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Abstract

Active Suspensions for automobiles is consideredprove ride quality and
handling of the vehicleThe study reported in this thesis deals with dgyvalp an active
suspension taking into consideration different raadgularities on both side of the
vehicle. For the purpose a fuzzy logic controller éach wheels of vehicle is considered
as a control methodology of active suspension.

A front axle car suspension model is consideredthe study to test the
performance during different road irregularities lwoth side of the car. The Fuzzy logic
controller suggested in the study is compared wWRssive Suspensions, Active
Suspensions using Linear Quadratic Regulator. Témuirement of the proposed
controller configuration is also proved by simuigtithe results for only one side fuzzy
controlled. The thesis includes simulation resgkserated using Matlab-Simulink for

each comparisons.



Table of Contents
D=0 [T 1o ] [
ACKNOWIEAGEMENTS. . ... e e e e e e
ADSIITACT. .o e e e e e e e
Table Of CONENTS.. ... e e e \Y
LiSt Of FIQUIES....oe it e e e e et e e e e eae e nennen e a2 WV
S 00 1= 101 =P Xii
Chapter 1: INtroduCtioN ..o e i e e e re e e ene e eennen ]
1.1Vehicle SUSPENSION SYSTEIM ... ..ttt e e e e e e e e e e e e ae e 1

1.1.1 PassSiVe SUSPENSION SYSIEM. ...ttt it e e e e e e e e 1
1.1.2 Semi-Active SUSPENSION SYSIEM......iu it e e e e e 2
1.1.3 ACtiVEe SUSPENSION SYSEIM ... ..ttt it e e e e e e e e eeneni 2
YU ] o 1= g ] o] o T 1Y o= PR |
1.2.1 Dependent SUSPENSION SYSIEMIS. .. ...ttt it e e ee e e v ee e e e e e eneans
1.2.2 Independent SUSPENSION SYStEMS......cui it e e e e v een e 4....
I 3 47,4 Y X o T [ [ PPN
1.AProblem SYNthEsSIS. .. ... 6
1.4.1 Ride versus Handling..........coooi i e e e e e €
1.4.1.1IModel DEeSCIHPLION. .. ... ittt e e e e e e eee e e eneeanenn ]
1.4.1.2Spring CoNfliCt.........oov i e e 9
1.4.1.3Damper CoNfliCt. .. ..o e e e e e e 12
RS 1 @ 1= o1 11 14
Chapter 2: Vehicle SUSPeNSIoN SYStem. .........c.ouiieiiiii i 15

2.1 Vehicle Coordinate SYStEMS. ......oviiiit it e e e e e 15
2.2 Vehicle VIDratioNnS. .. ... .o e e e e e e e e e a
2.2.1 R0 MOEL. .. ..t e e e 17
2.2.2 DYNamiC LOAAS. .. ...ttt e e e e e 18
2.2.3 Acceleration & Braking.........ccoeiiiiii i 020

A S o 1 o T ¢ Vo PP 22



2.3 PassSivVe SUSPENSION SYSTEM ... ... e e e e e 26.
B2 Tt Y o 1T 1 26
2.3.2 ShoCK ADSOIDEIS. .. .. e 29
2.3.3 Development of Passive Suspension.............c..covevviiiiiiiiininene e 2. 31
2.4 ACHVE SUSPENSION. ...ttt ettt et et e e e e et e a e e et e e e e e eaens 35
2.4.1 Active Suspension versus Passive SUSPension............c.ccveevvvvenvennen...35
2.4.2 Control MethodolOgIes. .. .......ouiie i e 38
2.5 LItErature REVIEW. .. ...u ittt et e et et e et et e et e e e 38
2.5. 1 INErOTUCTION. .. ..ttt e e e e e et e e et eeee a0 2230
2.5.2 Brief Review of Significant Papers..........cooooiiiiiiii i 39
Chapter 3: Control MethodolOgIes. .......oov i e, 48
3.1 Linear Quadratic Regulator (LQR)........oviiiiiiiiiie e e e e 48
I U474 YA o T | (o PP Lo
3.2.1 Choosing Fuzzy Controller Inputs and OUtPULS..........cccvvvieiiin i, 51
3.2.2 Linguistic Variables, Values and Rules...............coieei i, 51
3.2.2.1 UNIVErse Of DISCOUISE.... ...ttt et e e e e e e e e e e 51
3.2.2.2 LINQUISTHIC VarIabIS.......uee it e e e e e e e e e e e 52
3.2.2.3 LINQUISTIC VAIUES ... ...ttt et e e e e e e e e e 52
3.2.2.4 LINQUISEIC RUIBS. .. ... e e e e e 5
3.2.3 Fuzzy Sets, Fuzzy Logic and Fuzzy Rule Base..................cooeiiiinnns 53
3.2.3.1 Membership FUNCHIONS.........oi it e e eeee . D3
3.2.3.2 FUZZY SIS ..ottt e e e e e e e e ee e e D4
G T2 TG B U474V A 1o T | o 54



3.2.3.3. L FUZZY SUDSEL... o

3.2.3.3.2 FUzzy COMPIEMENT. .. ..t e e e e e e e e

3.2.3.3.3 FUZZY INTEISECHON. .. ..t e e e e e e e e e e e
3.2.3.3.4 FUuzzy Union (OR) ... et e e e et
3.2.3.3.5 Fuzzy Cartesian ProducCt............cou i e e e e e e

3.2.3.4 Fuzzy Quantification of RUIES..........ccooii it

3.2 4 FUZZIICAIION . .. oot e e e e e e e e e e e e e

3.2.5 The Inference MeChaNISM ... ... .ot e e e e e e e e e e e

3.2, 5. L MaAtCNING. .. e e 58

3.2.5.2 INfEIENCE SEEP ... i e e

3.2.6 DEIUZZIFICALION. .. .ot e e e e e e e e e e e e e e e e e e e e,

3.2.6.1 Implied FUZZY SetS... ... it e e e e e e e

3.2.6.1.1 Center Of GraVity......ouu ettt e e e e e e e e e e

3.2.6.1.2 Center Of AVEIAQgE. .. ...u i e e e e e e e

3.2.6.2 The Overall Implied FUZZY Set.........c.couiiiii e e,

3.2.6.2.1 MaAX Gl OIION . . e e K>]

3.2.6.2.2 Mean Of MaXimUIM ... ..ottt e e e e e e e e e e e

3.2.68.2.3 CNII Of AT .. et ittt et e e e e e e e e e e e e e e

3.2.7 Mathematical Representations of Fuzzy Systems...............c.ooveiieiiennne.

3.2.8 Mamdani’'s MOEl....... .
3.2.9 Takagi-Sugeno Fuzzy Model..........cooi i
3.2.10 Comparison between Sugeno and Mamdani Method.........................

3.2.11 Advantages of Mamdani’'s Method.............ccooviii i e e

Vi



3.2.12 Advantages of Sugeno Method.............ccoii i 70

Chapter 4: Design of Front Axle Car Suspension Mode................ccceevvevennnn 71

V0 R \Y T To (=] I T2 o o1 o PPN 74
4.2 State Space Representation...........oo.vieiiiiiiii e e s 74
Chapter 5: Fuzzy Logic Controller DeSigNn........c.ovuv it e e 78

5.1 Step I: Fuzzify the Non Fuzzy Variables inte fuzzy Variables....................78
5.2 Step lI: Establish the Membership Functionhef Fuzzy Variables.................... 80
5.3 Step llI: Establish the Fuzzy Reasoning Rules...............ccooiiiiiiiiiiin i, 82
5.4 Step IV: Apply Fuzzy Reasoning Process.............cccov v o ceneeeeveennann.84

5.5 Step V: Defuzzify the Fuzzy Output into thel Mariable...............................84

Chapter 6: Simulation & RESUILS..........ccuiuiii e, 85
6.1 Proposed Front Axle Car Suspension using Fuagic Controllers................... 85
6.2 Simulation I: Active Car Suspension System assi¥e Car Suspension System.....87
6.3 Simulation II: Fuzzy Logic Controller vs LineQuadratic Regulator................. 95

6.4 Simulation Ill: System with Two Fuzzy Logic Quaoller vs System with only

One Fuzzy Logic Controller with only Left Wéldnput...............................106
6.5 Simulation IV: System with Two Fuzzy Logic Quaoller vs System with only

One Fuzzy Logic Controller with only Right @ Input.......................oeee. 115
Chapter 7: Conclusions & Future EXpansions............cccveevvvieieiniiniennen et 126
7.1 CONCIUSIONS. ...ttt e e e et e et ettt ee et e aeiee e een 2. 120
7.2 FULUIE EXPaANSIONS. ...ttt e i ettt e e eie e e ne e e eene e eneeea 126

RO EIENCES. . ..., 127

Vil



List of Figures

Figure 1.0: Quarter Car Model....... ..o a8
Figure 1.1: Sprung Mass Acceleration Response versus road frgguency

for various strut spring rates...........ccccovvevviiviiiiiiiieieene e enn 2 10
Figure 1.2: A typical relation between the tire lateral forecelasertical force............ 11
Figure 1.3: The force response versus the input frequencydoous

SEIUL SPIING FALES. .. .ttt et e e e e e e e e e e e aen e 12
Figure 1.4: Sprung mass acceleration response versus varipusfrequency

for various damping ratesS..........ovvocociiie e e e 13
Figure 1.5: Tire force response versus road input frequency fo

Various damping rateS.......cocvuviuiieiieie e e 31
Figure 2.1: Earth-fixed axis system(X,Y,Z) and vehicle axisteys (X,y,z)............... 16
Figure 2.2: Power Spectral density of various terrains...................occeeeeven..... 18
Figure 2.3: Significant forces acting on the vehicle body dgririving(side view).....19
Figure 2.4: Axle Wind up and Wind DOWN...........cooiiiiiiiiiiie e 22

Figure 2.5: Response of a vehicle during cornering...........cccccoveiiev i 23

Figure 2.6: Significant forces involved in cornering attire...............c.ccoovvennnen. 24
Figure 2.7(a):Single-beam leaf Spring..........oouoeii i 27
Figure 2.7(b): Semi-elliptical [eaf SPring..........coovvii i 27
Figure 2.8:Usage of a TOrsion Bar..........c.uiuiiiiiiii i e e 28

Figure 2.9: Typical Dampers used in a vehicle suspension
(a): Emulsified Damper..........cccooiiiiiiiii i a2 30

(b): Gas Pressurized Damper..........ccccooiiiiiiiii i i i e 30

viii



(C): TWIN-tUDE DamPer.. ..o e

30

Figure 2.10:0One Example of Solid-Axle Suspension: The Hotchkess suspension...32

Figure 2.11: Left Side of a Four link Rear Suspension...................c.ccceceeee.... 33
Figure 2.12:Basic Structure of a Short-Long arm Independenp&usion............... 34
Figure 2.13:Basic structure of Macpherson Strut Independenp&son............... 35
Figure 2.14:A typical passive suspension model and the effgfctsirious

damping ratesS. ... ..oevieiii i e e e 83
Figure 2.15 Suspension Deflection, Body Velocity and Suspamsi

velocity for the paper by Yahaha[29]..........omiiiiiiiiiiii 41
Figure 2.16(a): The Deflection of front wheel for a paper by Yah&@i4.................43
Figure 2.16(b): The Deflection of rear wheel for a paper by Yahahg|................. 43
Figure 2.16(c): The acceleration of front body for a paper by Yajah].................. 43
Figure 2.16(d): The acceleration of rear body for a paper by Yaf&tja................. 43
Figure 2.17:Front & Rear Body Displacement for a paper by Cf8at................. 45
Figure 2.18:Tire deflection with Fuzzy Logic Control & Optim@lontrol

for a paper by Medhi[37]......ccoiii e, 47
Figure 3.1:Fuzzy CoNtroller... ... e e e e e 50
Figure 3.2: A two input, two rule Mamdani FIS with crisp inputs.......................66
Figure 3.3:SUGENO RUIB........oe e 68
Figure 4.1: Front Axle Car Suspension Model...............cooo i 71
Figure 5.1: The procedure of Fuzzy Control Process...........cccocevvviiiii i v vceen 19
Figure 5.2: Suspension Deflection Membership Function..................ccceeee et .. 80
Figure 5.3: Suspension Deflection membership Function........................ e 81



Figure 5.4: Ouput Control Force Membership FUNCHOM.......cc.vvvviieieie e, 81

Figure 5.5: OUIPUL SUIMACE... ... e e e e e e 83
Figure 6.0Front Axle Car Suspension System using

proposed Fuzzy Logic Controllers..............cooeevviiicici e een .86
Figure 6.1Passive Front Axle Car Suspension System...........ccccovviiiine i venann 88

Figure 6.2 Sprung Mass Displacement & Velocity for ActiveRassive Suspensions...90

Figure 6.3 Sprung Mass Displacement & Velocity for Active vs

Figure 6.4 Sprung Mass Displacement & Velocity for Active vs

Passive Suspensions with only Left wheelldsgment........................94
Figure 6.5Front Axle Car Suspension Control using Linear Qaad Control.......... 96
Figure 6.6 Sprung Mass Displacement & Velocity for FLC vs L@Rd Control

Outputs for both the system.............ooiiiiiiii .99
Figure 6.7 Sprung Mass Displacement & Velocity for FLC vs L@Rd Control

Outputs for both the system, when displacement

isonly onthe rightwheel..........coooii 102
Figure 6.8 Sprung Mass Displacement & Velocity for FLC vs L@Rd Control
Outputs for both the system, when displacement

isonlyontheleftwheel............cooii i 105
Figure 6.9Front Axle Car Suspension system using Fuzzy LGgiotroller

only for the LeftWheel.............cccoo o2 107

Figure 6.10Sprung Mass Displacement & Velocity for two FL@sone FLC with

only left wheel input and Control Outputs for bolle system............109



Figure 6.11Sprung Mass Displacement & Velocity for two FL@sone FLC with

only left wheel input and Control Outputs for bolie system,

with displacement only on the right wheel.....................oeni. 112
Figure 6.12Sprung Mass Displacement & Velocity for two FL@sone FLC with

only left wheel input and Control Outputs for bolie system,

with displacement only on the left wheel....................ooeis. 114
Figure 6.13Front Axle Car Suspension system using Fuzzy LGgiotroller

only for the Right Wheel............coo 116
Figure 6.14Sprung Mass Displacement & Velocity for two FL@sone FLC with

only right wheel input and Control Outputs for lbthe system......... 119
Figure 6.15Sprung Mass Displacement & Velocity for two FL@sone FLC with

only right wheel input and Control Outputs for bditle system,

with displacement only on tight wheel.....................coo il 121

Figure 6.16 Sprung Mass Displacement & Velocity for two FL@sone FLC with

only right wheel input and Control Outputs for bditle system,

with displacement only on teé wheel.....................oo 124

Xi



List of Tables

Table 2.1:Fuzzy Rules for a Paper by Medhi and team [37].............

