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SEMI ACTIVE SUSPENSION CONTROL WITH
MAGNETORHEOLOGICAL DAMPERS

SUMMARY

In this study, control algorithms are applied tons@ctive suspension system with
MR (magnetorheologic) dampers to improve both hagdhnd comfort as much as
it is possible. First of all, the suspension types explained that have been today. A
brief comparison is made between the suspensiogstiipat are explained and the
semi active suspension system that is studiedisnpitoject is evaluated in details.
The damper types that are generally put in senweastuspension are explained and
the MR damper is decided to be used in this profsetl the working principle and
structure of MR dampers are presented briefly.

First, the mathematical model that the control atgms will be applied to is
decided and the governing equations are deriveen,Tine control types are decided
and the algorithms according to the mathematicalehare prepared. In this project,
switch control, Skyhook control, State feedbacktmdrand LQR (Linear quadratic
Regulator) control systems are used. Conventioaatipe suspension system and
semi active suspension system with MR damper flaagrams are drawn in
SIMULINK module of MATLAB software. The disturbandbat comes from the
road is created in various forms. Following, resgmsnof different control types for
different disturbance types are compared with #sponses of conventional passive
system gives. Also, the comparisons with passigpession system are made with
different values of each specific controller to $ee behavior of that controller for
different parameters. Finally, all controllers a@mpared on the same ground by
using the responses of conventional passive suspesygstem.
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MAGNETOREOLOJ iK DAMPERL i YARI AKT iF SUSPANSYON
KONTROLU

OZET

Bu calsmada motorlu tatlarda giinimuzde aranan konfor ve yol gutwu mimkuin
olabildigince ayni anda arttirmak icin MR (Magnetoreolojdkmperli yari aktif
siispansiyonlar tizerinde kontrol uygulamalari yagtim Oncelikle simdiye kadar
kullanilan ve gunumuzde kullaniimakta olan suspamsicaitleri kisa olarak
anlatiimstir. Incelenen bu suspansiyon sigerinin kisa olarak katlastirmasi
yapilms ve projede kullanilmgi olan yari aktif slispansiyon gei ayrintili olarak
incelenmgtir. Yari aktif sispansiyonlarda kullanilan dampgssitleri kisa olarak
anlatilms olup, en uygun olan MR (manyetoreolojik) dampéwtianiimasina karar
verilmistir. MR damperin kisaca yapisi ve gata prensibi anlatilngtir.

Once kontrol uygulamalarinin yapil@é&amatematik modele karar verilgnive
denklemleri ¢ikarilmgtir. Daha sonra hangi kontrol sgigerinin kullanilacgina karar
verilmis ve cikarilan matematik modele gore algoritmalarittanmstir. Calsmada
anahtar kontroll, Skyhook kontrolti, durum geri be®li kontrol ve LQR (Linear
Quadratic Regulator) kontroli kullanilghr. Klasik pasif siispansiyon sistemi ve
MR damperli yar aktif sispansiyon icin SIMULINK atjramlari hazirlanrgtir.
Daha sonra belirlenmblan yoldan gelen bozucu sinyaller hazirlagtimiUygulanan
tum kontrol tiplerinin yoldan gelen bozucu sinyglérine gore verdi cevaplar
pasif sistemin verdi cevaplar ile kanlastirilmistir. Titresim gecirgenlik oranlari her
kontrolciiniin en iyi dgerine gore incelenmgtir. Ayni zamanda pasif sistemle yapilan
karsilastirmalar bu kontrolculerin farkl gerleri icin de yapilmy ve o kontrolciniin
farkli parametreler icin nasil cevap verdikleri tgimmistir. En son olarak tim
kontrolcller pasif sisteme gore verdikleri cevaplaakilarak kaulastiriimistir.
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1. INTRODUCTION

Since the industrial machines were developed, wdraisolation has become a
major problem for human beings. Especially in mafteihicles, comfort is one of the
most important factors that the customers areasted in. Because of the demand
for more comfort and handling factors, automotiven$ started to make big
investments for the research studies that areecklatth vibration isolation and

suspension systems.

On the other hand, the harming effects of vibratitmhuman body were proved by
researchers too. Prolonged exposures to vibratonsibuted to the health disorders
in human body. Even though there is not a certairkywesearch or theory on which
vibration causes a certain injury, it is almostemgr by researchers that health
disorders and failures are related to the magnituindkefrequency of the vibration that
is resulting from the road disturbances. Theseirfed and disorders appear because
of the vibrations transmitted through solid materigAnd in the last century,
suspension systems were developed to isolate bratiins such that they prevent

the vibrations to be transmitted to the vehicleybod

Nowadays, three types of suspension systems artk passive suspension, active
suspension, semi active suspension. These systenmdescribed in the succeeding

sections.



