesirable.
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Max Negative Suspension Deflection, meters
B PID with fuzzy switch PID [Optimized PID
0.084
0.049
0.037

0.0304

0.023
5 cm Bump Isolation 11 cm Bump Isolation

Figure (4.20): Max negative suspension deflection comparison for proposed
control schemes.

45. COMPARISON WITH PREVIOUS STUDIES FOR
QUARTER-CAR

Proposed suspension system in this study formseaiadpassembly that can be
classified as a low-bandwidth suspension systens fHsulted in a satifactory a low
frequency control with linear controllers. Howeveesults obtained have shown
excellent performance for the suspension in additio the expected decrease in
system energy requirements due to low frequencyatipg range of the actuator, [8].
In this section we show a comparison between eqfltthis study with previous
studies results in achieving desired performanaaacheristics concerning vehicle
ride and comfort. Most of previous studies do matude system response for inertial
loads. Thus, comparison will be only for system pugolation.

Results of two previous studies are shown beloa @@mparison with the results
got by our optimized PID control; first study wasade by Lin, J.-S. and
Kanellakopoulos, I. in 1997, [5] and introducedaminear backstepping control to a
high-bandwidth active suspension, the other study made by Fialho, I. and Balas,
G. in 2002, [7] and introduced an adaptive constctegy applied to high bandwidth
active suspensions. The two studies employed folhlinear dynamics of the
hydraulic actuator and with the same system parensiesed in this study.
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Max Body Travel, meters

m Studyl Study2 [OThis Study

0.057

7.4e-3
5 cm Bump Isolation 11 cm Bump Isolation

Figure (4.21): Max body travel comparison with previous studies.

In Fig. 4.21, achieved reduction in car body tralglour system is excellent
compared with results obtained in [5]. N/A stanais(Not Available).

Max Body Acceleration, m/sec?

m Studyl Study2 [OThis Study

>30
>10
2.4
1.47
1
5 cm Bump Isolation 11 cm Bump Isolation

Figure (4.22): Max body acceleration comparison with previous studies.

Superior performance of our proposed system is showarly in acceleration
level shown in Fig. 4.22.

41



4. SIMULATION RESULTS AND DISCUSSION

Max Wheel Hop, meters
B Study1 Study2 [ This Study
0.1406
0.124
0.061 0.064
N/A N/A
5 ¢cm Bump Isolation 11 cm Bump Isolation

Figure (4.23): Max wheel hop comparison with previous studies.

Our system has no improvements regarding wheebkiep passive suspension as
mentioned earlier throughout this study.

Max Negative Suspension Deflection, meters
B Study1 Study2 [ This Study
0.085
~0.075
0.055
0.05
0.0304
0.014
5 ¢cm Bump Isolation 11 cm Bump Isolation

Figure (4.24): Max negative suspension deflection comparison with previous
studies.
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46. POWER REQUIREMENTSAND ENERGY
CONSUMPTIONS

In this section we show a comparison between aeethroposed control schemes
regarding power requirements and energy consumjgioaach case. Comparison is
made to quarter car model with applying road disince of an 11 cm height bump
according to equation (4.2) and then for an inkltiad acording to equation (4.4).

Power requirements for each of the three contioéses, PID with fuzzy switch,
PID, and optimized PID, is calculated using equa{i®.26) and energy consumed in
bump isolation is calculated applying equation 3.2

Peak Power Requirements, Watts
B PID with fuzzy switch PID [Optimized PID
4200
2020
580 520
11 cm Bump Isolation Inertial Load Rejection

Figure (4.25): Peak power requirementsfor our different control strategiesfor
bump isolation and inertial load compensation cases.