Table 3.1:Mathematical Characteristic of Gaussian MemberBEhipction

Table 5.1:Fuzzy Reasoning Rule Base..........ccviiiiiiiiii i e e

Xii



Chapterl: Introduction

1.1Vehicle Suspension System

The Suspension System is among the most impastatém on any road vehicle or
all terrain vehicles (ATV). Its primary function ie maintain proper tire contact with the
road surface and support the chassis while thecheelsi maneuvering [2,3]. Its secondary
function is to minimize the effect of road distunioas on the vehicle ride, passengers and
cargo. Unfortunately, these functions require aamed¢ between conflicting design
tradeoffs. In the first case, a firm suspensiam@giired to minimize chassis roll and pitch
motions and to keep the wheels firmly on the groulmdthe second case, a soft
suspension is required to minimize the transmis®ibrhigh frequency road surface
displacements to the passenger compartment. Theyrefte design process leads to a
compromise between the two functions. There haes mimerous suspension designs
created since the invention of the automobilel,Skkese designs can be categorized into
three different types: Passive, Semi-active andvAct
1.1.1 Passive Suspension Systems

The desired response and handling characteristicsodern passenger vehicle

suspension have been determined by decades ofireepéation and refinement [4]. The
suspensions are composed of springs, dampersrdad)éis that have fixed properties. A
passive suspension system has the ability to stoeegy via a spring and to dissipate it
via a damper. Its parameters are generally fixethdochosen to achieve a certain level
of compromise between road holding, load carryimgl @omfort. The springs and

dampers serve as energy managers while the linkageslesigned to ensure that the



wheels and chassis move in a specific manner duowag maneuvers. This type of
system is called ‘Passive’ because its charadtistannot be adjusted based on a
measurable change in the operating conditiondh®system.
1.1.2 Semi-Active Suspension Systems

Semi-active suspension systems are different frassige suspensions because
they provide a mechanism for changing some chaisits of the system based on a
change in the operating conditions. Semi-activgansions include devices such as air
springs and switchable shock absorbers, variofidesaling solutions, as well as
systems like Hydro pneumatic, Hydrolastic, and lydas suspensions A great deal of
theoretical work is focused on adjustment of damgpiorces include optimal, fuzzy,
sliding mode, model reference and self tuning adeaptontrol [1,7,8,9,10,11]. A
defining characteristic of these types of systegrthat they are only capable of producing
forces that oppose relative motion between the sthaend wheel. In a plot of forces
versus relative velocity, this means that thes@esnsions would only produce force in
two quadrants [12], hence the term ‘Semi-Active’.
1.1.3 Active Suspension Systems

Due to the conflicting demands, suspension desagghad to be something of a
compromise, largely determined by the type of usewhich the vehicle was designed.
Active suspensions are considered to be a way @kasing the freedom one has to
specify independently the characteristics of loadying, handling and ride quality. The
term ‘active’ specifies the class of suspensiortesys in which the typical spring and
damper design is augmented or replaced with aratmtthat provides forces regardless

of the direction of relative motion between the sha and wheel. In theory, this means



that the system dynamics could be altered in aslyida within the performance limits of
the controller/actuator system. An active suspensgstem has the ability to store,
dissipate and to introduce energy to the systermaly vary its parameters depending
upon operating conditions and can have knowledgeraihan the strut deflection the
passive system is limited to. Therefore, activepsmsions can provide more control
capability than is realizable with a semi-activesension.

The first Active suspensions, which were hydraallicor pneumatically actuated,
appeared during the late 1950’s and early 196@% [he majority of active suspension
systems today are now controlled by sophisticatedtrenics. The hydraulic/pneumatic
systems can be used in conjunction with standandggpto help reduce the amount of
power consumed by the actuator [14]. A large nunab@utomobile manufacturers have
conducted research and experimentation with astigpension systems.

1.2 Suspension Types

Suspension systems can also be broadly classifiedwo subgroups - dependent
and independent. These terms refer to the abilityopposite wheels to move
independently of each other.

1.2.1 Dependent Suspension Systems

A dependent suspension normally has a beam (aesicgt' axle) or (driven) live
axle that holds wheels parallel to each other aagbgndicular to the axle. When
the camber of one wheel changes, the camber adghbesite wheel changes in the same
way (by convention on one side this is a posititange in camber and on the other side

this a negative change). Dependent systems mayiffegedtiated by the system of



linkages used to locate them, both longitudinalig &ransversely. Often both functions
are combined in a set of linkages.

Examples of location linkage includes, Trailing AAnMumford linkage, Watt's
linkage, leaf springs used for location (transverséngitudinal).Fully elliptical springs
usually need supplementary location links and ace langer in common use.
Longitudinal semi-elliptical springs used to be e¢oam and still are used in heavy-duty
trucks. They have the advantage that the spriregoat easily be made progressive (non-
linear). A single transverse leaf spring for botbnt wheels and/or both back wheels,
supporting solid axles was used by Ford Motor Campaefore and soon after World
War Il, even on expensive models. It had the achgad of simplicity and low unsprung
weight (compared to other solid axle designs).

1.2.2 Independent Suspension Systems

An independent suspension allows wheels to risefalhdn their own without
affecting the opposite wheel. Suspensions with rotlevices, such as anti-roll bars that
link the wheels in some way are still classed dependent. Independent suspension is a
broad term for any automobile suspension systent #ilews each wheel on the
same axle to move vertically (i.e. reacting to apun the road) independently of each
other. A fully independent suspension has an indéget suspension on all wheels.
Some early independent systems usedswing axles, i#modern systems
use Chapman or Macpherson struts, trailing arm#tjptaulinks, or wishbones.

Independent suspension typically offers bettere riquality and handling
characteristic, due to lower sprung weight andahiity of each wheel to address the

road undisturbed by activities of the other wheeltle vehicle. Independent suspension



requires additional engineering effort and expemsedevelopment versus a live
axle or beam axle arrangement. The key reasonofweerl unsprung weight relative to
a live axle design is that, for driven wheels, diféerential unit does not form part of
the unsprung elements of the suspension systeteabhd is either bolted directly to the
vehicle's chassis, or more commonly to a sub frame.

1.3 Fuzzy Logic

Fuzzy logic is a form of multi-valued logic derdvérom fuzzy set theory to deal
with reasoning that is approximate rather thanipeedust as in fuzzy set theory the set
membership values can range (inclusively) betweand)1, in fuzzy logic the degree of
truth of a statement can range between 0 and isamat constrained to the two truth
values {true, false} as in classic predicate logind when linguistic variables are used,
these degrees may be managed by specific functsrdiscussed below.

The concept of Fuzzy Logic (FL) was conceived byfizadeh, a professor at
the University of California at Berkley, and presashnot as a control methodology, but
as a way of processing data by allowing partiahsetnbership rather than crisp set
membership or non-membership. This approach ttheety was not applied to control
systems until the 70's due to insufficient smalrpaiter capability prior to that time.
Professor Zadeh reasoned that people do not regn@cese, numerical information input,
and yet they are capable of highly adaptive contfééedback controllers could be
programmed to accept noisy, imprecise input, theyld/be much more effective and
perhaps easier to implement.

Fuzzy Logic is a problem-solving control systemimoelology that lends itself to

implementation in systems ranging from simple, $nemhbedded micro-controllers to



large, networked, multi-channel PC or workstati@sdd data acquisition and control
systems. It can be implemented in hardware, soéw@ara combination of both. Fuzzy
logic provides a simple way to arrive at a defimitaclusion based upon vague,
ambiguous, imprecise, noisy, or missing input infation. Fuzzy Logic approach to
control problems mimics how a person would makesiaas, only much faster.

1.4 Problem Synthesis

A vehicle suspension is a compromise betweenaikehandling and such an aim
of the vehicle dynamicist to find settings thategihe best of both worlds. The following
section is a rephrase from “Active Suspension satnuh through software interfacing”
by Joseph [39]. Since passive suspension has éxtiteoughout the age of the
automobile, much is known of the system of theeysand the engineers today are very
good at extracting the most performance from itfalet it is commonly thought that the
performance of passive suspension has little mopeavement left in it. This, combined
with a highly competitive automotive market, withrtd to please consumers, has sent
companies searching for alternative solutions ¢éoctbnventional system.

As defined by Wong [19] ride is concerned with thensation or feel of the
passenger in the environment of a moving vehialebléms arise mainly from vibrations
of the vehicle body, induced by sources such agdgeamic forces and vibration from
the power train, drive train and road. AccordingHmvat [20], vertical ground input
disturbances caused by road roughness are theretegant for ride studies. Handling,
on the other hand, deals with the vehicle’s respdosinertial body input forces. The
main criteria for optimizing the dynamics of a vehiare:

Body motion caused from road surface irregularities



Body motion caused from road inputs, aerodynanadilog and inertial forces.

Road holding related to the contact force betwéentire and road surface (through

controlling wheel motion).

Maintain directional stability during maneuvers.

An active suspension is better able to find a camise between these conflicting
requirements and as such can offer greater perforendhan passive suspension.
However even with the most sophisticated systemsugpension can simultaneously
optimize each criterion since they are all coupled.

As opposed to optimal control theory, fuzzy logantrol has been considered by
many authors as an alternative control methodotoggctive Suspension System. An
important objective in utilizing fuzzy logic contr@-LC) for Active Suspension System
is to determine the control rules such that satiefg performance under different road
profiles can be achieved.

1.4.1 Ride versus Handling
1.4.1.1 Model Description

A vehicle is a complex multi-degree of freedomtegsthat requires sophisticated
multibody dynamic algorithms to describe its bebaviHowever, to reveal its
fundamental response and limitations, a simple kohmass model of a quarter of the

vehicle may be considered; in this way the follogvtiscussion will be similar to outline.
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Figure 1.0 Quater Car Model
"Aetive Suspension simulation through software
interfacing"” by Joseph[30]

From figure 1.0, the sprung mass represent thehkeehody; in this model it is
roughly one quarter the weight of the entire baslyile the unsprung mass represents the
mass of one wheel unit. Here the strut unit costdoth the suspension spring and
damper; it provides the link between the two massésthe same time the tire spring
represents the radial stiffness of the tire witlgligeble damping. The road input is
specified at the end of the tire spring in the faia vertical displacement and since both
masses are constrained to only move vertically syfgtem has two degrees of freedom
system.

During operation, it is the suspension spring #izorbs most of the disturbance
movement, while the damper dissipates this energytifrom the road. Of the variables
that affect the vehicle response, the damper andgspate of the strut unit are two that
the dynamicist has direct control over; their clmoparameters contribute to the conflict

between ride and handling.



1.4.1.2 Spring Conflict

The equations of motion for the Quarter car modeles follows:

MsprungZs = ~Kspring (Zs — Z1)

MunsprungZu = ~Kspring (Zs — Z) Kiire Zu

where ng,ungis the Sprung Mass of the quarter car model iarédL.O, MnsprunglS
the Unsprung Mass of the quarter car model in &gl0, z & z, are the sprung mass
displacement and the unsprung mass displacemepeatesely, kping is the spring
constant for the strut unit in figure 1.0 &kis the sprig constant for the tire in figure 1.0.

When solving the equations of motion for the quadar model, the damped
natural frequencies may be approximated by the mpdd natural frequencies of:

Wsprung= [(RR)/Msprund 12

Wunsprung= [(Kspring* Kire)/ munsprun&l/2

RR = [ (kspring Kiire)/ (Kspring* Kire)]

where Wpung iIs undamped sprung mass natural frequencies ampghrng is
undamped unsprung mass natural frequency.

From these equations, the suspension spring mateelated to both natural
frequencies and is the only value in the equattbas the dynamicist has control over.
Due to the difference in mass, the natural frequesfcthe unsprung mass is an order
higher than the sprung mass becomes excited byrtsigrung mass according to Joseph
[39]. As a result, for high frequency inputs whdre tunsprung mass is much lower.
However for low frequency inputs, disturbances passed by the wheel to the body,

even amplified at times.



In examining the characteristics of a typical @mdroad profile the vertical
acceleration intensity increases with road freqyeAs a result, minimizing the natural
frequency of the sprung mass decreases the intewfsits response when excited and
results in a better ride. This implies that thetsspring should be as soft as possible.

Another way to see the effects of the suspengongrate on the sprung mass is
by considering the frequency response plot of grargy mass acceleration [39] of figure
1.1. Frequency plots generate the sinusoidal regpamplitude to a vertical sine wave
road profile of variable frequency. As shown, thafter suspension the lower the
acceleration levels of the sprung mass, espedialiyhe area of its natural frequency.
However the softness of the strut spring is limibgdthe amount of space in which the
suspension can move within-both while the carc#lyi sits and when it encounters road

disturbances.

Nomalized Magnitude{db)

axat Fa— P - -
" mw
Frequency(rad/sec)

Figure 1.1 Sprung MMass accleration response versus road input
frequency for various strat spring rates

"Active Suspension Simulation through Software interfacing "by

Joseph [39]

Although a softer suspension produces less spruagsnnmotion, it also leads to

deterioration in handling due to a loss of tirgogkivhen the vehicle performs a cornering
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maneuver the sprung mass shifts to the outside itieasing the normal tire loading on
the outside tires and decreasing it on the insitie. generated lateral tire force is related
to the normal tire load, yet at a decreasing itr@ninside. The generated lateral tire force
is related to the normal tire load, yet at a desirgprate[39] as illustrated in figure 1.2.
As such, the more the vehicle rolls the less latéra grip is produced from the
combined outside and inside lateral tire force. ¢¢efor handling purposes stiff springs

should be used.
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Figure 12 A typical relation between the tire lateral force and vertical force
"Active Suspension Simulation through software interfacing"” by Joseph[39]

For ride maneuvers [39], softer springs lead tatgr wheel movement which
will increase the fluctuation in tire force. Thsaonfirmed in figurel.3, which shows the
frequency response of the tire force. For road tirfipequencies near the unsprung mass
resonant frequency, a softer suspension leads datagr tire force fluctuation, which
decreases the longitudinal grip of the vehicle.
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Figure 1.3 Tire force response versus road input frequency for various strut
spring rates
"Active suspension similation through software” from Joseph [39]

1.4.1.3 Damper Conflict

The ideal damping coefficient depends on the nhfoeguencies of the system
and the road input frequency and so it continuoghignges as the vehicle operates. In
looking at the frequency response of the body acagbn [39] in figurel.4 for different
damping rates, for input frequencies around tharahfrequencies high damping is best,
yet at all other frequencies low damping is preférrA similar pattern emerges for the
tire force frequency response [39] in figurel.ghhdamping is ideal near the body and
wheel natural frequencies with low damping ideaérgwhere else in minimizing the

deflection.
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1.5 Objectives
The objective of the research is to show a metioodontrol the vehicle using
fuzzy logic controller for active car suspensiomsteyn, to evaluate the vehicle stability
when left and right tires of the vehicle come asratfferent road disturbances and
compare it with different methods. Different roadtdrbances on left and the right tires
of a vehicle are quite common and very few reseasciks emphasize on such
disturbances. An independent front axle vehiclgension with fuzzy logic controller
for active suspension system is proposed in theareh.
More specifically to:
Implement a front axle car suspension model of asnpassenger vehicle.
Implement a fuzzy logic control for the active saspension system.
Model the vehicle in Matlab-Simulink and generaiegation results with
different road disturbances for left and rightgifer the front axle car suspension
systems.
And to compare:
The differences of the various procedures develdipealy.
Explore the differences between the active suspansiethod for front axle and
the method proposed in the research.
Explore the differences between LQR and Fuzzy Lo@iontrol for car
suspension.