2. SUSPENSION SYSTEM TYPES

New suspension systems have been developed omgxssistems are improved as
the demand for comfort increased. In general, tlsteension systems have been
used to isolate the vibrations resulting from roBldese are passive, active and semi

active suspension systems.

2.1 Passive Suspension System

At the beginning, all vehicles had passive susmensystems. Even today, most of
the vehicles still have passive suspension systéhese system have some springs
and dampers to isolate vibrations. A passive suspersystem is shown in Figure
2.1. Working principle is based on energy dissgratin the damper. The most
important disadvantage of the passive suspensistemyis the trade-off between
road holding capability and the comfort. When itn&s to improve the road holding
capability, the comfort decreases and vice verggr&asing the damping coefficient
enhances the comfort but in this case wheel déleabcreases which decreases the

road holding capability of the vehicle.

M| TXx

K HH c

BASE

Xo

Figure 2.1: Passive suspension system model.

In practice, passive dampers do not have only @mepér coefficient but two. The
passive suspension damper mechanism consists afrtfiees closed with springs at
the end of each orifice. Because of this mechanisensystem uses different orifices

when the piston travels up or down. So the syste®m two different damper



coefficients depending on the sign of the relatiglocity of the base with respect to
the body. When the piston travels upwards, thengpoin the upper chamber does
pressure to the orifice onto which the spring isunted, so the orifice gets closed
leading the oil to travel to the lower chamber frtma other orifice (Figure 2.2). But

when an MR damper control system malfunctions,dtks as a passive suspension
system with one damper coefficient. To make the ganmsons easier, in this study

only one passive damper coefficient is taken imtmant.

Figure 2.2 shows the behavior of the passive dampetaining two orifices and

therefore two damper coefficients. A comparisormeenn the passive dampers with
one damping coefficient and two damping coefficgeoan be seen in Figure 2.3,
Figure 2.4 and Figure 2.5 for body accelerationispldcements and suspension

deflections.

According to the results, in sum, the differencedaen two orifice dampers and one
orifice dampers did not yield to large differenc@&a:o orifice damper has 1500 kg/s
damper coefficient if the suspension deflectionpasitive and 800 kg/s damper
coefficient if the suspension deflection is negatiiccording to these two orifice

damper parameters, the difference in acceleraidn percent and in displacement
the difference is 8 percent.
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Figure 2.2: Damper coefficient distribution of passive dampéhwwo damper
coefficients.
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Figure 2.3: Body accelerations of passive dampers with onet@adiamping
coefficients under the step excitation.
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Figure 2.4: Body displacements of passive dampers with onevaodiamping
coefficients under the step excitation.
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Figure 2.5: Suspension deflections of passive dampers withaodgwo damping
coefficients under the step excitation.




2.2 Active Suspension System

Active suspension systems are the best suspengsbens type if we compare its

performance with those of passive suspension sgstm semi active suspension
systems. The working principle of the active susp@mnsystem is based on a control
system that is activated to directly control thecéo generated by the suspension
system. The control system will usually interveaedisplacements and parameters.
Since there is a continuous force generation atetviene to vehicle parameters, both

road holding capability and comfort factors carebkieved.

Although it has good performance when compared wdhlsive and semi active
suspension systems, this can be attained only eeitplex control systems. Active
suspension can only be applied to a vehicle witlarpatric measurements. But this
makes the control system and structure more contpkax passive and semi active
systems. Also it is needed to add external energyeherate the force so this makes
the system complex and expensive. Active suspensiamot used in practice in

today's vehicles because of its disadvantages.

#1
o e e
Sprung mass Contral &
Actuator Powiar
%spring
i:Fl [ Velocity
Base Feedback A |

Figure 2.6: Active suspension system model.

In active systems, there is always a damping fgexeerated by the control system
and actuator. With active damping coefficienicfte and the vertical suspension

velocity x; , the damping force of an active suspension systambe given by;
Fd = Cactivexl (21)

2.3 Semi-active Suspension System

Semi active suspension systems can be considered teensition from passive
suspension systems to active suspension systenesbdsic working principle is

based on the active control of the damping. Uniiies active suspension systems, it
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does not require much energy. This is becauseystera only controls amount of
energy dissipation. Since only energy dissipatsalliowed, it consumes less energy
and does not require complex control systems, smifitary and luxury vehicles

contain semi active suspension systems at present.