Note that optimized PID control has excellent sfpeaiions in power
requirements. Also, PID with fuzzy switch contreldetter than PID control for bump
rejection. Furthermore, note the high value of poveguirement of PID with fuzzy
switch scheme due to its undesirable responsaéotial load release situation.
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Energy Consumption, Joules

B PID with fuzzy switch PID O Optimized PID

390

327
46 50

11 cm Bump Isolation Inertial Load Rejection

Figure (4.26): Energy consumptionsfor our different control strategiesfor bump
isolation and inertial load compensation cases.
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5. CONCLUSION AND FUTURE WORK

5.1. CONCLUSION

In this study a special construction of low bandWidctive suspensions was
introduced with three control schemes. The firsplaryed a PID control with fuzzy
algorithm to switch between two control objectiveemp rejection and inertial load
rejection. The second employed PID control which been tuned by trial and error
and the third employed an optimized PID controwimich parameters were tuned to
achieve some constraints in output response. Pedp®gstem with control schemes
had shown superior response in bump isolation medial disturbances rejection and
had a notable improvement in ride comfort chargstierof the suspension especially
for the optimized PID scheme as it lowered maximuwmady acceleration by 94.3%
and reduced body travel by 98.8% of that of paseive. The proposed system and
controllers had no improvements regarding wheel dngr passive suspensions, but
handling characteristic still acceptable.

Power requirements of proposed suspension wereussied and calculated
throughout the study in addition to energy consuomgt for each of the three
proposed control schemes. Optimized PID controldremvn lower power needs.

Control strategies introduced in this study wesmapplied to a half-car model to
test mutual reactions between front and rear salethe vehicle and our control
strategies showed superior performance in rideitgualer passive suspension.

5.2. RECOMMENDED FUTURE WORK

Improvements should be made to the fuzzy switctodhtced in our first control
strategy in order to overcome the problem of thevamied vibrations occurs when
inertial disturbance is released. On the other hadimal technigues may be
employed in order to reduce the value of the sprovass. Also, nonlinear and
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adaptive techniques may be employed to improveorespof the actuator by adapting
nonlinear characteristics of the system and swiggchietween operating conditions.
This may also improve system response in the pceseiuncertainties.
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APPENDIX

APPENDI X

This appendix shows setup and main blocks builtthe MATLAB and
SIMULINK environments to simulate passive quartar mtroduced throughout this
study. Also, m-file code set to visualize companissmimation between our active
suspension and passive one is shown.

A.1. PASSIVE QUARTER CAR MODEL

Passive suspension is shown in Fig. 1.1 (a) anchenatical model can be
written as

%0 = [Cy(%, = X,2) + B(X, — %,2) = &, (X0 ~ U)]
Mys
i A1)
e (X x) Bl 5.
R = [0 %) =bx =5,

Model built for our study is shown in Fig. A.1.1
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Figure (A.1.1): Passive suspension SIMUL INK moddl.

A.2. M-FILE CODE TO VISUALIZE SYSTEM RESPONSE

Simulations outputs for our system are saved to MAB workspace in

format: Structure with timexnd these data are called in our m-file code

the

% Car Animation Script

%

% This Matlab script is used in conjunction with ou
% produce an animation of the quarter-car body resp
% road and inertial disturbances.

%
%%%%%
%%%%%
%

% The script assumes your Simulink model has create
% related to the motion of the quarter-car model:

% {y_b1a} is the structure with passive suspension

% {y_b3a} is the structure with active suspension b

% {y_w1a} is the structure with passive suspension

% {y_w3a} is the structure with active suspension b

% {y_say} is the structure with active suspension di

% {y_r} is the structure with road disturbance valu

% {FF} is the structure with inertial force disturb

Done by: Mohammad Hafez F. AbuShab
within M.Sc. thesis

% Paramter Setup for Car Animation

r Simulink model to
onse for different

an

d the following vectors

body travel
ody travel
wheel travel
ody travel
sc travel

e

ance

dxb=0.5;yb0=1.75;dyb=0.25; % Define quarter-car body chassis mass dimensions

yw0=0; % Define wheel dimensions

y7b1=(y7bla.signals.values);
y_b3=(y_b3a.signals.values);
y wl=(y wla.signals.values);
y:w3=(y:w3a.signals.values);
y_s=(y_sa.signals.values);

y_r=(y_ra.signals.values);
F=(FF.signals.values);