Explore the differences between Passive and fultix@ suspension.
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Chapter 2: Vehicle Suspension System

Chapter 1 described the purpose of the automstigpension, different vehicle
suspension systems and the problems in designengetiicle suspension system. This
Chapter begins with the introduction of vehicle wboate systems, the major excitation
sources and the responses of a vehicle to the#atexts. Then, the chapter will briefly
discuss the development of passive and active sagpesystems in their attempts to
reduce the effects of road disturbances. With tbgness of control and electricity, the
concept of active-suspension receives wide inteffestits potential in improving some
inherent drawbacks of a passive suspension sy3teenfollowing discussion is a
rephrase of “Design of Active suspension with ataalable damper” by Chang
2.1 Vehicle Coordinate Systems

According to the convention of the Society of Autwiime Engineers (SAE), the
motion of a vehicle is referred to an earth- fieeds system (X, Y , Z). As shown in fig.
2.1, the earth- fixed axis system is a right hartdagonal axis system fixed on the earth.
The X-axis and the Y-axis lie on the horizontal ndaand the Z-axis is directed
downwards. Relative to the earth-fixed axis systéme, orientation of the vehicle is
described by a vehicle axis system (x, y, z) latatethe center of the mass of vehicle.
The x-axis of the vehicle axis systems is definedh& forward direction of the vehicle
while the y-axis extends towards the right sidéhefvehicle. Following the right-handed
set of vectors, the z-axis is specified by the eectross product and downward with
respect to the vehicle. Fig 2.1 also defines thepmment of the velocity vector of a

vehicle.
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In addition to the vehicle coordinate systems,tédmem sprung and unsprung mass
are usually used to represent a vehicle body ircttoedinates. Sprung mass denotes the
mass of the vehicle body supported by the suspensicluding the mass of the
suspension components. In contrast to the sprursg,mmasprung mass is the mass that is

not carried by the suspension system, but is stggdy the wheel.

l MNommal velocity

(w)

* Yaw velocity (1)

Y Z
Z

Figure 2.1 Earth-fixed axis system (3{Y_7) and vehicle axis system{xy.z)
from"Design of Active Suspension with a controllable damper” by chang[40]

2.2 Vehicle Vibrations

To most car buyers, the degree of vibration pgeckin riding is the top criteria
in evaluating the quality of a car. According te tierminology defined by the Society of
Automotive Engineers [21], vibration can be caté&ggd according to its frequency. Ride
is a low frequency vibration under 5 Hz. Shakensirgermediate frequency vibration
between 5 to 25 Hz. The vibrations above 25 Haigkelharshness that can be perceived

tactually and/or audibly and boom that is a higtensity vibration perceivable only
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audibly and characterized as a sensation of predsyrithe ear. The design of such a
suspension system deals with the vibration less 2%aHz.
2.2.1 Road Model

The road roughness possibly accounts for the ntgjofithe excitation sources
for vibrations. By defining roughness as the elevatprofile of a road surface, the
measurement of the road roughness can be desdmbedFourier series [22-24]. For
each spatial frequency, there is corresponding i&udel From the Fourier series, the
Power Spectral Density (PSD) function that has bs®lely accepted and used as the
description of road roughness can be obtained.odlih the PSD functions that has been
widely accepted and used as the description ofdhd roughness can be obtained. The
PSD functions for any two road sections are alnmogiossibly the same, some studies
proposed functional representations for the averageerty of road roughness. One
gualitative expression of the spectral density thasimple and frequently used is [22-
24,28]

S (f)= CH" (2.1)

where f is the spatial frequency, C is the roughreefficient of the road surface, w is

the frequency taper parameter and @. Gillespie proposed another function as [25,26]
S (f) 2 $L+(fo/f)’ / (2 12 (2.2)

where % is the roughness magnitude parameter indicatingdhghness level and s

the cutoff spatial frequency. Combined with the d@m number sequence, both

equations provide a description of road roughnesshie study of vehicle dynamics. By

setting w=2.5 and the roughness coefficient toddaas given by Robson [28], figure 2.2
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is the PSD of various terrains based in equatioh),(2quation (2.2) also generates a
similar plot that reflects the essential of anyegyahsurface. The deviation in elevation of

a road surface diminishes with frequency to abtwa $econd power. Experiments

verified that

1 i -
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Figure 22 power Spectral Density of various terrains given by equation (2.1)
from"Desizn of active Suspension with a controllable damper" by Chang[40]

both (2.1) and (2.2) given appropriate coefficigatues can physically represent road

surfaces [26,28].
2.2.2 Dynamic Loads

When a vehicle is static on the ground, the bodigit is evenly supported by all
the wheels. When it travels, the forces on the alehinclude gravity, tractive force,
wheel rolling resistance force and aerodynamic &or@hese forces as well as
acceleration, braking and cornering make the loadshift among the wheel axes.
Responding to these load shifts, the flexible congmbs in a vehicle such as springs and

tires make the vehicle body vibrate. This sectintroduces the load shift caused by
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travelling behaviors except cornering that will thecussed later. The effects of these
forces to the vehicle motion have critical implicats for the design of a suspension
system. Figure 2.3 illustrates these forces oahacle from the side view.
In this figure, the symbols used stand for as fedio

M is the mass of the vehicle located at its ceotnmass.

Hn is the height from the center of mass to the ground

Fq and F are the sums of aerodynamic drag and lift forespectively acting on

the vehicle body.

F
Figure 2.3 Significant forces acting on the vehicle body during drving(side wview)
"Design of Active Suspension with a controllable damperby Chang[40]

Hgy is the height from the point on which the aerodgitadrag force, Facts to

the ground.

Fas and R are the dynamic reacting forces from the grounthatfront and rear
wheel axles respectively.

F¢ and K are the rolling resistance forces at the front ardr wheels
respectively.

Ft and K are the tractive forces at the front and rear \ehespectively.

Ly is the longitudinal distance from the front wheethe rear wheel.
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Lty and Lg are longitudinal distances from the front and neheels respectively
to the center of the mass.
Ly and Ly are longitudinal distances from the front and reheels respectively to
the point where the aerodynamic lift force acts on.
M.a& and M.a are the d’Alembert forces added for conveniencexpress the
dynamic equilibrium equations and @ are the forward and upward accelerations
respectively of the vehicle.
From fig. 2.3, we have the force equilibrium eqoas as
R+ FRw+ FRyw—M.gcos -M.a,=0 )%
Fe+R—FRi—FR—FR-Mgcos -Ma=0 (2.4)
The torque, M, at A about an axis parallel to the y-axis is
Ma=FHqg+ (Mgcos +Ma).Liyg+ (Mgsin +Ma). Hn— RLy — Ruls (2.5)
The torque, M, at B about an axis parallel toyaxis is
M=FsHg4-(Mgcos +Ma).Lig+ (Mgsin +M a&). Hn— RLy — Rul« (2.6)
In equations (2.4), the rolling resistance forcas lbe expressed as
Fre = s Fwt (2.7)
Fre = W Fur (2.8)
That is, the magnitude of the rolling resistancecdois equal to a rolling resistance
coefficient, p times the vertical force acting twe ground. However, the function of the
rolling resistance coefficient is very complicatédt is possible to be calculated [25].
The value of rolling resistance coefficient depeondsthe structure of ground material,
composition of the rubber, design of the tire, temagure, tire pressure, vehicle speed,

etc. Usually, it has a range from 0.01 to 0.025nmist passenger cars when the vehicles

20



are running on concrete surface [27]. As to the@daramic forces, the drag force is
mainly caused by the action of viscous frictiontle¢ air in the boundary layer on the
surface of the car. Besides the friction force, ¢ness flow of air governed by the
Bernoulli's equation makes the air pressure to wasr the vehicle body. Such pressure
distribution affected by the shape of the vehiabelyogenerates a drag force along the
longitudinal direction (x-axis), side force alorgetlateral direction (y-axis), and lift force
along the vertical direction (z-axis). The disttiba of the aerodynamic force over the
vehicle body is determined by the relative speethefair to the vehicle, the body shape
and even the layout of the engine compartment [Rbjhe qualitative analysis of the
vehicle dynamics for suspension design, the aemdymforces and the acting points are
assumed to have been derived through experiments.

Under a stable condition without acceleration itelp Ma and Ms must be zero.
Equations (2.5) and (2.6) yield the dynamic axkd®as
Fut = (1/Ly) [(Mg cos + M a).Lig - FaHg+ (Mg sin + M &). Hn — RLq] (2.9)
Fuwr = (L/Ly) [Mg cos + M a).Lig + kHa+ (Mg sin  + M &). Hn — RL,] (2.10)
Equations (2.9) and (2.10) express the dynamicatiani of axle load under different
conditions.
2.2.3 Acceleration and Braking

Assume the vehicle is running on a level ground ltw speed, is zero and the
aerodynamic forces are negligible, (2.9) and (2cED) be simplified as
Fur = (Lig/ Lip) Mg — (Hn / Li).M & (2.11)

Fur = (Lig/ Lin) Mg — (Hn / Lir).M & (2.12)
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Acceleration —= Braking

Wind-up Wind-dewn

Figure 2.4 Axle wind-up and axle wind-down
from" Desizn of active suspension witha a controllable damper” by Chang[40]

That is, the load will be transferred from the ftraaxle to the rear axle during
acceleration. Conversely, during braking the laatransferred from the rear axle to the
front axle. The load shift will cause nose-downcpit(dive) during and reward pitch
(squat) during acceleration.

Another motion caused by acceleration (brakingpite wind-up (axle wind-
down). Conventionally, the term wind-up is used lboth axle wind-up and axle wind-
down. Wind-up is an undesired rotation that suspensesigners tried to handle. It
happens at the connection of a drive shaft andaxte casing as shown in fig. 2.4. The
axle casing rotates upward or downward due to sudgplication of brakes. Without
any flexible device, this motion will directly tramit an impact throughout the power

train.
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Figure 2.5 Response of a vehicle during cornering
from"Design of active suspension with a controllable damper"” by Chang[40]

2.2.4 Cornering
In the above sections, the dynamic load at eacleMdiea vehicle was introduced.

Equations (2.11) and (2.12) explained the load shifing acceleration and braking. One
of the most important vehicle behaviors involvedtie consideration of a suspension
design is cornering. Fig. 2.5 illustrates the remsgoof a vehicle body during cornering.
To balance the centrifugal force.fexerting on the center of mass and keep the vehicle
on the track, a cornering forcg,fmust be developed at the contact point of theatire
ground. The tires also lean out. The inclinatioraafheel is defined as the camber angle

. Camber on a wheel will produce a force called lmamnthrust (or camber force)k.
The requirement of cornering force, the size of lsamangle, and the position of roll
center are three variables in a suspension desigmandle cornering behavior. The
interaction of these forces generates a roll morabott the roll center and makes the z-

axis of the vehicle coordinate turn a roll angle
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Figure 2.6 Significant forces involved in comering at tire
from "Diesign of active suspension with a controllable damper” by Chang[40]

The forces developed on a tire during corneringsti@vn in figure 2.6 in which (a) is
the projection on the ground and (b) views the #leng the longitudinal direction.
During cornering, the driver changes the headingation of the wheel. The angle
between x direction of the vehicle and the headingction of the wheel is defined as the
steer angle, . A centrifugal force will act on the tire and cause tire to slip outwardly.
To control the vehicle into following the track andmpleting the turning, the tire must
develop a cornering forcecd; against the ground. The deviation between thelihga
direction of the wheel and the direction the veahichvels is defined as the slip angle,
The larger the centrifugal force is, the largeths required slip angle to generate an
adequate counteractive cornering force. When tipeasigle is smaller than 5 degrees, a
linear relationship exists between the slip anghtel ahe cornering force [25]. The
cornering force can be expressed as

Feor= Ceor (2.13)
where the constant.g is the cornering stiffness relating the cornerioge to the slip
angle [21]. In figure 2.6(b), the angle betweemplaf the wheel and the vertical line is
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defined as the camber angle. The camber will causead area distortion at the contact
point of the tire and the ground. This distortiossults in a camber force that is
proportional to the camber angle. Thus the camireefcan be expressed as

Feam= Ccam (2.14)
where Gamis the camber stiffness. The camber stiffnesscgded by the property of tire
stiffness and the vertical force acting on the vihequation (2.14) indicates that a larger
camber angle will produce a larger camber forcguifé 2.6 demonstrates that at a given
turning, a larger slip angle is necessary to geadhe required cornering force to counter
a large camber force. To increase the slip anigéedtiver needs to increase the steer
angle. Thus for the handling reason, one criteofoa modern suspension design is the
minimization of the camber change during cornering.

The location of the roll center shown in figuré & decided by the geometry of a
suspension system. As mentioned earlier, the cognésrce and camber force are
related to the vertical load exerted on the whdelvever, the vertical load is transfers
during cornering. With a determined roll centeg tbll angle and the load transfer at
each of the front and rear axle can be easily tatled. The importance of roll center is
that it indicates the location where the forcaamsmitted from the wheel to the sprung
mass, and then decides the vibration of sprung .n@eserally, the roll angle is reduced
if the roll center is high. However, high roll cenproduces more scrub in bump [27].
Since the roll center is decided by the geometry sfispension, the roll center moves as
soon as the suspension designer needs to incoggbeatactors of height as well as the

position deviation of the roll center.
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2.3 Passive Suspension System

Before the idea of automobile was even proposgghensions have been used on
horse-drawn carriages. The following section isphrase from “Design of an active
suspension with a controllable damper” by Chang. [#0the earlier days, the purpose of
a suspension was to reduce fatigue or improveauwseforts of the driver or passengers.
Due to the limited availability of manufacturingots, the main component of an early
suspension was leaf-spring, commonly used fi-déhtury carriages. After decades of
improvements in automotive technology, the fundiaf vehicle suspension systems
expanded beyond the improvement of ride comfortesh® enhancement of vehicle
control and stability. Modern suspensions allow wigeel to comply with an uneven
surface and maintain the road surface contacteoiteel. The shock absorbers dissipate
the energy created by impacts and thus improveideecomforts and vehicle handling.
Through advanced study of vehicle dynamics, theigdess adopted different
mechanisms for suspensions to react to variousnaignéorces and to resist undesired
roll motion of the chassis. The ride comfort, dnyisafety, and vehicle controllability are
more ensured. In this section, the properties efttho main components — springs and
shock absorbers will be introduced. Immediatelyoiwing will be the discussion of the
suspension designs used in mass-production vehicles
2.3.1 Springs

The springs used in transports exist in any ofgéeg liquid or solid type. The gas
springs, typically using nitrogen, have the advgesaof high compliance, high energy
capacity, low weight, and low fatigue rate. Howewersupport a heavy weight, both the

stiffness and the required size of the spring, priopnal to the energy capacity, become
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very high. Therefore, air springs are usually usedehicles like trains or heavy trucks
where a large energy capacity is required andgelaccommodation space is available.
A liquid spring has the advantages of a gas sgirigs heavier. The liquid used must be
relatively compressible. Oil is typically adoptedquid springs are unfavored by normal
ground vehicles due to their slow response. Howdwer high energy capacity and low
possibility of sudden damage make the liquid sgingdely applied on the oleo legs of

aircraft.

(a) (b)

Figure 2.7 (a) Single-beam leaf Spring (b) Semi-eliptical leaf spring
from"Design of active suspension with a controllable damper” by Chang[40]

Solid springs have been used on suspensions far than one hundred years. As
mentioned above, the leaf springs that are easyaioufacture have been in use for a
long time. A leaf spring can be as simple as alsittyn beam. Its two ends attached to
the vehicle frames while the wheel axle attachedtdocenter. Because the bending
moment is strongest at the center, two concepts hamventionally been applied to the
design of a leaf spring to generate the requiredpt@nce. First, the width of the beam is
proportional to the strength of the bending momtre,upper face is like diamond shape
illustrated in fig. 2.7(a). Secondly, since the thids restricted by the space available, the
thin beam is stacked on top of one another as shoJig. 2.7(b) to produce the same

bending stiffness in the normal direction. The Ispfing is obsolete today due to its
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heavy weight and the inherent friction between theams. Recently the development of
material science gives the leaf spring a new Wdeaf spring made of glass-reinforced

plastic has been installed on a production sparinceavor of its light weight.

Torsion Ba:x
Fix to Frame

To Wheel Axl

Figure 2.8 Usage of Torsion bar
from" Design of active suspension with a controllable damper” by
Chang [40]

Some vehicles use torsion bars as springs. Thgeusfaa torsion bar is shown in
figure 2.8. The front end of a torsion bar is ditto a beam called trailing arm and the
rear end is attached to the vehicle frame. Thegulegities on the road surface cause the
trailing arm to pivot up and down. By this actidhe torsion bar has a higher stiffness
that makes it more suitable for heavy vehicles lik@itary tanks. A torsion bar is
sometimes installed in addition to coil springsiriorease the roll stiffness in resisting
undesired cornering roll and enhancing driving tsaf®lamed for this rolled stiffness
enhancement function, this bar is called a “stadifi (or “anti-roll bar”). Unlike a torsion
bar that connects a trailing arm and the vehickessis, a stabilizer attaches its two ends
to the tips of two opposite trailing arms. Wheraais cornering on a tilt curve, the effect
of centrifugal force puts more weight on the outdreels than on inner wheels as
explained in the last section. Therefore, the osfing is compressed and the inner

spring is expanded. The increased slip angle fotbescar to lean outward. With a
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stabilizer, compression of the outer spring twikes stabilizer bar in one direction while
the expansion of inner spring twists the stabilikar in the opposite direction. While
restoring to its original shape, the stabilizerusek the roll motion.