These advantages also made the semi active suspesystem very popular in other
engineering disciplines too. Today many tall bunfgh are being constructed on semi
active suspension systems with MR (magnetorhedd)gidampers to isolate the
vibration that is created by the earthquakes, hetetare many studies and projects
to implement the semi active systems in the bridgggevent the big displacements
originated from the winds and weights of the olgemt them.
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Figure 2.7: Semi active suspension system model.

If we express the semi active suspension workimgcyale mathematically, where

Csa is the semi active damping coefficient;

F, = ConX = %105~ %) >0 2.2)
0~ X,(¥% ~%) <0

According to this equation, the semi active damgorge will be generated only if
the product of relative velocity between the spramgss and the base multiplied by
the velocity of sprung mass is positive. This débn means the system will
dissipate energy in damper. But in the contrarg,fidice becomes zero because only
the active suspension system can generate forogsisatate the vibrations in
negative condition. Semi active suspension systgongot provide good vibration
isolation as active suspension systems do but wiegnare compared with respect to

their costs and energy consumptions, semi actispensions are much more



efficient than active systems. Besides, semi acdispensions can work as a passive
suspension when it is malfunctioned. If the consgétem or sensors get out of
order, the semi active system still works as aipassystem. So this makes semi

active suspensions more reliable.



3. SEMI ACTIVE DAMPERS

In almost every vehicle of today, semi active systdnave been used. Because of the
structure and control requirements of semi actiygesns, the structure will surely
need special dampers instead of a simple viscompelaused in passive suspension

systems.

3.1 Friction Dampers

Working principle of these dampers depends onithels friction rules. The energy
is dissipated during the friction. By means of sexuiive control, the amount of
friction can be adjusted by changing the nomineddahat creates the friction force.
These dampers are not used in suspension systetmdayis vehicles. But they are

related with the braking systems or some transonssystems.

Fd X1
Fn

Figure 3.1: Working principle of a friction damper.

If a force F is applied to a mass by means of a pad with aetkaimount, during the
relative motion between the pad and the plateiciidn force will occur because of
the friction between the pad and plate. So sintEt#on is present, a damping force
Fq will exist. If we have the chance to changetken it means we have a semi active
damper. If we decrease the normal force, the dmcforce will decrease leading to a

less damping force. On the contrary, if we increthge normal force, the friction



force will increase leading to a higher dampingé&rBut adjusting the normal force
IS not easy by means of control tools. So fricttlampers are not preferred in semi
active suspensions. But it has wide usage in imdlisapplications, washing

machines and even in trains because of its lowandieasy maintenance.

y
:. = _I__ = ‘I —

Figure 3.2: A helical spring suspension with friction damper.

3.2 ER (Electrorheological) Dampers

ER dampers consist of ER fluids. The ER dampermsxaure of oil and particulates
that are semiconducting. When an electric fieldpplied to the ER damper, the
viscosity of the fluid increases. With the chandeviscosity of the fluid in an ER
damper, the variable damping can be obtained. i§ipsovided by the electric field,
because during the electric field, particulates igedn order and shaped as a line
which causes that viscosity and subsequently thgdacoefficient increase.

Tl—‘ AV
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[nner L Y= L//
electrode

Outer Gas chamber

electrode .~

ER duct

~ Diaphragm

Outer ___ &
cvlinder

-
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Voltage
source

Figure 3.3: Structure of the ER damper.

At the first stages of the research studies on sative damping, the researchers
concentrated on ER dampers. ER dampers need so woltelge to influence the
order of the particulates and ER dampers have foegponse times when compared
with the MR dampers. The advantages of wide operatitemperatures of MR
dampers also made people concentrate on MR dampéike ER dampers have an
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operational temperature range between 10 °C antC4MR dampers showed an
operational temperature between -40 °C and 150W&en the same amount of
viscosity was present in both an ER damper and siRpkr, the MR liquid showed
a shear stress of 100 kPa while the ER liquid skoavehear stress of approximately
10 kPa.

3.3 MR (Magnetorheological) Dampers

Nowadays, in some military and luxury vehicles, sagctive suspension systems
having MR dampers are preferred because of themrddges when compared with
other semi active damper types. The MR damper contn MR fluid that consists

of lubricated oil and particulates that is sensitis magnetic field. When a magnetic
field is applied to an MR damper, the particulatgs arranged in the order of
magnetic field lines leading the viscosity of th&Muid to change. As the viscosity

of the fluid increases, the damping coefficienraases.

f.. .....: { }'{

5 B
ely L%

Figure 3.4: The arrangement steps of particulates in an MR @amp
3.3.1 Comparison of the MR dampers and ER dampers