%%% Clear the workshop screen

clc;

y_cy3=y b3;

length(y_b1)

%%% Enter Loop to Create Car Animation
for i = 1:30:length(y_b1)

figure (1) ;clf (1)

if F(i)>0
plot([-1-0.15,-1],[y_b1(i)+ybO+dyb+0.2,y_b1(i)+
plot([-1,-1+0.15],[y_b1(i)+yb0+dyb,y_b1(i)+yb0O+
plot([-1-0.15,-1-0.08],[y_b1(i)+ybO+dyb+0.2,y_b
plot([-1+0.08,-1+0.15],[y_b1(i)+ybO+dyb+0.2,y_b
plot([-1.08,-1.08],[y_b1(i)+yb0+dyb+0.4,y_b1(i)
plot([-1+0.08,-1+0.08],[y_b1(i)+yb0O+dyb+0.4,y_b
plot([-1-0.08,-1+0.08],[y_b1(i)+ybO+dyb+0.4,y_b
plot([1-0.15,1],[y_b3(i)+yb0+dyb+0.2,y_b3(i)+yb
plot([1+0.15,1],[y_b3(i)+yb0+dyb+0.2,y_b3(i)+yb
plot([1-0.15,1-0.08],[y_b3(i)+yb0+dyb+0.2,y_b3(
plot([1+0.08,1+0.15],[y_b3(i)+yb0+dyb+0.2,y_b3(
plot([1.08,1.08],[y_b3(i)+yb0+dyb+0.4,y_b3(i)+y
plot([1-0.08,1-0.08],[y_b3(i)+yb0+dyb+0.4,y_b3(
plot([1-0.08,1+0.08],[y_b3(i)+yb0+dyb+0.4,y_b3(

end

ybO+dyb],'k-

1(i)+yb0+dyb+0.2],'k-
1(i)+yb0+dyb+0.2],'k-
+yb0+dyb+0.2],'k-
1(i)+yb0+dyb+0.2],'k-
1(i)+yb0+dyb+0.4],'k-
0+dyb],'k-
0+dyb],'k-
i)+yb0+dyb+0.2],'k-
i)+yb0+dyb+0.2],'k-
bO+dyb+0.2],'k- ',
i)+yb0+dyb+0.2],'k-
i)+yb0+dyb+0.4],'k-

', 'MarkerSize',5,'linewidth',?2);hold on
dyb+0.2],'k-",'MarkerSize',5,'linewid

th',2);
', 'MarkerSize',5,'linewidth',2);
', 'MarkerSize',5, 'linewidth',2);
', 'MarkerSize',5,'linewidth',2);
', 'MarkerSize',5,'linewidth',2);
', 'MarkerSize',5, 'linewidth',2);

', 'MarkerSize',5,'linewidth',2);
', 'MarkerSize',5,'linewidth',2);

', 'MarkerSize',5, 'linewidth',2);

', '"MarkerSize',5,'linewidth',2);
'MarkerSize',5, 'linewidth',2);

', '"MarkerSize',5,'linewidth',2);

', '"MarkerSize',5,'linewidth',2);