Today most suspensions use a coil spring at eheelwEssentially a coil spring
is a coiled torsion bar. The superior advantage @il spring is that is can offer a
progression of stiffness by the design of varyind spacing and varying coil diameter.
Thus a single spring can handle a wide range alsldeom tiny vibrations to heavy
impacts.
2.3.2 Shock Absorbers

A shock absorber is essentially a damper thaespansible for dissipating the
energy that causes vehicle vibrations. Before 1908, friction disc was first used as
suspension damper. The energy was dissipated thrinagfriction between bronze and
leather. Soon people realized that it was not algesign. First, unless the disturbance
force exceeds the static friction of the suspensadirthe disturbance force is transmitted
to the sprung mass. Secondly, the damping forcenstant. Thirdly, the friction effect is
very sensitive to water or oil contamination. Tleencept was finally abandoned. In
1901, the first hydraulic damper was patented. irerent advantage of hydraulic
damper is proportional to the vertical velocityveeén the unsprung mass and the sprung
mass. After 1950, the telescopic hydraulic shockodiers were nearly the exclusive

damping device in automotive industry.
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Figure 2.9 Typical dampers used inn a vehicle suspension {2)Emulsified Damper
(b) Gas-pressurized damper () Twin tube damper
from"Design of Active suspension with a controllable damper” by Chang[40]

Currently there are two types of telescopic damp€ne is called single-tube
emulsified shock absorber [25,40] as shown in f@Pga) and its improved version called
anti-emulsion (or gas pressurized) damper [25,4&@wn in fig 2.09(b). The other type
is the twin-tube damper [25,40] as shown in fig92d). The emulsified type is simply a
fluid-filled cylinder with a valved piston that wimove up and down with the relative
movement of the wheel chassis. The fluid is an smnl of oil and gas, typically
nitrogen. When encountering a bump, the pistomiised through the valves to balance
the pressure differential. Later the pressurizad fexerts a force on the piston-rod area
trying to expand the damper. The emulsion is bektan pure oil because the gas in the
emulsion increases the compressibility that producdéarge pressure differential across
the piston within a short time. As the piston isving, the fluid flows from one side of
the piston to the other through valves, which eas# the velocity of the flow. Thus, the

kinetic energy of the motion is dissipated by releg heat into the fluid and so is the
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vibration shock dampened. In the anti-emulsion dampure oil is used and the gas is
separated at one end by an additional floatingopisApart from this, its function is
similar to that of an emulsified damper. Some dapdace the gas reservoir at remote
site connecting the cylinder through a pipe. Theigte helps to dissipate the heat
generated. Instead of placing the gas reservainatend, the twin-tube damper arranges
the gas reservoir as an annulus around the intiedey. The single tube type is good for
dissipating heat, but its exposure of the workiginder makes the cylinder prone to
damage from flying stone. Although the twin-tubenger keeps the working cylinder
inside the design is inferior in cooling.
2.3.3 Development of Passive Suspension

The commercial passive suspensions have beerocatd)into two groups based
on the linkage structure. One is called the sdides suspension (or dependent
suspension) and the other is the independent ssisperina solid-axle suspension, the
right wheel and the left wheel are mounted at eitred of a rigid beam axle. The
movements of a wheel and the opposite wheel rétatach other. Contrary to a solid-
axle suspension, an independent suspension allaeis wheel to be geometrically

independent. The hopping motion of one wheel israoismitted to the opposite wheel.
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Figure 2.10 One Example of Solid-Axle Suspensions - the Hotchldss rear
SUSpension
from"Design of active suspension with a controllable damper” by Chang[40]

One example of solid — axle suspensions is theh#ats suspension [40] briefly
sketched in fig 2.10. The wheel axle is connecteddch side of the chassis by the two
ends of a leaf spring and a shock absorber. Beazfutbee easy manufacture of the leaf
spring, the Hotchkiss suspension was commonly wsed 1960’s. Due to the high
longitudinal stiffness of the leaf spring, an adbohal trailing arm (ref. to Fig 2.09) is
often used to reduce the axle wind- up caused bigesu braking or acceleration. To
improve the Hotchkiss suspension, the four-linkpsnsion [25,40] briefly sketched in
figure 2.11 is the currently widely used solid-aglespension. The leaf spring suspension
is replaced with a coil spring. Two lower links popt the springs and shock absorbers.
The other two upper links absorb braking and acatte torque to avoid axle wind-up.
In general, the solid axle suspension has sevdraraages. First, the camber angle of a
wheel is not affected by the roll motion. Secondlye wheel alignment is readily
maintained [25]. However, the hopping motion at tieeel will transmit to opposite
wheel. Tramp motion in which a pair of wheel hopsopposite phase often happens,

leading to roll vibration.
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Figure2 11 Left side of a fowur- link rear suspension
from"Design of active suspension with a controllable damper"” by Chang[40]

The independent suspension is currently used yosl all passenger cars.
Because the hopping motion at one wheel will ntecfthe other wheels, the advantages
of independent suspension are reduced steeringtidbrand enhanced roll stiffness.
Compared to a solid-axle suspension, an indepergiesutension has larger deflection.
Consequently, the independent suspension subshantigproves ride comforts and
handling. In addition, its design which is freetloé linkage rigid beam axle spares room
for the engine and lowers the front end of the bddsther reducing the aerodynamic
drag force. Through the geometry design, the matiter is also easily controlled.

The trailing arm suspension [25,40] shown in fi@72was the first the first
independent suspension commercially used by Gemmarufacturers. It used a torsion
bar as the spring. Later in the United States, Shert-long arm suspension [25,40]
shown in fig 2.11 was designed and used. As theenaays, the Short-long arm
suspension has unequal lengths for its upper amdrlarms, a design that improves the
chamber of outside wheel while maintaining a falbateacamber of inside wheel during
cornering. MacPherson adopted a different compmosibf a shock absorber and a spring

[25,27,40] as shown in fig. 2.13.
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Figure 2.12 Basic structure of a short-long arm independent suspension
from"Design of active suspension with a controllable damper” by Chang[40]
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The upper end of the MacPherson strut was fixethéochassis and the lower end is
rigidly fixed to the wheel hub. This arrangemenstains the wheel in camber direction.
The MacPherson strut also saves space and caw kasivith an anti-roll bar. Most of
the suspensions currently used by production garexension of the SLA suspension of
the MacPherson strut. To meet the unique requiresnandifferent vehicles, designers
created various layouts of the upper and lowesslimkadded additional two or three links
to react to longitudinal and lateral forces [25,27he progress of passive suspensions
has transcended the initial function of isolatiegd roughness to overcome the camber
change during cornering, dive during braking anakliyg and squat during acceleration

as well as to lower the roll center in avoidanceatibver.
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2.4 Active Suspension

In above sections, the passive suspension wasdutdea starting from the
understanding of major excitation sources to theoua mechanisms for reducing the
effects caused by those excitations. Over the fleastdecades, suspension performance
has been greatly improved with new material, ingesi mechanical design, and
advanced analysis techniques. Recently, the adsan@®ntrol algorithm and electronics
launch the suspension design into another directiat is, the active suspension.
2.4.1 Active Suspension versus Passive Suspension

As mentioned in Chapter 1, a passive suspensisnva inherent drawbacks.
First, it always needs to tradeoff between rideliguand handling property. Because the
vibration of a vehicle is generated by the combamatof multiple sources such as
acceleration, braking and cornering, it is difficdibr a passive suspension with a
mechanical design to improve the performance in asgect without sacrificing the
others. Second, resonance occurs at the natupleiney of each passive component

used. Fig 2.14 is a typical mechanical model ofagspve suspension [40] and the
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frequency responses of the sprung mass to distcebmput. In this figure, Mis the
sprung mass representing the portion of the magsosted by the suspension, M the
unsprungrepresenting the wheel. It is commonly known tiat deviation of the sprung
mass is proportional to the disturbance frequemty the natural frequency is passed. At
high frequency, the sprung mass is isolated from disturbance by the spring. The

amplitude of the resonant peak may be isolated fitwendisturbance by the spring. The

amplitude of
Xoof X
M.' ! In IIlIIIII
L2 e
%Lﬁ > |
M, =
Ts ¢
k B =
: Zq E '\ C'l
= Increasing
| Damping C
Frequency
Figure 2.14 A typical passive suspension model and the effects of various damping rates
from"Design of Active Suspension with a controllable damper” by Chang[40]

the resonant peak may be reduced by increasingetim@ing rate, but at high frequency a
larger damping rate produces larger deviation. &hily, besides adopting new
mechanism, the designers choose the spring andedtaanpording to the function of the
vehicle.

By adding an actuator that can inject or extragrgy into a suspension system,
an active suspension solves the two problems afsaipe suspension mentioned in the
last paragraph. First, the actuator can responatious dynamic forces independently.

In this way, the compromise between ride and hagdhualities can be reduced.
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Secondly, the integration of an actuator changescharacteristics of the suspension so
that the disturbance response will no longer diyaedate to the natural frequency. Thus,
the actuator can moderate the motion of the veliioldy to significantly improve both
ride and handling performance. The actuator useyl lmeaelectromechanical, hydraulic,
pneumatic or magnetic. Due to the bulky size ofggbwer source, the active suspension
was introduced for rail vehicles in early studiBecently, the advances in control theory
and power electronics have attracted academictutesti and industry to focus on
applying this technique to passenger cars. In sumntlae special features of an active
suspension may be described as follows:

1. Unlike the passive suspension which can only teamdgrstore and dissipate the
energy from disturbance, an active suspension emergte force to moderate
vehicle body motion.

2. In a passive suspension, the spring and dampewoebnrespond to the local
disturbance that exerts force on that suspensiomweder, an active system can
use remote sensors to coordinate the functions\aral actuators. In this way, a
control function may contain many variables to aghioptimal performance. For
examples, the control law may combine informatimchs as vehicle velocity,
acceleration, suspension deflection, roll rate ggto.

Along with the active suspension and the passigpession, the adaptive suspension is
also under recent extensive studies. An adaptispession carries the body weight by a
passive suspension like a passive suspensionhéwtamping rate can be selected from
several preset levels upon the detected chassi®manother variation of a passive

suspension is the adaptive height control susperasn called self-leveling suspension.
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The self leveling suspension also uses a coil gpird a damper like any other passive
suspension, but a gas spring is added to adjudtdight of the sprung mass. Therefore,
the suspension always has maximum working spaceefitection despite the changes in
load. The gas spring can also lower the vehicleylaadhigh speed to reduce aerodynamic
drag force or lift the vehicle body on rough roadrtcrease the ground clearance.
2.4.2 Control Methodologies

The advantages of active suspension are well kndlwa.remaining question is
how to control the actuators to achieve the optimahtrol. Over the years many
researchers and car companies are trying to impnoube control of the actuators. Many
different techniques have been developed, Lineaad@aiic Regulator, Fuzzy Logic,
Sliding mode control, Adaptive-Network-based Fukafgrence Systems, etc. In the next
section of the chapter many different techniqueald/be explained and compared.
2.5 Literature Review
2.5.1 Introduction

The various applications on active suspensionsetniclies have been researched
extensively. Many of the papers focus on QuarterStespension Systems. Some of them
use Half Car Suspension systems and some use BRuls@pension systems. Many
researchers focused on Passive Suspension Systems,on Semi-active Suspensions
systems and others on Active Suspension systenfiswAiteratures are considered [29,
31, 32, 37] with Quarter and Half suspension systanmd reviewed to analyze the results.

Below is a summary of some of the work published/ehicle Suspension Systems.
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2.5.2 Brief Review of Significant Papers
Many papers focus on Active Car Suspension Systesirgy different control

methods and different suspensions models. Onesgbdpers from Yahaya Md, Sam [29]
focuses on ‘LQR (Linear Quadratic Regulator) Caitgrdor Active Car Suspension’ for
a Quarter Car model. The Objectives for controkeseé in the paper was to improve the
ride quality and handling performance within a giveuspension stroke limitation. It
considers the ride quality to be measured by tiiceé acceleration of the vehicle body
i.e. Sprung Mass. The handling performance is detexd by the tire deflection, which is
the difference of position between the wheel angl tbad surface input. The paper

considers a two degree of freedom quarter car madelits state space equations are

given as follows:

X=Ax+ Bu+GS (1)
[ron I o 1 0 0 lea- s
@ e o womoa 1P
iz?!. Wi W | 22
. | 4 M (H+2) R || 2-z2
| {zl-2d) || i it i J] ne zl
K Lo 0 0 1

m2
lirI:J:IE 0
(-1 0

J{ m [u]+Fi [z.r} )
The Controller design is done with state variabledback regulator
u=-Kx
where K is the feedback gain matrix.
The optimization procedure consists of determirtigcontrol input u, which minimizes

the performance index. The performance index ismgas
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J= T[x'Qx+u'Ru}dt

The matrix gain K is represented by,
K=R'BP
And the matrix P is to satisfy the Riccati equat®n
AP + PA—PBR'BP + Q =0
And then the feedback regulator
=- (R'BP’) x
Simulation results were used to show Relative susipa displacement, Relative
suspension velocity and Relative body velo. Theutation was carried according to the

paper in Matlab and the simulation results fordtep input are as shown below:
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Figure 2.15 Suspension Deflection, Body Velocity and Suspamsielocity for the paper by

Yahaha[29]

It clearly shows that the control action was naiwegh to ensure good ride quality as well
as good handling.

A paper from form Yahaha, Sam, Halim Shah [31]dBig Mode Control Design for
Active Suspension on a Half-Car model' describédirs] mode control for a half car

suspension model. The strategy uses proportiotedrial sliding mode control scheme
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and compares it with LQR method. The additiona¢dmél in the proposed sliding mode
control provides on more degree of freedom and atsluces the steady state error.
According to the paper sliding mode control hasatreély simpler structure and it
guarantees the system stability. It describes l&dda model with a Variable structure
control design. Variable Structure Control (VSd@)izes a high speed switching control
law to drive the state trajectory on this surfatéhie state space called the sliding surface
and to maintain the state trajectory on this sefeor all subsequent time. It requires
proper design of the sliding surface for VSC t@aiaticonventional goals of control such
as stabilization, tracking and regulation. The papglains VSC in two steps:
I.  The design of the switching surface so that thatplestricted to the sliding
surface has desired system response.
ii.  The construction of the control scheme to driveglaat’'s state trajectory to
the sliding surface.

The PI sliding surface is defined as follows:

o) = Cx(t) - I[CA +CBK)x(t)dz
L1

where K satisfies(A + BK) < 0 and C is chosen so that CB is nonsiaguf the matrix

C is chosen such that CB is nonsingular, this gigh& equivalent control of

1., (1) = Kx(6)-(CB) ' Cf (©)
where x(t) R"is the state vector, u(t)R" is the control input, and f(t) the continuous
function represents the uncertainties with the matefmed condition.

Using the above equation the system equation engbelow:

;E'} = (A+ BK)x(1) + {1, - BICB)' C)} (1)
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The system is boundedly stable on the sliding serft (t) = 0. The simulation results

for two small bumps are as shown below:
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Figure 2.16 (b) | The deflection of rear wheel
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Figure 2.16(d} The acceleration of rear body

The results clearly shows that the vibration cauded to the bumps makes the car

unstable as the suspension deflection and acaelenaries a huge amount after the use

of sliding mode control. So a better control effisrtequired to ensure better ride quality

and handling quality.

A paper by Chiou and Jung [32],'Nonlinear Activaspension Control Design

applied to a Half-Car Model' describes another rodtfor active car suspension system.
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This paper gives a nonlinear backstepping designtife control of Half Suspension

system to improve the trade-off between ride qualitd suspension travel. The design
with two additional nonlinear filters shows potefsito achieve these conflicting control
objectives. Two filters are used for both the frard rear wheels. The effective

bandwidths of these two filters depend on the ntages of the suspensions individually.
A suspension model with Front and Rear car suspengiodel is considered in the

approach. The paper focuses not to improve ridétygumut to prevent suspension travels
from hitting their travel limits. The regulated iales are chosen ag=x; - x3 and z =

X5 - X7 where ¥ & X7 are two filtered versions o§X% x+:

f: = —(£y + K,@(C IHX; — Xy)

f—,‘ =—(Ep + K,@(&NE; — x5}

where £ =x, —x, and ¢, =x; —x; . The nonlinear
functions (¢, ) and @(Z,) are defined as follows:

(:I_—ml}la Gy >m,

nty
@({)) =+ 0 : I} < m,
‘.m)zr 4:1 < —m,

m,

&y - .

(———-’ml“’}n £, > m,
Plsa) =14 0o . I,]< m,
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It then calculates derivatives of and z for front wheel and derivatives of and z for

rear wheel. The simulation results are as showovbel
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Figure 2.17Front & Rear Body Displacement for a paper by Cf3au

The results clearly show the restriction on thedlaf suspension, but the ride quality

and handling is affected in an effort to restrict travel.