MR dampers are widely used in many industrial agpions today. Especially in
automotive semi active suspensions, it becamepedsable in the last years. The
MR dampers have many advantages when they are cedhpéth the ER dampers.
The most significant advantages are for the lessctdn by impurities, smaller
power supply, larger yield stress and wider ranfjeomerable temperature. MR
dampers can operate in a wider range of temperandedoes not need a high
voltage power supply and its stability is not aféet by impurities in the fluid.
During the manufacturing of the dampers some intiggriand dirt can be found.
Also some surfactants, dispersants and frictionifiesdl are put into the MR damper
to improve stability, seal and bearing life. In BE&mpers the impurities and additives

can affect the arrangement of the particles andetbetric field that modifies the

10



viscosity of the ER fluid. So ER dampers must benuf@ctured and used carefully
while MR dampers can be used in harder environmigmations and manufactured
simpler. Power requirements are better for MR daspes well. In ER dampers,
electric field that modifies the viscosity of th&®HEluid needs too much voltage. So
increment in the viscosity costs too much energyoimtrary to the MR dampers. MR
dampers work with magnetic fields instead of arctele field. The magnetic field in
an MR damper can easily be formed with very smédictac currents. The
particulates immediately can be arranged in theroodl lines of magnetic fields. So
this makes MR dampers to be energy saving. The difisarences between the ER
and MR dampers can be seen in Table 3.1.

Table 3.1: Comparison of MR dampers and ER dampers

Property MR Fluids ER Fluids
Max yield stress 50-100 kPa 2-5 kPa
Maximum field -250 kKA/m 4kV/mm
Apparent plastic 0.1-10 Pa-s 0.1-1.0 Pa-s
viscosity
Operable temperature o o
range (-40) - 150 °C +10-90 °C
Stability Unaffected by most impurities  Cannot tate impurities
Density 3-4 g/lcm 1-2 glemt
Maxtjnum_energy 0.1 Joules/crh 0.001 Joules/cih
ensity
Power supply 2-50V,1-2A 2000-5000V, 1 - 10 mA

3.3.2 Working principle of an MR damper

Wires to
Electromagnet M _
\ _ agnetic Ao )
\ £ . Accumulator
\ MR Fluid \ Choke )
\

Rod 4

Piston

Figure 3.5: Scheme of MR damper.

The suspension dampers are designed for the edegjpation created at the orifice
in the damper. When the piston of the damper tdesove forwards and backwards,

a resistance occurs as a function of the velodith® piston. By applying a magnetic

11



field, the viscosity of an MR fluid can be chang&b the damping coefficient
changes with the modification of the viscosity. Hoeumulator at the end of the MR
damper acts like a spring in the damper. If thefexpands because of temperature
increase, the accumulator will decrease in sized Auaring the fluid transfer from

down to up or up to down, accumulator will act likaid so this will prevent

cavitations. Cavitations are not desired becauattatts the damping coefficient and

damping force.

o

Figure 3.6: An example of MR damper of LORD Corporation.
3.4 Dampers with Controllable Orifice

In this type of semi active dampers, the dampefficaent changes with the area of
the orifice. If the area of the orifice increastiee fluid passes through the orifice
easier leading the damper having a lower dampefficeat. If higher damper
coefficients are desired, the orifice area is redudhe reduced orifice area makes
the damper fluid pass through the orifice less ilpdhe damper coefficient to a
higher value. These dampers are used in early aetivie suspension systems in

vehicles.

Figure 3.7: Dampers with controllable orifice
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4. MATHEMATICAL MODEL AND ROAD DISTURBANCE SIGNALS

In this project, a quarter car model is used. Tibeation isolation performances of
the controllers are evaluated according to this heragtical model. And the

performances of the controllers are analyzed bygusivo different road disturbance
signals. In this part, how to create these distucbasignals and the mathematical

suspension model on which this thesis is basedoeitxplained.

4.1 Quarter Car Model

This model is the simplest model that is used tom@re the vibration and bounces in
vertical direction. It is only used to show thepd&cement, accelerations etc. in the
vertical direction. We did not add the tire dynasniato the model because we
assumed that the suspension system is mountedotierental setup and the road

disturbances are assumed to be exciting directliggsuspension system.

Mo DX

b = C

BAsE 1%

Figure 4.1: Quarter car model.

Let "c" denote the damper coefficient,™xthe sprung mass displacementy"'the
base displacement, "k" the spring coefficient, "thé sprung mass. Then the
mathematical model of the passive suspension syatamthe acceleration of the

sprung mass can be written as follows:

mi, +c(%, = X,) + k(X —%,) =0 (4.1)
o _Coo _y_KkK.o
%= (5 =) =04 =) “2)
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4.2 Road Disturbance Signals

In this study, two different road excitation sighare used. The signals are generated
with MATLAB/SIMULINK toolbox blocks. Firstly, the ifst signal is the product of

a set of sine waves and the second one is a sstggeshaped obstacle.