0%%%% %% %% %% %% %% %% %% %% %% % %% %% %% %% %

0%%%% %%
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%% %% %% %%%%%%%% %%
%%% Draw Car Body
x=[-1+dxb, -1+dxb, -1-dxb, -1-dxb];
y=[y_b1(i)+ybO+dyb, y_b1(i)+yb0-dyb, y_b1(i)+yb0-dy
patch(x,y,'r'); hold on;
%%% Draw Wheel
t = 0:pi/20:2*pi;
patch(0.43*sin(t)-1,0.43*cos(t)+y_w1(i),'k’)
patch(0.281*sin(t)-1,0.281*cos(t)+y_w1(i),'w')
%%% Draw Conventional Spring and Damper Connecting
plot([-1,-1-0.15],[y_b1(i)+yb0,y_b1(i)+yb0-((y_b1(i
'linewidth', 3);
plot([-1+0.15,-1-0.15],[y_b1(i)+yb0-3*((y_b1(i)+ybO
-y_wi(i)-yw0)/40)],'g-','MarkerSi ze',5,
plot([-1+0.15,-1-0.15],[y_b1(i)+yb0-7*((y_b1(i)+ybO
-y_w1(i)-yw0)/40)],'g- ', '"MarkerSize', 5,
plot([-1+0.15,-1-0.15],[y_b1(i)+yb0-11*((y_b1(i)+yb
-y_wi(i)-yw0)/40)],'g- ', 'MarkerSize',5,
plot([-1+0.15,-1-0.15],[y_b1(i)+yb0-15*((y_b1(i)+yb
-y_wi(i)-yw0)/40)],'g- ', 'MarkerSize',5,
plot([-1+0.15,-1-0.15],[y_b1(i)+yb0-19*((y_b1(i)+yb
-y_w1(i)-yw0)/40)],'g- ', '"MarkerSize', 5,
plot([-1+0.15,-1-0.15],[y_b1(i)+yb0-23*((y_b1(i)+yb

Passive Suspension

-y_wi(i)-yw0)/40)],'g- ', '"MarkerSize', 5,
plot([-1+0.15,-1-0.15],[y_b1(i)+yb0-27*((y_b1(i)+yb
-y_wi(i)-yw0)/40)],'g- ', '"MarkerSize', 5,

plot([-1+0.15,-1-0.15],[y_b1(i)+yb0-31*((y_b1(i)+yb
-y_w1(i)-yw0)/40)],'g- ', '"MarkerSize', 5,
plot([-1+0.15,-1-0.15],[y_b1(i)+yb0-35*((y_b1(i)+yb
-y_wi(i)-yw0)/40)],'g-','Ma rkerSize',5,
plot([-1+0.15,-1],[y_b1(i)+yb0-39*((y_b1(i)+ybO-y_w
'linewidth', 3);
%% %% %%%%%%%%
plot([-1, -1],[y_w1(i)+yw0, y_b1(i)+yb0],'b-
%%%% %% %% %%%%
plot([-1-0.15,-1+0.15],[y_b1(i)+yb0-((y_b1(i)+ybO-y
-y_w1(i)-yw0)/40)],'g- ', '"MarkerSize', 5,
plot([-1-0.15,-1+0.15],[y_b1(i)+yb0-5*((y_b1(i)+ybO
-y_wi(i)-yw0)/40)],'9- ', 'MarkerSize',5,
plot([-1-0.15,-1+0.15],[y_b1(i)+yb0-9*((y_b1(i)+ybO
-y_w1(i)-yw0)/40)],'g- ', '"MarkerSize', 5,
plot([-1-0.15,-1+0.15],[y_b1(i)+yb0-13*((y_b1(i)+yb
-y_wi(i)-yw0)/40)],'9- ', 'MarkerSize',5,
plot([-1-0.15,-1+0.15],[y_b1(i)+yb0-17*((y_b1(i)+yb
-y_wi(i)-yw0)/40)],'g-',! MarkerSize',5,
plot([-1-0.15,-1+0.15],[y_b1(i)+yb0-21*((y_b1(i)+yb
-y_w1(i)-yw0)/40)],'g- ', '"MarkerSize', 5,
plot([-1-0.15,-1+0.15],[y_b1(i)+yb0-25*((y_b1(i)+yb