A paper by Medhi and team [37] ‘Design of Fuzzyglooand Optimal Control to
an Automotive Active Suspension System’ shows Fuzzgic control implemented for
Quarter car model. The paper considers fuzzy lagictrol as an option for active
suspension control and compares it with LQR (LinQardratic Regulator) method. It
divides the fuzzy logic control method into two tsarThe first part is using;elative
displacement between two mass) as feedback signajeherate control force for
balancing the force generated by passive elemspts¢g and damper). The second part
is using fuzzy inference rules to regulate the sgnmass trajectory. The fuzzy sets are as

shown below:
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Vanable Fuzzy sel

Input | z; Sprung | Zs={N,ZP}
mass position
Zs . Sprung | Zs={NBNMNSZPS PMPB}
mass velocity

. | :The | f.. ={NBNMNS,ZPS,PMPB

control force

where N — negative, Z - Zero, P - Positive, NB giléve Big, NM - Negative Medium,
NS - Negative Small, PS - Positive Small, PM - BesiMedium, PB - Positive Big. The
fuzzy rules were set according to the expert’'s Kedge and suspension knowledge and

are shown as follows:

L3 Zx f: ¥ L% Zg f 1]
P MNB NB F PS FH
Z NB NB Z Ps Ps
M NB NB M Ps MB
P it | NS P P& FB
Z MM MM il PM PM
N it | NB M M FS
P NS PR P PR PR
Z NS NS £ PB PH
N NS NB M FB FR
P £ PB

Z Z £

M £ NB

Table 2.1: Fuzzy Rules

The figure below shows the simulation results i® thaper which compares tire

deflection between fuzzy control and optimal cohtro
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Fig. . Tire deflection with fuzzy control and optimal control for (a): step
response. (b): bump response. {c):white noise as irregular road surface.

The result clearly shows that the control effortswat enough to achieve good ride
quality and better handling. The main problem witlazy logic control was the input
variables for fuzzy logic, which ignores the otlstaite variables. It does not generalize

for all road irregularities.
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Chapter 3: Control Methodologies

Last chapter explained the suspension systemseredagppment over the years in
detail. This chapter will explain two different doml methodologies in detail, dealt with

in the research work.
3.1 Linear Quadratic Regulator (LQR)

The theory of optimal control is concerned with igtiemg a dynamic system at minimum
performance measure and optimizing the results. Ciise where the system dynamics
are described by a set of linear differential emuatand the performance measure is
described by a quadratic functional is called thmear Quadratic problem. This
technique is appropriate when one is given somdregkstransient performance
specifications which may be directly translatedifdcations for the dominant closed-
loop poles. For multi-input, multi-output systerhewever, it is not always obvious how
to interpret performance specifications in termspofe locations. The term “linear-

guadratic” refers to the linear system dynamicstaedjuadratic cost function.
For a continuous-time linear system described by
= Ar 4+ Bu

with a performance measure is defined as

J = 5aT(T)F(T)x(T) + / (+7Qu + uT Ru) dt

The matrices Q and R are called the state and algmnalty matrices, respectively. If
the components of Q are chosen large relativedsetlof R, then deviations of from

zero will be penalized heavily relative to deviasoof u from zero. On the other hand, if

48



the components of R are large relative to thos€ othen control effort will be more
costly and the state will not converge to zerowsldy.

The feedback control law that minimizes the valfithe cost is
u=—Fx

whereF is given by

F=R'B'P
andP is found by solving the continuous time algebRiccati equation.

In spite of optimality, there are some problemgiractical implementation. The fixed
feedback gains that are deduced by LQR cannot aocolate the parameter variations of
the process. The road irregularities keeps on chgnigr a vehicle, a linear quadratic
regulator doesn’t compensate for the changes. Wighconstant feedback, it doesn’t
provide an optimal control for all the road irregpifies. Hence a Fuzzy Logic Controller
is proposed for the active car suspension systetichwcan compensate for the

constantly changing road conditions as the feedbaakis not fixed with the method.
3.2 Fuzzy Logic

Fuzzy logic technology is one of the Al (Artificistelligence) techniques first
developed by Lotfi Zadeh in 1965. This technologlves control problems in fuzziness
and linguistic way. Fuzzy Logic has rapidly becoome of the most successful of today’s
technologies for developing sophisticated contrgstems. With its aid, complex
requirements may be implemented in amazingly sigasy maintained and inexpensive
controllers. Fuzzy logic has been successfully iadpto a large number of diverse
applications such as nuclear reactor control, cbhangrocess control, anti-lock braking

system for vehicles and many other applications.
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The primary goal of control engineering is to idlistnd apply knowledge about
how to control a process so that the resulting robrgtystem will reliably and safely
achieve high performance operation. Fuzzy logic viges a methodology for

representing and implementing our knowledge about best to control a process.

A block diagram of a fuzzy control system is shawfigure 3.1.

Fuzzy contoller

) Infereere -
Flefer=nes inpai fi ol e L ’;- Inputs Omtpats
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3.1 Fuzzy Controller

The fuzzy controller consists of the following faelements:

1. A rule-base, which contains a fuzzy logic quandifion of the expert’s linguistic

description of how to achieve good control.

2. An inference mechanism, which emulates the expeaigsision making in

interpreting and applying knowledge about how besiontrol the plant.

3. A Fuzzification interface, which converts controliaputs into information that

the inference mechanism can easily use to actaradeapply rules.

4. A defuzzification interface, which converts the clusions of the inference

mechanism into actual inputs for the process.
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3.2.1 Choosing Fuzzy Controller inputs and Outputs

The fuzzy controller is to be designed to autonfade a human expert who is
successful at this task would control the systemst,Fwe need to decide what is to be
used as inputs to the decision-making process. [é¢ereeed to define the output for the

system.

3.2.2 Linguistic Variables, Values and Rules

A fuzzy system is static nonlinear mapping betwgennputs and outputs. It is
assumed that the fuzzy systems has inputdbuwhere i=1,2,3,............ ,n and outputs
Vi Yi wherei=1,2 3,.......... ,n. The inputs and output aresfis” that is, they are real
numbers, not fuzzy sets. The fuzzification blockwerts the crisp inputs into fuzzy sets,
the inference mechanism uses the fuzzy rules inrtihe base to produce fuzzy
conclusions and the defuzzification block convehtsse fuzzy conclusions into crisp

outputs.

3.2.2.1 Universe of Discourse

The ordinary sets j{tand Y, are called “Universe of Discourse” for and y
respectively. Most often universe of discourseinspsy the set of real numbers or some
interval or subset of real numbers. Universe otalisse is mostly referred to the
outermost membership functions saturfateinput universe of discourse, or the points

beyond which the outputs will not move for the autpniverse of discourse.
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3.2.2.2 Linguistic Variables

To specify rules for the rule-base, the expert usle a “linguistic description”;
hence, linguistic expressions are needed for thetsnand outputs and the characteristics

of input and outputs. Examples for linguistic vates are Position error, voltage in, etc.
3.2.2.3 Linguistic Values

Linguistic variables take on linguistic values thate used to describe
characteristics of the variables. The linguistitueaof the linguistic variable is defined

over the universe of discourse.
3.2.2.4 Linguistic Rules

The mapping of the inputs to the outputs for azjumsystem is in part

characterized by a set of conditionaction rules, or in modus ponens (if-then) form,
If premiseThen consequent

Usually, the inputs of the fuzzy system are assediavith the premise, and the outputs
are associated with the consequent. These If-Thess rcan be represented in many
forms. Two standard forms, multi-input multi-outpand multi-input single-output are

considered here. The MISO form of linguistic rude i
If uyis Arand yis A, and ......... and pis A, Then y is B. (2.1)

It is an entire set of linguistic rules of thishothat the expert specifies on how to control
the system. We assume that there are total of Bsrul the rule-base numbered
1,2,3,....,R and we naturally assume that the rulebe rule base are distinct; however

this does not in general need to be the case.ifptisity we have tuples
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To denote theT MISO rule of the form given in equati¢®.1)
3.2.3 Fuzzy Sets, Fuzzy logic and the Rule - Base

Fuzzy sets and fuzzy logic are used to heurisficgiantity the meaning of
linguistic variables, linguistic values, and lingtic rules that are required to be specified.

The concept of a fuzzy set is introduced by fiedirdng a “membership function”.
3.2.3.1 Membership Functions

Let U denote a universe of discourse and A denote a specific linguistic value
for the linguistic variable 0. The function p() associated with Athat maps o [0,1]
is called a "membership function”. This membershipction describes the “certainty”
that an element of jUdenoted y with a linguistic description junay be classified
linguistically as A . There are many choices of membership functiorsiptes such as

Triangular, Bell, Gaussian, etc. The most commdaasssian Membership function as

Table 3.1 Mlathematical Characteristic of Gasssian
MMembership Funcetion

Gaussian membership functions
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3.2.3.2 Fuzzy Sets

Given a linguistic variable;with a linguistic value Adefined on the universe of
discourse Yand a membership function )shat maps o [0,1], a fuzzy set denoted
with Al is defined as

]

Ay = g o)) -y € Uy
3.2.3.3 Fuzzy Logic

We specify some set theory and logical operationsfuzzy sets. Fuzzy sets

results from the following operations
3.2.3.3.1 Fuzzy Subset

Given fuzzy sets A and A? associated with the universe of discoursewith
membership functions denoted p)(and p(y) respectively, A is defined toa fuzzy

subset of £ denoted by & Aorallu U;
3.2.3.3.2 Fuzzy Complement

The complement of a fuzzy set! Avith a membership function puju has a

membership function given by 1-pu
3.2.3.3.3 Fuzzy Intersection

The intersection of fuzzy sets’and A?associated with the universe of discourse
U; with membership functions denoted p)(and p(4) respectively, & is defined toa

fuzzy subset of Adenoted by & A%orallu U,.
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3.2.3.3.4 Fuzzy Union (OR)

The intersection of fuzzy sets’and A?associated with the universe of discourse
U; with membership functions denoted p)(and p(d) respectively, & is defined toa
fuzzy subset of Adenoted by £ A;? with membership function defined by either one

of the following methods:
1. Maximum: Here, we find the maximum of the membapsfalues as in
Maz  az(W) = max { pat(u), Ha(u).: u Ui}
2. Average: Here, we find the algebraic sum of the lenship value as in
Hair az(U) = {1 at(U) + pa(u) - pat(u) pa’(u): u Ui}
3.2.3.3.5 Fuzzy Cartesian product

The intersection and union above are both defimeduzzy sets that lie on the
same universe of discourse. The fuzzy Cartesiadygtas used to quantify operations on
many universes of discourse. IfAAS, .......... Ahare fuzzy sets defined on the universe
of discourse Y U,,......... Un respectively, their Cartesian product is a fuzzydemoted

by

ALX AxX.......... x Ahwith a membership function defined by
M aitsaiz..sain (U) = {1 an'(U) * 1 a2®(U) * ... L n'(ui)}

** arises from the interpretation of a standardr@sian product, which is formed
by taking an element from the first element of fghreduct “and’ the second

element from the first element of the product “asd”on.
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3.2.3.4 Fuzzy Quantification of rules: Fuzzy Impliations

We consider the If-Then rules for the MISO systenequation 2.1. The fuzzy

sets are defined as follows:

Al = {(uy, HAlj(Ul)Iul Ui}

AN = {(uz, LlAzk(Uz)qu Uz}

An' = {(Un, Man'(Un):Un Up}
B” = {(Ya» Meq"(Ug):Ug Ug}
These fuzzy sets quantify the terms in the prerarsk the consequent of the given. If-

Then rule, to make a “fuzzy implication”
IfAJand Afand .......... A' Then BP

where the fuzzy sets are defined above. Each oufesf a rule base, which we denote by

(1 1,p,a),i=1,2,3,................,R, is represented with such a fuamplication.
3.2.4 Fuzzification

Fuzzy sets are used to quantify the informatiothenrule-base and the inference
mechanism operates on fuzzy sets to produce fuesy sence, we must satisfy how the
fuzzy system will convert its numeric inputs uwJ; into fuzzy sets so that they can be
used by the fuzzy system. The following sectioa iephrase from “Fuzzy Control” by

Passino, K and Yurkovich.
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Let U~ denote the set of all possible fuzzy sets thatbeadefined on U Given u
Ui, fuzzification transforms;to a fuzzy set denoted by A* defined on the universe of

discourse W This transformation is produced by the fuzzificatoperator F defined by
FFU U

where
Flu)=A""

Quite often “singleton fuzzification” is used, whiproduces a fuzzy set A U;" with
a membership function defined by
1l z=1y

'“Jf”f )= { 0 otherwise
Any fuzzy set with this form for its membership @ion is called a “singleton”.
Singleton fuzzification is generally used in implion since, without the presence of
noise, we are absolutely certain thatalkes on its measured value and since it provides
certain savings in the computations needed to imehd a fuzzy system. The reasons
other fuzzification methods have not been used wargh are (1) they add computational
complexity to the inference process and (2) thedrfee them has not been that well

justified. This is partly due to the fact that veypod functional capabilities can be

achieved with the fuzzy system when only singldtazification is used.
3.2.5 The Inference Mechanism

The inference mechanism has two basic tasks: (gjyrdening the extent to which
each rule is relevant to the current situation &saracterized by the inputs;, u
i=0,1,2,........ ,n and (2) drawing conclusions usin@ tburrent inputs ;uand the
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information in the rule-base. For matching notet thax Ax.......... x Afis the fuzzy set

representing the premise of tfierile U.Kyeennnnnnn 1:p,a)
3.2.5.1 Matching

Suppose that at some time we get inputs u= 1,2,....n and fuzzification

procedures
Al"fuz Az"fuz A uz
y ca n
the fuzzy sets representing the inputs. Therehene two basic steps to matching.

Step 1: Combine Inputs with Rule Premises: The §itsp in matching involves finding

fuzzy sets A, Ad,......... Ahwith membership functions
Moa'(Un) = Har' (L) * Joar (un)

M2 (Up) = a2 (U2) * W a2 ™(Up)

H Anl(un) = UAnI(Un) * U AnAfuz(Un)

that combine the fuzzy sets from fuzzification witlzzy sets used in each of the terms in
the premises of the rules. If singleton fuzzifioatis used, then each of these fuzzy sets is
a singleton that is scaled by premise membershiptiion pa' (U) = M a1 (Us) for b= u
and pai'(u) = 0 foru . That is, with singleton fuzzification we haveyil*(u) =1

for all i=1,2,....,n for the given;inputs so that
Mar'(U1) = Hoar'(u)

HaZ (Un) = p a2 (W)
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M Anl(un) =M AnI(Un)

We see that when singleton fuzzification is usemmlgining the fuzzy sets that were
created by the fuzzification process to repredeatiiputs with the premise membership

functions for the rules is particularly simple.

Step 2: Determine which rules are on: In secoad,sve form membership valuegy,
un) for i™ rules premise that represent the certainty thet eale premise holds

.........

for the given inputs. Define

Wi Up, Up, Us, . Uny= Haz (Un)* 1 a2 (U2)*... ... * 1 an (Un)

this is simply a function of the function of thepuits ulWhen singleton fuzzification is

used we have

Wi Ur, Up, Us U= Joar (UnD)* P a2 (W) ... * 1 an (Un)

We use pus, W, U un) to represent the certainty that the premise ofiralatches the

.........

input information when we use singleton fuzzifioati This i, Uy, Uz Un) IS simply

.........

a multidimensional certainty surface. This conckidee process of matching input

information with the premises of the rules.
3.2.5.2 Inference Step

There are two standards alternatives to perforntiveginference step, one that
involves the use of implied fuzzy sets and the iothat uses the overall implied fuzzy

set.
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Alternative 1: Determine implied fuzzy sets

Next, the inference step is taken by computing, thar " rule (1 PP 1:p,q), the

implied fuzzy sets B with membership

Heqd'(Yo) = 1 (W, W, Un)* M Bq"(Yq)

The implied fuzzy set § specifies the certainty level that the output stidaé a specific
crisp output y within the universe of discourse;,Ytaking into consideration only rule i.