4.2.1 Random road excitation of sine waves

This signal is used in this study to see the perémce of the controllers as the
system is advancing on a road with disturbancesnpadifferent amplitudes. The

signal is created in MATLAB/SIMULINK by multiplyingd different sine waves.

The SIMULINK diagram of the random sine road exoma and the shape of the
disturbance can be seen in Figure 4.2 and 4.3ctgply.

FProduct3 Scope

Sine Mraved

Figure 4.2: Block diagram of random sinus road excitation
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Figure 4.3: Random road excitation of sine waves
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4.2.2 Step shaped obstacle

This signal is used in this thesis to observe #rdopmance of the controllers when
the suspension system encounters sharp obstadesaswa 10 cm obstacle. This is
mostly used to see how quick the controlled systepovers itself to its prior
position after being subjected to the obstacle. Téignal is created in
MATLAB/SIMULINK by drawing the signal in the signdluilder. Below in Figure
4.4, the signal builder block can be seen, anddarE 4.5, step shaped obstacle can
be seen as a MATLAB plot.

0.1--Step shlaped nhstalcle --9
e
S oo
B o e % CEE P ERE e B  u— a— Sossussscs :
S SO SO SO SS9 SO NUMONS: SRS NSO O
G T T LR T T T R B R Fo R TR Ny S T
| | |
0 1 2 3
LeftPoint
Hame: Etep shaped DbS‘taClE‘; T |z
Index: 1 + | | [
Adiust segment ¥ postion | Step shaped obstacle (#1) [Yhin ¥ hiax ]
Figure 4.4: Signal builder block.
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Figure 4.5: Step shaped obstacle excitation.
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5. SEMI ACTIVE CONTROL ALGORITHMS

In this section, the aim is to find the best conaigorithm for all types of road
disturbances that are used in this thesis. Manyraiers are implemented into a
semi active suspension system and their perfornsaseeevaluated for two different
road excitations. The results for different corléoparameters are noted and shown.
For the random sine road excitation, the RMS vahrescalculated to quantify the

performance of different controllers.

All semi active control systems will be comparedhatine passive system. Hence,
beforehand it will be good to explain the passiwgpgnsion system briefly.

Mo TX

K 5 C

BASE

Xo

Figure 5.1: Passive suspension system.

The passive system has a constant damper coeffiareh it works with only one
damping coefficient for all of its life time. Thisnits the improvement of both the
road holding and comfort. We can define the passigpension system by assigning
a constant damper coefficient to the damper vabetow given values are for a
typical mid-size car.

C =1290kg/s

passive

k=1996(N/m

m = 365kg

mxl + Cpassive(xl - XO) + k(Xl - XO) = O (51)
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In Figure 5.2, the block diagram of the passivepsasion system that is used in
comparison with the other semi active suspensi@tesys can be seen. The block
diagram is drawn in SIMULINK.
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Figure 5.2: SIMULINK diagram of the passive suspension system.

5.1 Semi-active ON/OFF System

This control algorithm is easy enough to understamd can be applied to a quarter
car model. It is based on switching the damper foent to one of the desired
values if the conditions of that value are met. $istem is not versatile in terms of
performance because only two damping values caselerted with this control
system so this limits the use of two specific dargpvalue for all kinds of road

disturbances.

The control algorithm lets us use only two dampuadues. It is a simple switch
system. &y is selected as the same with passive suspensgiansyand chard is
selected according to the second order systemdaithping ratio o = 0.65. With
Csot damping coefficient in soft mode anghg damping coefficient in hard mode,
semi active ON/OFF system control algorithm canléscribed as:

Ceonr =1290kg/s

Charg = 391kg/s
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Chard - X1(X1 _XO) >0
i X1 (%, — X 5.3
{Csoft - Xl(X:L_XO)SO} ( )
Chard - Xl(x1 - XO) >0 . ) _
+{cm B xl(xl—xo)so}(xl X,) +K(X, = %,) =0 (5.4)

The system changes its damping value accordinbgeov¢locity relationship of the
base and sprung mass. Withvelocity of sprung masg,, velocity of the base and
(%, — %o) the relative velocity between the sprung mass laaske, the algorithm
decides which damping to be used. If the produc¢hefrelative velocity and sprung
mass velocity is positive, the system chooses #rd mode of damper. But if the
product of the relative velocity and the sprung smaslocity is negative, the system

chooses the soft mode.

The mathematical model is nearly the same as thssiyE suspension system
mathematical model; the difference is that two atéght damping values are
employed. The block diagram of a semi active ON/CG#ystem is drawn in
SIMULINK.
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Figure 5.3: SIMULINK diagram of semi active ON/OFF system.