-y_wi(i)-yw0)/40)],'g- ', '"MarkerSize', 5,
plot([-1-0.15,-1+0.15],[y_b1(i)+yb0-29*((y_b1(i)+yb
-y_wi(i)-yw0)/40)],'g- ', '"MarkerSize', 5,

plot([-1-0.15,-1+0.15],[y_b1(i)+yb0-33*((y_b1(i)+yb
-y_w1(i)-yw0)/40)],'g- ', '"MarkerSize', 5,
plot([-1-0.15,-1+0.15],[y_b1(i)+yb0- 37*((y b1(i)+yb
-y_wi(i)-yw0)/40)],'g- ', 'MarkerSize',5,
%%% Draw tire
plot([-1,-1-0.08,-1+0.08,-1-0.08,-1+0.08,-1],[y_r(i
y_r(i)-0.381-3*((y_r(i)-0.381-y_w1(i)+0.281)/8)
y_r(i)-0.381-7*((y_r(i)-0.381-y_w1(i)+0.281)/8)

040/ 0/ 0/ 0/ 0/ O/ 0/ O/ O/ O/ O O/ O/ O/ O/ O/ O/ O/ O/ O/ O/ O/ O/ O O/ O O/ O O/ O/ O/ O/ O,

%% %%%%%%%%%%%%%%%% %% %% %% %%

b,y bl(i )+ybO+dyb];

Sprung mass to Wheel
)+yb0-y_wi(i)-yw0)/40)],'g-','MarkerSize'5,...

-y_w1(i)-yw0)/40),y_b1(i)+yb0-5*((y_b1(i)+ybO...
'linewidth', 3);

-y_w1(i)-yw0)/40),y_b1(i)+yb0-9*((y_b1(i)+ybO...
'linewidth', 3);

0-y_w1(i)-yw0)/40),y_b1(i)+yb0-13*((y_b1(i)+ybO...
'linewidth', 3);

0-y_w1(i)-yw0)/40),y_b1(i)+yb0-17*((y_b1(i)+ybO...
'linewidth', 3);

0-y_w1(i)-yw0)/40),y_b1(i)+yb0-21*((y_b1(i)+ybO...
'linewidth', 3);

0-y_\ Wl(i) yw0)/40),y_b1(i)+yb0-25*((y_b1(i)+ybO...
'linewidth', 3)

0-y wl(l) yw0)/40),y_b1(i)+yb0-29*((y_b1(i)+ybO...
'linewidth"', 3)

0-y_\ Wl(l) yw0)/40),y_b1(i)+yb0-33*((y_b1(i)+ybO...
'linewidth', 3);

0-y wl(l) yw0)/40),y_b1(i)+yb0-37*((y_b1(i)+ybO...
'linewidth', 3);

1(i)- ywO)I40),y_w1(|)+yw0], g-','MarkerSize'5,...

', '"MarkerSize',5, 'linewidth',10);

_wi(i)- yWO)/40) y_b1(i)+yb0-3*((y_b1(i)+ybO...
'linewidth', 3)

BA wl(l) ywO)/40) y_b1(i)+yb0-7*((y_bi(i)+ybO...
'linewidth',3);

-y_Wl(i)-yWO)/40),y_bl(i)+yb0—ll*((y_b1(i)+yb0...
'linewidth', 3);

0-y_w1(i)-yw0)/40),y_b1(i)+yb0-15*((y_b1(i)+ybO...
'linewidth', 3);

0-y_w1(i)-yw0)/40),y_b1(i)+yb0-19*((y_b1(i)+ybO...
'linewidth', 3);

0-y_w1(i)-yw0)/40),y_b1(i)+yb0-23*((y_b1(i)+ybO...
'linewidth', 3);

0-y_\ Wl(i) yw0)/40),y_b1(i)+yb0-27*((y_b1(i)+ybO...
'linewidth', 3)

0-y wl(l) yw0)/40),y_b1(i)+yb0-31*((y_b1(i)+ybO...
'linewidth', 3)

0-y_\ Wl(l) yw0)/40),y_b1(i)+yb0-35*((y_b1(i)+ybO...
'linewidth', 3);