Note that since i, W U,) will vary with time, so will the shape of the

..............

membership functions gy"(yq) for each rule.
Alternative 2: Determine the overall implied FuZ&gt

Alternatively, the inference mechanism could, irdiidn compute the overall implied

fuzzy set Bwith membership function

e’ (Vo) = Heg (Y9 Heg(Yg) «oeeee W eq(Yg)

that represents the conclusion reached considatindpe rules on the rule base at the
same time. Center-average defuzzification methodopeed the aggregation of the

conclusions of all the rules that are represenyettheé implied fuzzy sets.
3.2.6 Defuzzification

A number of defuzzification strategies exist andsitnot hard to invent more.
Each provides a means to choose a single basedhen the implied fuzzy sets or the

overall implied fuzzy set.
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3.2.6.1 Implied Fuzzy Sets

As they are common, we first specify typical deftization techniques for the

implied fuzzy sets B:
3.2.6.1.1 Center of Gravity (COG)

A crisp output )™ is chosen using the center of area and area bfiegalied f

fuzzy set and is given by

TR e o
1 3 I;'-:- s s | Ta 1T
erisp _ =1 f)'q Hpe\lg )il

“q R .
E:‘=1 f)-*q J"'El; (g )dug

Where R is the number of rules? s the center of area of the membership functibn o

B4’ associated with the implied fuzzy sei ®ri" rule (jk,.....,I:p,q) and

f:.}. Il'éé'i.*';'q]'f'!'.*)'q

q

denotes the area unde|§¢h(yq). Notice that COG can be easy to compute siniseoiften
easy to find closed-form expressions fof qui (Yg) dyg, which is the area under a

membership function.
3.2.6.1.2 Center of Average

A crisp output ¥*™P is chosen using centers of each of the output reeship
functions and the maximum certainty of each of tle@clusion represented with the

implied fuzzy sets, and is given by

- T‘H ";-'.'-"':::;1_13 ' ,"I. -'I
jerisp _ = bi supy, {pip: (a) )
g

3y sup,, i/ g1 (Vg I
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where “sup” denotes the ‘supremum” (i.e. the laggper bound which can often be
thought of as the minimum value). Hence ,$ufx)} can simply be thought of as the
highest value of p(x). Also,ibis the center of area of the membership functibBf
associated with the implied fuzzy sef Br the ["rule (jk,.....,I;p,q). Notice that a the

fuzzy system must be defined so that

R
3 snp{pg (vg)} # 0

=1 F

for all u. Also note that syg{ p Bq‘ (Yo)} is often very easy to compute since iéqip

(yg)=1 for at least onegythen for many inference strategies, we have
5L|;-{_u5.‘_ (gt = palaeg,aen, 0 ey )

which has already been computed in the matchinggs Moreover, the formula for

defuzzification is then given by

R q %
erisp _ i _y Bl u )
g = R
5

=1

Byl tim, . .ty

where we must ensure that the denominator is nodleéq zero for all u Also note that
this implies that the shape of the membership fanstfor the output fuzzy sets does not

matter; hence you simply use singleton centerédeshppropriate positions.
3.2.6.2 The Overall Implied Fuzzy Set

We present typical defuzzification techniques feerall implied fuzzy set 8
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3.2.6.2.1Max Criterion

A Crisp output y"™Pis chosen as the point on the output universesufodirse ¥

foe which the overall implied fuzzy set, Bchieves a maximum-that is

orisp ) v .
¥y = {&lgs}l.:l‘[: -llnﬂllau,‘_l}}

Here, “argsugp(x)}” returns the value of x that results in tsapremum of the function
H(X)being achieved. Sometimes the supremum carr @cuore than one point ingYIn

this case you also need to specify a strategy antb@ick only one point forafl"s".
3.2.6.2.2 Mean of Maximum

A crisp output ¥""Pis chosen to represent the mean value of all elesnehose
membership iBy is a maximum. We defing;B* as the supremum of the membership
function of B, is a maximum. We define,B** as the supremum of the membership
function of B, over the universe of discoursg. Woreover, we define a fuzzy set B

Y qwith a membership function defined as

:I — '!.ll_'l'lﬂ:{

P 1 g |:‘!.l|! g
- { 0 otharwise

The a crisp output, using the mean of maximum ntktlsodefined as

. . Bl . B I
L CHEp Fy, vars, (3 )dug
= ——
" _||-_-|,:I .“5".. '.‘!-'g.":fa';

where the fuzzy system must be defined so thatrderador is not equal to zero for all u
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Note that the integrals in the above equations mestomputed at each time instant since
they depend on § which changes with time. This can require exes@ssbmputational

resources for continuous universe of discourse.
3.2.6.2.3 Center of Area

A crisp output yf"™P is chosen as the center of area for the membefshition
of the overall implied fuzzy set,BFor a continuous output universe of discourgetive

center of area output id denoted by

y-.‘l'isp B .|'--J-1 gkt g | 3ig Jeizig
a - —
) .II:'l-:‘ '“HII' E.'-.T_'li‘ltl.;

The fuzzy system must be defined so that the dematoni is not equal to zero for all u
Note that, similar to the mean of the maximum methbis defuzzification approach can
be computationally expensive. For instance, wedeatto reader to compute the area of
the overall implied fuzzy setovera(U) = max{ 1(u), 2(u)}. Notice that in this case the
computation is not easy as just adding the aredleofwo chopped —off triangles that
represent the implied fuzzy sets. Computation efdtea of the overall implied fuzzy set
does b\not count the area that the implied fuzty seerlap twice; hence the area of the

overall implied fuzzy set can in general be mucherdifficult to compute in real time.
3.2.7 Mathematical Representations of Fuzzy Systems

Each formula for defuzzification in the previoustsen provides a mathematical
description of a fuzzy system. There are many viayspresent the operations of a fuzzy
system with mathematical formulas. Center-averagieizzification is used for MISO

fuzzy systems, and similar defuzzification stragésgare used for MIMO fuzzy systems.

64



Assume that center-average defuzzification sottteformula describing computation of

the output is

(-]
T

(=7 [x
7o

|'||=

3.2.8 Mamdani’s Method

Mamdani’s fuzzy inference method is the most comiyjwoseen fuzzy
methodology. The following section is a rephrasamfr‘Introduction to Fuzzy Logic
using Matlab” by Deepa, Sivanandam, Sumathi. Mamslamethod was among the first
control system built using fuzzy set theory. It waeposed by Mamdani in 1975 as an
attempt to control a steam engine and boiler coatliin by synthesizing a set of

linguistic control rules obtained from experien¢ranan operators.

Mamdani type inference, as defined it for the Fulogic toolbox, expects the
output membership functions to be fuzzy sets. Affiter aggregation process, there is a
fuzzy set for each output variable that needs ddfioation. An example of a Mamdani

inference system is shown in figure 3.2.
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Rule
L7 Strength BILIETS

Input Cutput 1
Distributions Distributicn

x; ¥o -

4

Fig.z 2 A two input, two rule Mamdani FIS with crisp inputs
from "Introduction to Fuzzv Logic using Matlab" by Deepa
. Stvanandam_. Sumathi

To compute the output of this FIS given the ingix,steps have to be followed:
1. Determining a set of fuzzy rules.
2. Fuzzyfying the input membership functions

3. Combining the fuzzified inputs according to theerudtrength and the output

membership function.

4. Finding the consequence of the rule by combinimgrthe strength and the output

membership function.
5. Combining the consequences to get an output disioi.

6. Defuzzifying the output distribution.
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3.2.9 Takagi-Sugeno Fuzzy Model

The basic of Sugeno fuzzy model is implemented the neural fuzzy system.
The Sugeno fuzzy model was proposed by Takagi Sugewn Kang in an effort to
formalize a system approach to generating fuzzgsrdtom an input-output data set.
Sugeno fuzzy model is also known as Sugeno-Takagiein A typical fuzzy rule in a

Sugeno fuzzy model has the format

If xisAandyis B THEN z =1(x,y)

where A, B are fuzzy sets in the antecedent; Zyf(xs a crisp function in the
consequent. Usually f(x,y) is a polynomial in theut variables x and y, but it can be any
other functions that can appropriately describe dogput pf the output of the system
within the fuzzy region specified by the anteced#rthe rule. When f(x,y) is a first order
polynomial, we have the first order Sugeno fuzzydeloWhen f is a constant, we have
the zero-order Sugeno fuzzy model, which can beedeeither as a special case of the
Mamdani FIS where each rule’s consequent is sgelciiy a fuzzy singleton, or a special
case of Tsukamoto’'s fuzzy model where each rul@ssequent is specified by a
membership function of a step function centerethatconstant. Moreover, a zero-order
Sugeno fuzzy model is functionally equivalent toadial basis function network under

certain minor constraints.

The first two parts of the fuzzy inference procelszzyfying the inputs and
applying the fuzzy operator, are exactly the safhe. main difference between Mamdani
and Sugeno is that the Sugeno output membershagbidms are either linear or constant.

A typical rule in a Sugeno fuzzy model has the form
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Ifinput 1 = x AND 2 =y, THEN output is z = axybc

For a Zero order Sugeno model, the output levalgsnstant. The output level z
of each rule is weighted by firing strengthaf the rule. The final output of the system is

the weighted average of all rule outputs, compated

J-'lr
£ ai=—1 Wi
J-'Ir

2 aj=1 Wi

Final output =

A Sugeno rule operates as shown in figure 3.3

Input MF
Imput 1 — .
P -H". F,ix)

Rule
A — W Waight
Input 2 ™

{firing strength)

Output MF

Output
Z Lewel

z = ax+hy+o

Figure 3.3 Sugeno Fule from" Introduction to Fuzzy
Logic using Matlab by Deepa, Stvanandam, Sumathi

Higher-order Sugeno fuzzy models are possible,they introduce significant
complexity with little obvious merit. Sugeno fuzmyodels whose output membership
functions are greater than first-order are not sujgo by the Fuzzy Logic Toolbox.
Because of the linear dependence of each rule ennfbut variables of a system, the
Sugeno method is ideal for acting as an interpadasupervisor of multiple linear
controllers that are applied, respectively, toatiéht operating conditions of a dynamic

nonlinear system. A Sugeno FIS is extremely weitesuto the task of smoothly
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interpolating the linear gains that would be appléeross the input space; it is natural
and efficient gain scheduler. Similarly a Sugenstemy is suited for modeling non linear

systems by interpolating between multiple lineadets.
3.2.10 Comparison between Sugeno and Mamdani Method

The main difference between Mamdani and Sugendads the Sugeno output
membership functions are either linear or constét$éo the difference lies in the
consequents of their fuzzy rules, and thus thagregption and defuzzification procedure
differs suitably. The number of the input fuzzyssaehd fuzzy rules needed by the Sugeno
fuzzy systems depend on the number and locatiotiseoéxtrema of the function to be
approximated. In Sugeno method a large number ofyfuules must be employed to
approximate periodic or highly oscillatory funct®nThe minimal configuration of the
TS fuzzy systems can be reduced and becomes srialerthat of the Mamdani fuzzy
systems in non trapezoidal or non triangular infu#zy sets are used. Far fewer
mathematical results exist for TS fuzzy controlletean do for Mamdani fuzzy

controllers, notable those on TS fuzzy control eysttability.
3.2.11 Advantages of Mamdani Method

It is intuitive.

It has widespread acceptance.

It is well suited to human input.
3.2.12 Advantages of Sugeno Model

It is computationally efficient.
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It works well with linear techniques.

It works well with optimization and adaptive tectjues.

It has guaranteed continuity of the output surface.

It is well suited to mathematical analysis.
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Chapter 4: Design of Front Axle Car Suspension Mode

In this chapter we will consider the front axle sasspension model represent in
figure 4.1. A front axle car suspension model isstdered to investigate the behavior of
car suspension for different disturbances on laft aght side of the car. The design

variables are the stiffness and damping coefficdéithe suspension modules.

4.1 Model Description

The model of a front axle car suspension [32,83hown in figure 4.1. The front
axle suspension model is represented as a nonlineardegree of freedom system,
which has heave, pitch and the motion of the left aght wheels of the front body of the

car. The suspension system is considered to bepémdent Suspension System. It
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consists of a sprung mass (car body) connecteddouhsprung masses (left and right
front wheels) at each corner. The sprung masses fo heave and pitch, while the
unsprung masses are free to bounce vertically vaipect to the sprung mass. The
suspensions between the sprung mass and unspresgsrexe modeled as linear viscous
dampers and spring elements, while the tires ardefed as simple springs without

damping components. It is assumed that the tired tkave the ground.

It is considered that the model of car is sulg@dtregular excitation from the
road surface as shown in figure 4.1. The sprungsmégshe vehicle is denoted by M
unsprung masses are denoted by & M, for left and right respectively. The road
irregularities are denoted as &  respectively. ,Jis the half pitch of Moment of
Inertia. The actuators which are used for the cbm@iction are connected in parallel with
the springs and dampers between the unsprung migs& M) and sprung mass (M
The force generated by the actuators is consid&rdoke acting towards the road i.e.

acting downward from the sprung mass.

From figure 4.1, the displacement for the sprungsraae given by

Left Wheel

Zs=z-asin z-—a (4.1)
Right Wheel

Zs=z—-bsin z-b (4.2)

where Z% is the left body sprung mass displacemeuntjszthe right body sprung mass
displacement, a is the distance between the Igfieswsion and center of gravity, b is the

distance between the right suspension and centgrawgity, is the pitch angle and z is
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the displacement of the center of gravity. Bojf&zz, are measured with respect to the
road level. The displacementg & z are considered to be acting upwards i.e moving

away from the road level. The equivalent forcebath wheels are given by

Left Wheel

Ui = -Ksi (Zs1=2z) =Bsi (51— u) - U (4.3)
Right Wheel

Ur=Ker (Zsr—2i) = Bsr ( sr— u)) - Ur (4.4)

where y and y are the left and right force inputsg Bnd B, are the left and right
damping coefficients,kand krare the left and right spring coefficient angand z, are
the left and right unsprung mass displacements.di$@acements,z& z,, are measured
with respect to the road level. Both the displacet®i@, & z,; are considered to be acting

upwards i.e moving away from the road level.

By applying Newton’s second law and using the statjuilibrium position as the origin
for both the displacement of the center of gragitg angular displacement of the vehicle
body, the equations of the motion for the system loa formulated. The equations of

motion for heave is

Left Body

Ms Zg) = -Ksi (Zs1— Zu) = Bsi ( si— u) Kesr (Zsr— ) =Bsr (sr— w) -U-Uu+aM  (4.5)
Right Body

Ms Lt = 'ksl (Zsl - zul) - le ( sl — ul) 'ksr (Zsr— ZJI‘) - Bsr( sr— ur) -U-y - b Ms (4-6)
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And the equation of motion for pitch is
k =-Ua+Ub

= ak (25— Zi) + @By ( si— u) - @U- bksr (Zsr— Zu) - bBsr ((sr— w) + byt (4.7)
where M is the mass of the car body apdslthe centroidal moment of Inertia.
Also centroidal moment of Inertia [32] is given ds= Msr,? (4.8)
where f is the radius of gyration,

Applying Newton’s second law again on the front aedr wheel unsprung masses, the

equation of motion can also be formulated as fadlow

Left Wheel

Mui Zui = Ksi (Zs1— Zu) + Bsi ( 51— ) - ka(zu—21) + u (4.9)
Right Wheel

Mur Zur = Ker (Zsr— Zur) + Bsr ( sr— ur) - Ke(Zur— Z0) + U (4.10)

where M, and M, are the unsprung masses on the left and rightle/la@el I and k. are
the left and right tire spring coefficients, & z,; denotes the road roughness for both left
wheel and right wheel respectively. To model thadroput, the vehicle is moving with
constant forward speed. Then the vertical velaige& z,, can be modeled as white

noise, which is true for most real roadways.
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4.2 State Space Representation

A state space representation of the front axlesaapension is more desirable for

control analysis and design purposes.
= Ax+Bu
y=Cx+Du

where x R"is the state vector, its derivative & u R" is the input vector, A, B,C, D

are the state space matrices andR}is the output vector.

It is important to note that the state space spr&tion is not unique. There are
several state vectors and A,B,C,D matrix represems that yield the same input-output
relationship may not change, some representatiane biseful physical interpretations

while others are more suitable for analysis andgdes
Let the state variables be defined as
X1=2Zs — Zy , Left Body Sprung Mass Displacement
X2 = g, Absolute Velocity of the Sprung Mass Left Side
X3 = Zy — Z, Left Body Unsprung Mass Displacement
X4 = ul, Left Body Unsprung Mass Absolute Velocity
Xs = Zsr— Zir , Right Body Sprung Mass Displacement
Xe = o, Absolute Velocity of the Sprung Mass Right Side
X7 = Zir — Zr, Right Body Unsprung Mass Displacement

Xs = ur, Right Body Unsprung Mass Absolute Velocity
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The state equation of motion can be written a®vet

where

KSllM ul

ksl

=Ax+Bu+D;
1 0 -1 0
- le 0 le ksr
0 0 1 0

BsI/MuI 'KtI/MuI 'BsI/MuI 0

0 0 0 0
B 0 - Ba - Ker
0 0 0 0

0 0 0 My
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Bsr

Bs/Mur

-Bs/Mur




0 0
0 0
0 0
0 0
0 /My,
where
= (& J) + (1/Mg)]

= [(@b/d) — (1/MW)]

= [(0%3) + (1/Mg)]
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Chapter 5: Fuzzy Logic Controller Design

Chapter 3 explains fuzzy logic in detail. In thisapter we would discuss how we
are using two Fuzzy Logic Controllers for Front axduspension control. The following
section is a rephrase from “Fuzzy and Adaptive yuzantrol for the automobiles active
suspension system” by A.B.Sharkawy. As universalcfion approximators, fuzzy
systems can be implemented in varieties of wayaifigrcontrol problem. Essentially, the
designer should make sure that the controller wchdde the proper information
available to make good decisions. Therefore thexereny choices for the proper control
inputs so that the controller is able to steerdistem in directions needed to achieve

good performance.