All graphs are drawn for the values Qfsc= 1290 kg/s andngq = 3511 kg/s. The

performance of the control system will be evaluatedesponse to both the random
sine road excitation and step shaped obstacleagivtit Other results are given in
tables to compare briefly all the results for a@lues of the ON/OFF system. It can
be seen easily that a trade off is present betvaeeeleration, displacement and
suspension deflection. The ON/OFF system yield&@rént results under the sine

and step excitations.
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Figure 5.7: Suspension deflections of the ON/OFF and passists\s under the
sine excitation.
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Figure 5.8: Damper coefficient of the ON/OFF system under thp sxcitation.
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Figure 5.9: Body accelerations of the ON/OFF and passive systerder the step
excitation.
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Figure 5.11: Suspension deflections of the ON/OFF and passists)s under the
step excitation.

To compare the performance of the ON/OFF systendiferent G.rdCsott Values,
the RMS values of the acceleration, displacemedtsaispension deflection must be
found; because being under random sinus road éraitat is not easy to compare
the results by looking at the ratios of the peaik{so Six G adCsort ratios are selected
and the RMS results are calculated for the acdedess displacements and
suspension deflections. Improvements are maderpadson to the passive system
and the results are given in terms of percentagmpfovements of the RMS values.

This gives us the opportunity to evaluate the tesaffected by ard Csott ratios.
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Table 5.1:RMS values of the body acceleration of the ON/OR# passive systems

for different G,ardCsort Values under the sine excitation.

Chard Csott Passive (RMS) ON/OFF (RMS) Improvement (%)
2000/1290 1,27106 0,997222 21,54
2500/1290 1,268896 0,894209 29,53
3000/1290 1,267689 0,827039 34,76
3511/1290 1,267623 0,779925 38,47
4000/1290 1,268496 0,751081 40,79
4500/1290 1,26913 0,722538 43,07

Table 5.2: RMS values of the body displacement of the ON/OfdF @assive

systems for different adCsott Values under the sine excitation.

ChardCsort  Passive (RMS) ON/OFF (RMS) Improvement (%)
2000/1290 0,032041 0,027497 14,18
2500/1290 0,032037 0,025728 19,69
3000/1290 0,031929 0,024391 23,61
3511/1290 0,032004 0,023543 26,44
4000/1290 0,031994 0,02282 28,67
4500/1290 0,032042 0,022275 30,48

Table 5.3: RMS values of the suspension deflection of the GNF@nd passive

systems for different o Csort Values under the sine excitation.

ChardCsort  Passive (RMS) ON/OFF (RMS) Improvement (%)
2000/1290 0,020763 0,015064 27,45
2500/1290 0,020757 0,012859 38,05
3000/1290 0,020762 0,011389 45,14
3511/1290 0,02076 0,010338 50,20
4000/1290 0,02076 0,009631 53,61
4500/1290 0,020759 0,009072 56,30

Following, the performance of the ON/OFF systenevaluated under step shaped
obstacle excitation on the second step. In thi§ parin the sine excitation process,
six different GadCsort Values are used to find the improvement of thei sative
ON/OFF system against the passive system. The waprents in terms of the
percentages are found by using the points of higreses for the following outputs:
acceleration, displacement and suspension deftechivevery GardCsott ratio, the
semi active system reached the steady state soleéidier than the passive system.
So the behavior of the ON/OFF system is evaluatadttie points where the

maximum acceleration, displacement and suspensitb&ction occur.
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Table 5.4: Maximum acceleration values of the ON/OFF and passiispension
systems for different ./ Csott Values under the step excitation.

ChadCsot  Passive (M  ON/OFF (m/é) Improvement (%)

2000/1290 1,7322 1,681 2,96

2500/1290 1,7322 1,7772 -2,60
3000/1290 1,7322 1,9736 -13,94
3511/1290 1,7322 2,1816 -25,94
4000/1290 1,7322 2,3943 -38,22
4500/1290 1,7322 2,6364 -52,20

Table 5.5:Maximum displacement values of the ON/OFF and passispension
systems for different - Csott Values under the step excitation.

ChardCsort  Passive (m) ON/OFF (m) Improvement (%)

2000/1290 0,1276 0,122 4,39
2500/1290 0,1276 0,1188 6,90
3000/1290 0,1276 0,116 9,09
3511/1290 0,1276 0,1135 11,05
4000/1290 0,1276 0,1115 12,62
4500/1290 0,1276 0,1096 14,11

Table 5.6: Maximum suspension deflection values of the ON/@R#& passive
suspension systems for different,@Csort Values under the step
excitation.