0-y wl(l) yw0)/40),y_b1(i)+yb0-39*((y_b1(i)+ybO...
'linewidth', 3);

)-0.381,y_r(i)-0.381-((y_r(i)-0.381-y_w1(i)+0.281)/
,y_r(i)-0.381-5*((y_r(i)-0.381-y_w1(i)+0.281)/8),..
,y_wi1(i)-0.281],'g- ', 'MarkerSize',5, 'linewidth',2);

0000000,

0%%%%%% %% %% %% %% %% %% %% %% %% %% %%

%%%%%%% %% Proposed Active Suspension

0% % %% 0%%%% %%

%%%%% %% %% % %% %% % %%

dxcy3=0.09;ycy03=1.5;dycy3=0.25; % Define Hydraulic Cylinder dimensions and initial position

dxs=- 0.18;ys0=0.7;dys=0.1; %

%%% Draw Car Body

x=[1+dxb, 1+dxb, 1-dxb, 1-dxb];

y=[y_b3(i)+yb0O+dyb, y_b3(i)+yb0-dyb, y_b3(i)+ybO-

patch(x,y,'r'); hold on;

%%% Draw Hydraulic Cylinder

x=[1+dxcy3, 1+dxcy3, 1-dxcy3, 1- dxcy3];

y=[y_cy3(i)+ycy03+dycy3, y_cy3(i)+ycy03-dycy3, y_cy

patch(x,y,'b+"); hold on;

%%% Draw sprung mass

x=[1+dxs, 1+dxs, 1-dxs, 1-dxs];

y=[y_s(i)+ys0+dys, y_s(i)+ys0-dys, y_s(i)+ys0-

patch(x,y,'r")

%%% Draw Wheel

t = 0:pi/20:2*pi;

patch(0.43*sin(t)+1,0.43*cos(t)+y_wa3(i),'k")

patch(0.281*sin(t)+1,0.281*cos(t)+y_w3(i),'w’)

%%% Draw conventional Suspension Connecting Sprung

plot([1,1-0.15],[y_s(i)+ys0,y_s(i)+ysO0-((y_s(i)+ysO
! linewidth',3);

plot([1+0.15,1-0.15],[y_s(i)+ys0-3*((y_s(i)+ys0-y_w
-y_w3(i)-yw0)/20)],'g- ', '"MarkerSize', 5,

plot([1+0.15,1-0.15],[y_s(i)+ysO-7*((y_s(i)+ys0-y_w
-y_w3(i)-yw0)/20)],'g- ', '"MarkerSize', 5,

plot([1+0.15,1-0.15],[y_s(i)+ys0-11*((y_s(i)+ys0-y_
-y_w3(i)-yw0)/20)],'g- ', 'MarkerSize',5,

plot([1+0.15,1-0.15],[y_s(i)+ysO- lS*((y s(i)+ys0-y_
-y_w3(i)-yw0)/20)],'g- ', '"MarkerSize', 5,

plot([1+0.15,1], [y_s(l)+ysO-19*((y_s(|)+ysO y_w3(i)

'linewidth', 3);

%%%% %% %% %%

plot([1, 1],[y_w3(i)+yw0, y_s(i)+ys0],'b-

%% %% %%%%%%

plot([1-0.15,1+0.15],[y_s(i)+ysO-((y_s(i)+ys0-y_w3(
-y_w3(i)-yw0)/20)],'g- ', 'MarkerSize',5,

plot([1-0.15,1+0.15],[y_s(i)+ysO- 5*((y s(i)+ysO-y_w
-y_w3(i)-yw0)/20)],'g- ', '"MarkerSize', 5,

plot([1-0.15,1+0.15],[y_s(i)+ysO- 9*((y s(i)+ysO-y_w
-y_w3(i)-yw0)/20)],'g- ', '"MarkerSize', 5,

'
’

Define sprung mass dimensions

dyb, y_b3(i)+yb0+dyb];

3(i)+ycy03-  dycy3, y cy3(i)+ycy03+dycy3];

dys, y_s(i)+ysO+dys];

mass to Wheel
-y_w3(i)-yw0)/20)],'g-',' MarkerSize',5,...