As opposed to optimal control theory, fuzzy logantrol has been considered by
many authors [1,37] as an alternative control mahmgy to active suspension control
system. The kernel of the fuzzy logic controllemiset of linguistic control rules which
capture human thinking and organize the generabreag to determine the control rules
such satisfactory performance under different rgadfiles can be achieved. The

procedure of this fuzzy control process can berdest as shown in figure 5.1
5.1 Step I: Fuzzify the non-fuzzy variables intohe fuzzy variables

For the non-fuzzy variables (Suspension DeflestidBuspension Velocities &
Control Forces), linguistic values are encoded fizzy sets. These values are used to
describe control procedure. We denote the non-fuariables by the 5 fuzzy sets, that is
Negative Large (NL), Negative Small (NS), Zero (Bpsitive Small (PS) and Positive

Large (PL). They are denoted in the finite uniesrsf discourse, Left Side Suspension
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Deflection z — z,, Left Side Suspension Velocity — ., Left Suspension Control,u

Right Side Suspension Deflectiog z z,, Left Side Suspension Velocity,— - and

Step

Fuzzify the non-fuzzy variables into fuzzy variable
Non-fuzzy variables; Suspension Velocity for baft bnd right wheels,
Suspension Displacement for both left and rightel$ & Control Force

A

Step |

Establish the Membership Funct

\ 4

Step llI

Construct the Fuzzy rules using the drivers’ exgares

y

Step IV

Apply the fuzzy reasoning rules to determine thezfuoutputs (Control Force)
from the fuzzy inputs (Suspension Velocity and ®uspon Displacemen

\ 4

Step V

Defuzzify the fuzzy outputs into the real variables

Figure 5.1. The procedure of the fuzzy control pesc

Right Suspension Control, MMost of the papers on fuzzy logic control for vedic
suspension, example Kuo and Li [32] use inputgpasng mass velocitysand unsprung
mass velocity , and the actuating force is the output. Their $Elacwhich ignores the
other state variables, was based on some chast®rof the system dynamics, like

frequency response, which cannot be generalizad toad irregularities.
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5.2 Step II: Establish the membership functions ofhe fuzzy variables

To determine the membership functions of the fuzagables, we can use the
fuzzy statistical approach by the aid of a computercording to the experts and some
study on the vehicle suspension control fuzzy seés given membership functions.
Counting the fraction of positive responses foumdhie total number of responses, we
obtain the value of the membership function of #leanent of the universe of discourse.
Gaussian membership function with=1 is selected for inputs of Suspension deflestion
and Suspension velocities. Suspension deflectiomsequally space in the universe of
discourse [-2.5, 2.5] as shown in figure 5.2. Saspm velocities are equally spaced in
the universe of discourse [-5.0, 5.0] as shownigaré 5.3. The Gaussian membership

function is specified by two parameters {E,

where c represents the membership function’s camide determines its width.
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For the Output Control forces a membership functigth single spike is used. In
many cases it is much more efficient to use a sirgglike as the output membership
functions rather than a distributed fuzzy set. Tisisometimes known as a singleton
output membership function, and it can be thoughtpee-defuzzified fuzzy set. It
enhances the efficiency of defuzzification procéssause it greatly simplifies the
computation required by the more general Mamdanhate which finds the centroid of
a two-dimensional function. Rather than integratiacgoss the two-dimensional function
to find the centroid, the weighted average of a t&ata points is used in this method.

The output is divide in a universe of discours&(-150] as shown in figure 5.4.
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5.3 Step llI: Establish the Fuzzy Reasoning Rules

The most important advantage of the fuzzy basistfans is that a linguistic IF-
THEN rule is directly related to a fuzzy basis ftioe expansion providing a natural
frame work to combine both numerical informationdalmguistic information in a
uniform fashion.

A Fuzzy Logic Controller consists of a collectiohLofuzzy IF-THEN rules in the

following form:

Ruld=IFxis A/hand .................c.c.een.....and xis Ay THEN U is
where | =1,2,...... | is the rule number;, (k= 1,2....... ,m) U and u:U
! "# $ % &
I( oL %% (! I(
&" (% 1)+, 1 & Lo(m
"ol - (T () o+ According to the suspension design, the

knowledge of the behavior of the vehicle suspensioth from Sharkawy [1], the fuzzy
rules for reasoning of Control force consist of 2Bes. The rules are described as
follows:

Rule 1: IF (z—z,=NL) AND ( s— 4 =NL) THEN u =NL

Rule 2: IF (2—z = NL) AND ( s— 4= NS) THEN u = NL

Rule 25: IF (z— z = PL) AND (s— o =PL) THEN u = PL
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Table 5.1 shows the fuzzy reasoning rules for Meh8uspension System. Same rules

will be used for both Left and Right Side for Carsension System.

Control U Suspension Deflection (& z)
NL NS Z PS PL
NL NL NL NL NS PL
Suspension
NS NL NL NS Z PS
Velocity
Z NL NS Z PS PL
(s— )
PS NS Z PS PL PL
PL Z PS PL PL PL

Table 5.1 Fuzzy Reasoning Rule Base

After the rules are set for the fuzzy reasoninggloe for the output surface as per the

rules can be given as shown in figure 5.5
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5.4 Step IV: Apply Fuzzy Reasoning Process

In this study, Mamdani’s method is used for thezfureasoning process since it
is better suited to human input as compared to igagenethod. Then, the output control
force w(u), po(u) ... H2s(u) is calculated for each rules.
5.5 Step V: Defuzzify the fuzzy outputs into the ral variable

Defuzzification maps output fuzzy sets defined roem output universe of
discourse to crisp outputs. After the fuzzy reasgrprocess, we obtain a group of p(u).
Center- average defuzzifier is used for the outputcontrol force. The control force
generated after the defuzzification is used bydbtiator. The fuzzy rules are reduced

into the following fuzzy logic system:

where l3> 0 is a tuning gain andAfJ(x,-) is the membership grade of the inpptrxthe

membership functionsipof rule | and "s free parameters.
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Chapter 6: Simulations and Results

In the last chapter fuzzy logic control schemedoative car suspension system is
explained in details. This chapter considers thaukition results and is used for
comparisons. Simulations are generated using Matlmulink software. The
performance of Fuzzy Logic Controller is comparedptimal LQR method. Active car
suspension system using fuzzy logic is compare@agsive suspension systems. The
simulations will be carried under different roagegularities.
The numerical values for the model parameters §82Jas follows:
Ms = 575 kg
My = My, = 60 kg
J, = 531 kg/m
Ks = kgr = 16812 N/m
a=0.765m; b=0.77m
ky = ke = 190000 N/m
Bs = Bsy = 1000 N/m
6.1 Proposed Front Axle Car Suspension System usik@zzy Logic Controllers

The proposed model in the research is as shoigure 6.0. Using the values
for all the parameters it was simulated in Matlafm8ink. Different fuzzy logic
controllers are proposed for both left and righeels of the front axle suspension control
system. Control signal was amplified using a gdid@0 to increase the range of control
signal. The basic goal for the research work pregdas to design a suspension which can

compensate for different road disturbances on ti@lside of the vehicle as well.
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For the purpose front axle car suspension is usednvestigate different road
disturbances on both side of the vehicle. Car Swspe is an area of research for many
years and researchers have focused on many diffasgrects of the car suspension
system but there is no research which investigétes problem of different road
disturbances on both sides of the car. The resqangosed in this thesis investigates
the problem of different road disturbances on tsidies of the car and proposes a model
which can compensate for such disturbances witboompromising much on ride quality
and handling. Fuzzy Logic controllers are propasetthe research to be used as a control
element to control the actuator used for generatireg control force. The focus is to
minimize sprung mass travel which ensures muclebatte quality and better handling.
In order to achieve good ride quality and handtimg proposed system is very useful.
6.2 Simulation I: Active Car Suspension Systems \Rassive Car Suspension Systems
The major difference between an active susperanmha passive suspension is
the additional actuator. Due to the long historyhgtiraulic applications in automotive
industry, researches tend to adopt the hydrauliva&ars in developing their active-
suspension systems. Hydraulic actuators have thityalb generate large force.
However, a hydraulic system is bulky in size andsaghaintenance problems. Pneumatic
systems offer an alternative potential. With theaadages of pneumatic actuator, the cost
and its availability due to the systems such asbags and brake system, pneumatic

actuator is selected.
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Active Suspension Systems with Fuzzy Logic Congrslland Passive Suspension
Systems are compared to show how an active sugpernsiproves the system
performance compared to passive suspension systems.
The results can be used to as a reason to explermequirement of active car suspension
systems in cars. Figure 6.1 shows the passive &xlet car suspension system which is
used for comparison with the proposed active capeosion system using fuzzy logic
controllers. The simulation results can be dividsdollows:
I.  Same bumps on both wheels:
Let both z and z, road disturbances for left and right wheels famfr
axle car suspension respectively take place indartsequent step input. Figure
6.2(a) and figure 6.2(b) shows the road disturbsivelich were introduced on

both left wheel and right wheel of the front axlsigension system respectively.

Figure 6.2(c) and figure 6.2(d) shows the relaipeung mass displacement in m
with respect to time for both left and right sidetlee front axle respectively for both
active suspension system proposed & passive suspesystem. Figure 6.2(e) and figure

6.2(f) shows the absolute sprung mass velocity /& with respect to time for both left
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and right side of the front axle car suspensionesysrespectively for both active

suspension system proposed & passive suspensitamsys

Legends:Yellow: Active Suspension using Fuzzy Controller
Magenta: Passive Suspension system response

Legends:Yellow: Active Suspension using Fuzzy Controller
Magenta: Passive Suspension system response
Figure 6.2Sprung Mass Displacement & Velocity for Active vasBive Suspensions

The figure clearly shows that a car with active pgumsion system with the
proposed system responds very quickly and getsytstem to settle quickly. The passive
car suspension system has very slow and poor respeompared to the active

suspension system proposed in the research.

90



ii.  Different bumps on both wheels:
Let both z and z road disturbances for left and right wheels faonfr axle car
suspension respectively. We consider the case Wieea’'s no bump on Left wheel and a
step variation is introduced on the Right wheel i&evversa. Figure 6.3(a) and figure
6.3(b) shows the road disturbances which were doited on both left wheel and right

wheel of the front axle suspension system respagtiv

Legends:Yellow — Active Suspension using Fuzzy Logic Coh#noOutput
Magenta — Passive Suspension
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Legends:Yellow — Active Suspension using Fuzzy Logic Coh#noOutput
Magenta — Passive Suspension
Figure 6.3 Sprung Mass Displacement & Velocity for Active Rassive Suspensions with only Right
wheel displacement

Figure 6.3(c) and figure 6.3(d) shows the relaipeung mass displacement in m
with respect to time for both left and right sidetlee front axle respectively for both
active suspension system proposed & passive suspesystem. Figure 6.3(e) and figure
6.3(f) shows the absolute sprung mass velocity /& with respect to time for both left
and right side of the front axle car suspensiortesysrespectively for both active
suspension system proposed & passive suspensimmsys

The figures clearly show that the proposed systespands really nicely to
different road disturbances on both sides of thatfivheels. Passive suspension really
shows poor response in compensating for differestubances of both sides compared
to the proposed active car suspension system @iszag logic controllers.

For Right Side no bump the graphs are shown below:
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Figure 6.4(a) and figure 6.4(b) shows the roadudistnces ; and  which were
introduced on both left wheel and right wheel oé tiiont axle suspension system

respectively.

Legends:Yellow — Active Suspension using Fuzzy Logic Coh#noOutput
Magenta — Passive Suspension
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Legends:Yellow — Active Suspension using Fuzzy Logic CohénoOutput
Magenta — Passive Suspension
Figure 6.4 Sprung Mass Displacement & Velocity for Active Rassive Suspensions with only Left wheel
displacement

Figure 6.4(c) and figure 6.4(d) shows the relaipeung mass displacement in m
with respect to time for both left and right sidetlee front axle respectively for both
active suspension system proposed & passive suspesystem. Figure 6.4(e) and figure
6.4(f) shows the absolute sprung mass velocity /& with respect to time for both left
and right side of the front axle car suspensiortesysrespectively for both active
suspension system proposed & passive suspensitensybhe figures clearly show that
the proposed system responds really nicely torgiffieroad disturbances on both sides of
the front wheels. Passive suspension really shaves pesponse in compensating for
different disturbances of both sides compared ® gloposed active car suspension
system using fuzzy logic controllers.

All the results in this section help in proving tipassive car suspension system is
not very effective when a vehicle faces differevad disturbances on both sides of the
vehicle. It makes the vehicle very vulnerable dgrsuch different road disturbances on

both sides of the vehicle, whereas the proposdérsyseems to be very effective.
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6.3 Simulation 1l: Fuzzy Logic Controller vs. Linear Quadratic Regulator

Major difference between Fuzzy Logic Control anddar Quadratic Regulator is
the variation of control efforts with fuzzy logicowmtroller. Linear quadratic regulator
approach is considered as an option for activeeaspn system by many researchers.
Responses of fuzzy logic controller and linear gatd regulator with different road
disturbances are plotted to compare both systemgcaprove the drawback of a linear
guadratic regulator for active car suspension systd he basic reason of comparing is to
prove the method proposed in the research is vépectee compared to a linear
guadratic regulator. Figure 6.5 shows the Matlabuink model used for Front axle
suspension control using Linear Quadratic Regulatethod.

The feedback gain matrix is found using the stptice obtained in chapter 4 and
using the ‘care’ function in Matlab. Function ‘cacmmputes the unique solution X of
the continuous-time algebraic Riccati equation.

ATX + XA -XBB'X+Q =0

where Q=[200000000;020000000;00200000;000200000;00002000
0;000002000;000000200,000000J0 2

and K= X BR'

where R=[1]

Many different values of gain matrix were trieddptimize the performance of the car
suspension system. The feedback gain matrix tonigxi the performance of front axle
car suspension control is given as

K=1[0.0049 0.0200-0.1137 -0.0096 0.00420200 -0.1141 -0.0096]
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I.  Same bumps on both wheels:
Let both z and z, road disturbances for left and right wheels fanfraxle car
suspension respectively take place in two consdcgiep input. Figure 6.6(a) and figure
6.6(b) shows the road disturbances which were doited on both left wheel and right

wheel of the front axle suspension system respagtiv

Legends:Yellow: Active Suspension using Fuzzy Logic Coitao
Magenta: Active Suspension using LQR
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Legends:Yellow: Active Suspension using Fuzzy Logic Coligo
Magenta: Active Suspension using LQR.

Figure 6.6(c) and figure 6.6(d) shows the relaipeung mass displacement in m
with respect to time for both left and right sidetlee front axle respectively for both
active suspension system proposed & linear quadmegulator active suspension system.
Figure 6.6(e) and figure 6.6(f) shows the absokpgeung mass velocity in m/s with
respect to time for both left and right side of thent axle car suspension system
respectively for both active suspension system gseg & linear quadratic regulator

active suspension system.
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Figure 6.6 Sprung Mass Displacement & Velocity for FLC vs L@Rd Control Outputs for both the
System

Figure 6.6(g) and figure 6.6(h) shows the consighal generated by fuzzy logic
controller in Newton with respect to time for Isftle and right side respectively. Figure
6.6(i) shows the control signal generated by thedr quadratic regulator in Newton with
respect to time.