ChardCsort  Passive (m) ON/OFF (m) Improvement (%)

2000/1290 0,0276 0,022 20,29
2500/1290 0,0276 0,0188 31,88
3000/1290 0,0276 0,016 42,03
3511/1290 0,0276 0,0135 51,09
4000/1290 0,0276 0,0115 58,33
4500/1290 0,0276 0,00963 65,11
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5.2 Skyhook Control Law

The skyhook control system is one of the most papedntrol systems that is used to
control the semi-active suspension damper. It delyi used in semi-active damper
control studies and it is observed that it elimasathe tradeoff between the resonance
frequency control and high frequency control. Inylgsok control scheme, it is
assumed that the damper between the base andrtimg spass is fixed to a fictional
point in the sky. It must be known that this coofition is not possible in real life
and is a fictional assumption. The skyhook moddlaves as it generates a force to
reduce the velocity of the sprung mass but coneeatimodels aim to reduce the
relative velocity between the sprung mass and dse.b

; R

R T e

A / 3 ry
LA T LA

EACay

Figure 5.12: The model for the skyhook system.

We need to emulate the damper, shown as fixedfitdianal point in the sky, as it

behaves in the conventional mass, spring and dasyséem. Hence, firstlwe need

to define the speed of the sprung mass relatitieetdase.

Xio = % =X (5-5)

This relative velocity value is positive for twoses as follows: if the sprung mass
and the base are separating from each other oveloeity of the sprung mass is
bigger than the one of base when they are travetintpe same direction. If we

consider the force that is provided by the skyhdakiper, we can see that it is in the

negative X direction. So we can write the skyhook damperdas follows;

I:SKY = CSKYxl (5 6)
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Now we need to translate this equation to an egoats this force is provided by a

semi-active damper.

Moo T X

CC{"I?\;’TR{ WMLLABLE
ﬁ( Controllable
Damper

BASE | Xo

Figure 5.13:Model of a semi active system that is defined wkizhook parameters.

As it can be seen in equation 5.7, we defined Kybaok damper as a controllable
semi-active damper. Hence, we can define the ezai-active damper coefficient in

terms of the skyhook damper coefficient.

FCONTROLLAEB.E = CCONTROLLAB.E 'X10 (57)

C =C X
CONTROLLARLE — “SKY T
10

(5.8)

To obtain an algorithm that defines the changeéhef¢emi-active damper coefficient
according to the base speed and the relative sifebé sprung mass with respect to
base, Gky (Skyhook damper coefficient) must be found. Thamstant can be

considered as the damper constant of the passspession system. If the second
order system is checked, the natural frequencydamaper coefficient of the system

can be found by the parameter values given below.
k=1996(N/m
m = 365kg

For damping rati@ = 0.65, the damping coefficient of a second osystem can be
found. The second order system defines a convealtjmassive suspension system.
The natural frequency and damper coefficient walldefined with the parameters of

this system.
mX + cx+kx=0 (5.9)
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The undamped natural frequency of a second ordersyis:

W, = \/K = ‘/@ =7.395rad /s 01.177Hz (5.10)
m 365

Cowr 2&.w, = Cgy, = 26.0,,m = 2x065x7.39500351kg/ s (5.11)

m

In skyhook control, the damping value is changedtioaously by modifying the
constant damping §gv. First it can be recognized as an ON/OFF systerause of
the switch between £x (semi active damper coefficient) angiC(minimum damper
coefficient of the skyhook system) values. Becabge, modified with the relative
velocity between sprung mass and base and theityettfcsprung mass itself, the
system will always have variable damping duringpaticess. As it must be known
that a skyhook model like shown in Figure 5.12aspossible in practice, it provides
us to have variable damping. By fixing the dampea fictional point in the sky, the
system has a condition that damping force changésomly sprung mass velocity

not with the relative velocity between the sprurgssand base.

c= {CSA - X1(X1 _Xo) > O} (5.12)

C — Xl(Xl_XO)SO

min

In condition given in equation 5.10, the systeml \wwdve 2 different coefficients
during the process. » is a single value that provides the damping; iedoot
change and works only when the product of the ivgatelocity and sprung mass
velocity is negative. €, is the main damping coefficient; if the product tbie
relative velocity and sprung mass velocity is pesjtthe system will have this semi
active damping coefficient. This coefficient isroed with velocities by applying the
skyhook rule to a constantsky value that we found by applying our parameters to

the second order system.