3(i)-yw0)/20),y_s(i)+ys0-5*((y_s(i)+ysO...
'linewidth', 3);
3(i)-yw0)/20),y_s(i)+ys0-9*((y_s(i)+ysO...
'linewidth', 3);
w3(i)-yw0)/20),y_s(i)+ys0-13*((y_s(i)+ysO...
'linewidth', 3);
w3(i)-yw0)/20),y_s(i)+ys0-17*((y_s(i)+ysO...
'linewidth', 3);
-yw0)/20),y_w3(i)+yw0],'g-",'MarkerSize' 5,...

'MarkerSize',5, 'linewidth',10);

i)-yw0)/20),y_s(i)+ys0-3*((y_s(i)+ysO0...
'linewidth', 3);

3(i)- ywO)/ZO) y_s(i)+ys0-7*((y_s(i)+ysO...
'linewidth"', 3)

3(i)- ywO)/ZO) y_s(i)+ys0-11*((y_s(i)+ysO...
'linewidth', 3);

8),...
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plot([1-0.15,1+0.15],[y_s(i)+ys0-13*((y_s(i)+ys0-y_
-y_w3(i)-yw0)/20)],'g- ', 'MarkerSize',5,

plot([1-0.15,1+0.15],[y_s(i)+ys0-17*((y_s(i)+ys0-y_
-y_w3(i)-yw0)/20)],'g- ', '"MarkerSize', 5,

%%% Draw Hydraulic Cylinder rod Connecting Body/Cha

plot([1, 1],[y_s(i)+ysO+dys,y_b3(i)+yb0-dyb],'b-","

%%% Draw tire spring

plot([1,1-0.08,1+0.08,1-0.08,1+0.08,1],[y_r(i)-0.38
y_r(i)-0.381-3*((y_r(i)-0.381-y_w3(i)+0.281)/8)
y_r(i)-0.381-7*((y_r(i)-0.381-y_w3(i)+0.281)/8)

O/ 0/ 0/ 0/ 0/ 0/ O/ 0/ O/ O/ O/ O O/ O/ O/ O/ O,

w3(i)-yw0)/20),y_s(i)+ys0-15*((y_s(i)+ysO0...
'linewidth', 3);

w3(i)-yw0)/20),y_s(i)+ys0-19*((y_s(i)+ysO...
'linewidth', 3);

ssis to Sprung mass

MarkerSize',5,'linewi dth',10);
1,y_r(i)-0.381-((y_r(i)-0.381-y_w3(i)+0.281)/8),...
,y_r(i)-0.381-5*((y_r(i)-0.381-y_w3(i)+0.281)/8),.. .
Ly_w3(i)-0.281],'g- ', '"MarkerSize',5, 'linewidth',2);

040/ 0/40/ 0/ 0/ O/ 0/ O/ O/ O/ O/ O/ O/ O/ /0,
0%%%%% %% %% % %% %% %% %% %%

0%%%% %% %% %% %%

040/ 040/ 040/ 0,
0%% %

©%%%%%% %% %% %% %%

%%% Draw Road

x=[-2,- 2, 2, 2];

y=[-1, y_r(i)-0.381, y_r(i)-0.381, -
patch(x,y,'k")

%%% Label Figure
title('Response of Quarter-car Model with Active Su
xlabel(‘Ground')

ylabel('Vertical Position [m]')

%%% Scale Plot Axes

set(gca,'ylim',[-0.8,2.5])

set(gca,'xlim',[-0.2,0.2])

axis equal

grid on

end

hold off

©0%%%%

11;

of ©%%%% %

0%%%%%

spension System’)
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