It can be easily seen that linear quadratic regulatethod is not as effective as the
proposed fuzzy logic controller method. The contganerated by linear quadratic
method is inadequate to decrease the vibratiorekiguiThe response of linear quadratic
method is much slower compared to the proposed/fimzc controller method.

ii.  Different bumps on both wheels:

Let both z and z road disturbances for left and right wheels fanfraxle car
suspension respectively. We consider the case wieea’'s no bump on Left wheel and a
step variation is introduced on the Right wheel i&evversa. Figure 6.7(a) and figure
6.7(b) shows the road disturbances which were doited on both left wheel and right

wheel of the front axle suspension system respagtiv
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When left wheel has no bump and right wheel hasstap variation, the results

are as follows:

Legends:Yellow: Active Suspension using Fuzzy Logic Coligo
Magenta: Active Suspension using LQR
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Legends:Yellow: Active Suspension using Fuzzy Logic Coitao
Magenta: Active Suspension using LQR

Figure 6.7(c) and figure 6.7(d) shows the relaipeung mass displacement in m
with respect to time for both left and right sidetlee front axle respectively for both
active suspension system proposed & linear quadregulator active suspension system.
Figure 6.7(e) and figure 6.7(f) shows the absokpgeung mass velocity in m/s with
respect to time for both left and right side of thent axle car suspension system
respectively for both active suspension system gee@ & linear quadratic regulator
active suspension system. The triangular shapéhéotinear Quadratic method for left
side sprung mass displacement shows that the lige@adratic method tries to
compensate for the raise on the right side of #iédaget the car suspension travel to the
same level, but is very slow in the process. Thedr quadratic method never settles
down due to the compensation and decreases theaidéort as well as provides poor

handling for the car.
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Figure 6.7 Sprung Mass Displacement & Velocity for FLC vs L@Rd Control Outputs for both the
system, when displacement is only on the right whee

Figure 6.7(g) and figure 6.7(h) shows the contrghal generated by fuzzy logic
controller in Newton with respect to time for Isftle and right side respectively. Figure
6.7(i) shows the control signal generated by thedr quadratic regulator in Newton with
respect to time.

It can be easily seen that linear quadratic regulatethod is not as effective as
the proposed fuzzy logic controller method whenaine to different road disturbances

on both sides of the vehicle. The control generdigdlinear quadratic method is
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inadequate to decrease the vibrations quickly. fEs@onse of linear quadratic method
for no bump on the left wheel clearly shows that¢hr becomes highly unstable. The car
suspension system never settles down which dec#aseide comfort and decreases the
handling of the car as well.

When Right wheel has no bump and left wheel hastée variation, the results

are as follows:

Figure 6.8(a) and figure 6.8(b) shows the roadudisinces ; and  which were
introduced on both left wheel and right wheel oé tfiont axle suspension system

respectively.
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Legends:Yellow: Active Suspension using Fuzzy Logic Coligo
Magenta: Active Suspension using LQR

Legends:Yellow: Active Suspension using Fuzzy Logic Coligo

Magenta: Active Suspension using LQR

Figure 6.8(c) and figure 6.8(d) shows the relaipeung mass displacement in m
with respect time for both left and right side bé tfront axle respectively for both active
suspension system proposed & linear quadratic atgulactive suspension system.
Figure 6.8(e) and figure 6.8(f) shows the absokpgeung mass velocity in m/s with
respect to time for both left and right side of thent axle car suspension system
respectively for both active suspension system gseg & linear quadratic regulator
active suspension system. The triangular shapéhotinear Quadratic method for left
and right side sprung mass displacement showshbdinear quadratic method tries to
compensate for the raise on the left side of thdaget the car suspension travel to the
same level, but is very slow in the process. Thedr quadratic method never settles
down due to the compensation and decreases theaidéort as well as provides poor

handling for the car.
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Figure 6.8 Sprung Mass Displacement & Velocity for FLC vs L@Rd Control Outputs for both the

system, when displacement is only on the left wheel

Figure 6.8(g) and figure 6.8(h) shows the congighal generated by fuzzy logic
controller in Newton with respect to time for Ieftle and right side respectively. Figure
6.8(i) shows the control signal generated by thedr quadratic regulator in Newton with
respect to time.

It clearly shows that Fuzzy logic controller malhgives better results than the
Linear Quadratic Regulator method. It can be easlgn that linear quadratic regulator

method is not as effective as the proposed fuzgig lcontroller method when it come to
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different road disturbances on both sides of tHacke. The control generated by linear
guadratic method is inadequate to decrease thatidhs quickly. The response of linear
guadratic method for no bump on the right wheebrdt{eshows that the car becomes
highly unstable. The car suspension system nevteselown which decreases the ride
comfort and decreases the handling of the car s we

All the results in this section help in provingthinear quadratic regulator system
is not effective when a vehicle faces differentdratisturbances on both sides of the
vehicle. It makes the vehicle very vulnerable dgrsuch different road disturbances on
both sides of the vehicle, whereas the proposdeémsyseems to be very effective.
6.4 Simulation Ill: System with Two Fuzzy Logic Corirollers vs. One fuzzy Logic

Controller with only Left Wheel Input

In this section two different methodologies witlzzy logic control are compared.
One control method is with two fuzzy logic contes proposed in the research and the
other is with single controller with an input orflpm the left wheel. The basic reason of
the comparison is to prove that the proposed methaing two fuzzy logic controllers
for front axle car suspension control is require@cthieve better control. The comparison
will also help in understanding the performancepadposed in the research even when
one of the controller stops performing. Figure $h8ws the Matlab-Simulink model used
for the front axle suspension control using a grfgkzy logic control with only left side

inputs.
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Responses for both methods with different roadjutarities are plotted as shown below:
I.  Same bumps on both wheels:

Let both z and z, road disturbances for left and right wheels faonfr axle car

suspension respectively take place in two consdciep input. Figure 6.10(a) and figure

6.10(b) shows the road disturbances which werednuoited on both left wheel and right

wheel of the front axle suspension system respagtiv

Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Controller wathly Left wheel inputs.
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Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Controller withyhkft wheel inputs.

Figure 6.10(c) and figure 6.10(d) shows the retaprung mass displacement in
m with respect to time for both left and right siofethe front axle respectively for both
active suspension system proposed & active suspesyistem with single fuzzy logic
controller with only left side inputs. Figure 6.&p@nd figure 6.10(f) shows the absolute
sprung mass velocity in m/s with respect to timelfoth left and right side of the front
axle car suspension system respectively for botiveasuspension system proposed &

active suspension system with single fuzzy logictcmler with only left side inputs.

Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Controller wathly Left wheel inputs.
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Figure 6.10Sprung Mass Displacement & Velocity for two FL&'s one FLC with only left wheel input
and Control Outputs for both the system

Figure 6.10(g) and figure 6.10(h) shows the cdrdignal generated by both the
systems in Newton with respect to time for leftesahd right side respectively.

The response clearly shows the system with twayfuagic controllers gets the
system to settle system much faster than the sysiémonly one fuzzy logic controller
with only left wheel input. It clearly shows thavem if one of the controller stops
performing it doesn’t make the car suspension nhestdt just increases the time taken to
suppress the vibrations.

ii.  Different bumps on both wheels:

Let both z and z road disturbances for left and right wheels fonfraxle
car suspension respectively. We consider the casa where’s no bump on Left
wheel and a step variation is introduced on thénRigheel & vice versa.

When left wheel has no bump and right wheel hasstap variation, the results

are as follows:
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Figure 6.11(a) and figure 6.11(b) shows the roadudbances zand z which
were introduced on both left wheel and right whafethe front axle suspension system

respectively.

Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Controller wathly Left wheel inputs.

Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Controller wathly Left wheel inputs.

Figure 6.11(c) and figure 6.11(d) shows the retaprung mass displacement in
m with respect to time for both left and right siofethe front axle respectively for both
active suspension system proposed & active suspemsyistem with single fuzzy logic

controller with only left side inputs. Figure 6.&)@nd figure 6.11(f) shows the absolute
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sprung mass velocity in m/s with respect to timeloth left and right side of the front
axle car suspension system respectively for botiveasuspension system proposed &

active suspension system with single fuzzy logictcmler with only left side inputs.

Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Controller wathly Left wheel inputs.
Figure 6.11 Sprung Mass Displacement & Velocity for two FL&'S one FLC with only left wheel input
and Control Outputs for both the system, with dispiment only on the right wheel

Figure 6.11(g) and figure 6.11(h) shows the consighal generated by both the
systems in Newton with respect to time for leftesahd right side respectively.

The response clearly shows the system with twayfuagic controllers gets the
system to settle system much faster than the sysiémonly one fuzzy logic controller
with only left wheel input. It clearly shows thavem if one of the controller stops
performing it doesn’t make the car suspension Unhestét just increases the time taken to
suppress the vibrations. Even, when the right saroller is not working and the bump
is faced only on the right side the suspensionil&tab but it takes more time to suppress

the vibrations.

When Right wheel has no bump and left wheel hastée variation, the results

are as follows:
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Figure 6.12(a) and figure 6.12(b) shows the roadudbances zand z which
were introduced on both left wheel and right whafethe front axle suspension system

respectively.

Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Consapollith only Left wheel inputs.
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Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Congeoilith only Left wheel inputs.

Figure 6.12(c) and figure 6.12(d) shows the reéaiprung mass displacement in
m with respect to time for both left and right siofethe front axle respectively for both
active suspension system proposed & active suspesyistem with single fuzzy logic
controller with only left side inputs. Figure 6.82@nd figure 6.12(f) shows the absolute
sprung mass velocity in m/s with respect to timeloth left and right side of the front
axle car suspension system respectively for botiveasuspension system proposed &

active suspension system with single fuzzy logietcmler with only left side inputs.

Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Congeoilith only Left wheel inputs
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Figure 6.12 Sprung Mass Displacement & Velocity for two FL&'s one FLC with only left wheel input
and Control Outputs for both the system, with dispiment only on the left wheel

Figure 6.12(g) and figure 6.12(h) shows the condighal generated by both the
systems in Newton with respect to time for leftesahd right side respectively.

The responses achieved in this case are very.ditasdly any difference can be
noticed between the responses achieved by bogygtem.

All the three cases in the section prove thatpitugosed fuzzy logic controllers
system suppresses the vibrations very quickly aedopns even when one of the

controller stops performing.

6.5 Simulation IV: System with Two Fuzzy Logic Contoller vs. One fuzzy Logic
Controller with only Right Wheel Input

In this section two different control methodologiase compared. Both the
methods are Active Control Suspension using Fuzagid. Controllers. One control
method is with two fuzzy logic controller proposiedthe research and the other is with
single controller with an input only from the rightheel. The basic reason of the
comparison is to prove that the proposed methagsioig two fuzzy logic controllers for
front axle car suspension control is required thiee better control. The comparison
will also help in understanding the performancepafposed in the research even when
one of the controller stops performing. Figure 6st®dws the Matlab-Simulink model
used for the front axle suspension control usirgingle fuzzy logic control with only

right side inputs.
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Responses for both methods with different roadjutarities are plotted as shown below:
I.  Same bumps on both wheels:

Let both z and z, road disturbances for left and right wheels faonfr axle car

suspension respectively take place in two consdciep input. Figure 6.14(a) and figure

6.14(b) shows the road disturbances which werednuoited on both left wheel and right

wheel of the front axle suspension system respagtiv

Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Controller with onlyht wheel inputs.
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Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Controller with onlyht wheel inputs.

Figure 6.14(c) and figure 6.14(d) shows the retaprung mass displacement in
m with respect to time for both left and right siofethe front axle respectively for both
active suspension system proposed & active suspesyistem with single fuzzy logic
controller with only right side inputs. Figure 6(&%and figure 6.14(f) shows the absolute
sprung mass velocity in m/s with respect to timelfoth left and right side of the front
axle car suspension system respectively for botiveasuspension system proposed &
active suspension system with single fuzzy logiotamler with only right side inputs.
Figure 6.14(g) and figure 6.14(h) shows the cordrghal generated by both the systems

in Newton with respect to time for left side anghti side respectively.
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Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Controller with oniyht wheel inputs.
Figure 6.14Sprung Mass Displacement & Velocity for two FL@sone FLC with only right wheel input
and Control Outputs for both the system

The response clearly shows the system with twoyfuegic controllers gets the
system to settle system much faster than the sysiémonly one fuzzy logic controller
with only left wheel input. It clearly shows thavem if one of the controller stops
performing it doesn’t make the car suspension nhestét just increases the time taken to
suppress the vibrations.

ii.  Different bumps on both wheels:

Let both z and z road disturbances for left and right wheels fonfraxle
car suspension respectively. We consider the casa where’s no bump on Left
wheel and a step variation is introduced on thénRigheel & vice versa.

When left wheel has no bump and right wheel hasstap variation, the results

are as follows:
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Figure 6.15(a) and figure 6.15(b) shows the roadudbances zand z which
were introduced on both left wheel and right whafethe front axle suspension system

respectively.

Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Controller with oRlight wheel inputs.
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Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Controller with oRlight wheel inputs.

Figure 6.15(c) and figure 6.15(d) shows the retaprung mass displacement in
m with respect to time for both left and right siofethe front axle respectively for both
active suspension system proposed & active suspesyistem with single fuzzy logic
controller with only right side inputs. Figure 6(&pand figure 6.15(f) shows the absolute
sprung mass velocity in m/s with respect to timelfoth left and right side of the front
axle car suspension system respectively for botiveasuspension system proposed &

active suspension system with single fuzzy logiatcmler with only right side inputs.
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Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Controller with onligRt wheel inputs.
Figure 6.15Sprung Mass Displacement & Velocity for two FL&S one FLC with only right wheel input
and Control Outputs for both the system, with dispiment only on the right wheel

Figure 6.15(g) and figure 6.15(h) shows the condighal generated by both the
systems in Newton with respect to time for leftesahd right side respectively.

The responses achieved in this case are very.ditasdly any difference can be
noticed between the responses achieved by botygtem.

When Right wheel has no bump and left wheel hasstbp variation, the results

are as follows:

Figure 6.16(a) and figure 6.16(b) shows the roadudbances zand z which
were introduced on both left wheel and right whafethe front axle suspension system

respectively.
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Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Controller wathly Left wheel inputs.

Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Controller wathly Left wheel inputs.

Figure 6.16(c) and figure 6.16(d) shows the retaprung mass displacement in
m with respect to time for both left and right siofethe front axle respectively for both
active suspension system proposed & active suspesyistem with single fuzzy logic
controller with only right side inputs. Figure 6(&pand figure 6.16(f) shows the absolute

sprung mass velocity in m/s with respect to timeloth left and right side of the front
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axle car suspension system respectively for botiveasuspension system proposed &

active suspension system with single fuzzy logistc@ler with only right side inputs.

Legends:Yellow: Two Fuzzy Logic Controllers
Magenta: One Fuzzy Logic Controller wathly Left wheel inputs.
Figure 6.16 Sprung Mass Displacement & Velocity for two FL&S one FLC with only right wheel input
and Control Outputs for both the system, with dispiment only on the left wheel

Figure 6.16(g) and figure 6.16(h) shows the condighal generated by both the
systems in Newton with respect to time for leftesahd right side respectively.

The response clearly shows the system with twayfuagic controllers gets the
system to settle system much faster than the sysiémonly one fuzzy logic controller
with only left wheel input. It clearly shows thavem if one of the controller stops
performing it doesn’t make the car suspension nhestét just increases the time taken to
suppress the vibrations. It clearly shows that ewfemne of the controller stops
performing it doesn’t make the car suspension nhestét just increases the time taken to
suppress the vibrations. Even, when the right saroller is not working and the bump
is faced only on the right side the suspensionil&tab but it takes more time to suppress

the vibrations.
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All the three cases in the section prove that trep@sed fuzzy logic controllers
system suppresses the vibrations very quickly aadopns even when one of the

controller stops performing.
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Chapter 7: Conclusions & Future Expansion

7.1Conclusions

In this research, we have developed an approadiaZay controller design, of a front
axle of car suspension system to enhance ride comfg@assengers and handling. All
the results in the last chapter clearly show that method of control presented in the
paper is better than passive suspensions, linesdrgtic regulators for the front axle of
car suspension system with different road distuzbaron both sides of the car as well.
Even if one of the controller stops working it do¢snake the car suspension unstable, it
just increases the time to suppress the vibrations.

Indeed the output surface of the fuzzy logic oatdérs can be shaped so as to get
this performance, which is inherent property ofziusystems. The simulation results
clearly show that the designed active suspensistesycan improve the ride quality and
handling by minimizing both the displacement antbery of vehicle for different road
disturbances.

7.2 Future Expansions

The next logical step in the current project iddst the proposed system on the
actual experimental test bench to assess the @édvperformance of the work in
simulation. Another area of good promise for futtesearch is that of proposed system
for a full car system.

It will be worth trying out a preview control wittuzzy logic controller, to learn
the road disturbance in advance and to compensated road variations at exact time. It

will help to improve ride quality and handling &t vehicle.
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