C.in =80Ckg/s

Fyq = Csiy-Xy (5.13)

Fd = CSKY'Xl = CSA'(Xl - Xo) (5-14)
X

Coa = Coiy 75— (5.15)

(% = %)
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The semi active damper coefficient will be,CBut it will change with the variation

of the relative velocity and sprung mass velocByt the damper coefficient will

have limits, because the viscosity of the dampeid flcannot reach to too high

values. For these, the semi active damper coeffician be defined as follows;

Xy
(% = %)

Cmax — Csky >C

Xy

CSKYW — Ypassive

R
(% = %)

C passive Csky

max

< CSKY

passive

X
1 <

(% = %)

max

(5.16)

The model of the skyhook system is drawn in SIMUKINIhe skyhook model is

defined in the subsystem of block diagram.
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Figure 5.14: SIMULINK diagram of a semi active Skyhook system.
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Figure 5.15: Semi active damper subsystem that shows the skydigokithm.
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All graphs are drawn with value of underdamped éase0.65 damping ratio. The
performance of the control system will be evaluatéth both the random sine road
excitation and step shaped obstacle excitation.réselts will be shown in terms of
the acceleration, body displacement and suspedsgifbaction. The performance of a
skyhook system is compared with the passive sugpesgstem. The behavior of the
skyhook control system is evaluated for differeatnging ratios. Thus, we will be
able to determine the trade-off between the pammmetiuch as body acceleration
which defines the comfort, body displacements anspsension deflections

determining the road holding capability.
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Figure 5.16: Damping coefficient of the skyhook system underdine excitation.
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Figure 5.17:Body accelerations of the skyhook and passive systender the sine
excitation.
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Figure 5.18:Body displacements of the skyhook and passive systender the sine
excitation.
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Figure 5.19: Suspension deflections of the skyhook and pasgstems under the
sine excitation.
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Figure 5.20: Damping coefficient of the skyhook system underdtep excitation.
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Figure 5.22:Body displacements of the skyhook and passive systeder the step
excitation.
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Figure 5.23: Suspension deflections of the skyhook and pasgstems under the
step excitation.
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To compare the performance of the skyhook systenevery Ggy value, the RMS
values of the acceleration, displacement and ssgpemeflection must be found.
Finding the RMS values will make the evaluatiorpefformances easier for the sine
excitation. Six Gky ratios are selected and the RMS results are fowndthie
accelerations, displacements and suspension deflsctimprovements are made
according to the passive system and the resultgiaea in percentages. This gives

us the opportunity to evaluate the results affebiethe parameterdgy.

Table 5.7:RMS values of the body acceleration of the skyhaiod passive systems
for different Gy values under the sine excitation.

Csky Passive (RMS) Skyhook (RMS) Improvement (%)

2000 1,292708 0,826337 36,08
2500 1,288151 0,736905 42,79
3000 1,28538 0,689453 46,36
3511 1,296764 0,664607 48,75
4000 1,286271 0,641049 50,16
4500 1,29013 0,633889 50,87

Table 5.8:RMS values of the body displacement of the skyhenuk passive systems

for different Gy values under the sine excitation.

Csky Passive (RMS) Skyhook (RMS) Improvement (%)
2000 0,032677 0,024467 25,12
2500 0,032553 0,022701 30,26
3000 0,032512 0,021669 33,35
3511 0,033161 0,02151 35,13
4000 0,032517 0,020562 36,77
4500 0,032687 0,020367 37,69

Table 5.9:RMS values of the suspension deflection of the skikrand passive

systems for different £y values under the sine excitation.

Csky Passive (RMS) Skyhook (RMS) Improvement (%)
2000 0,021123 0,015142 28,32
2500 0,02106 0,013605 35,40
3000 0,021054 0,012639 39,97
3511 0,021323 0,011942 43,99
4000 0,020989 0,011363 45,86
4500 0,021071 0,011037 47,62
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The performance of the skyhook system is evaluatetkr the step excitation to see
its behavior for sudden impacts. Differentsk¢ values are used to find the
improvement of the skyhook system against passiggees. The improvements in
terms of percentages calculated for the points Widimest values for the following
variables; acceleration, displacement and suspemkafiection. For gy ratio, semi
active system reached to steady state earlierttfeapassive system. So the behavior
of the skyhook system is evaluated at the pointsrevtthe maximum acceleration,

displacement and suspension deflection occur.

Table 5.10: Maximum body acceleration values of the skyhook passive
suspension systems for differergx & values under the step excitation.

Csky Passive (MR Skyhook (m/§  Improvement (%)

2000 1,731979 1,130697 34,72
2500 1,731979 1,151236 33,53
3000 1,731979 1,277632 26,23
3511 1,731979 1,554667 10,24
4000 1,731979 1,830684 -5,70
4500 1,731979 2,120208 -22,42

Table 5.11: Maximum body displacement values of the skyhook zaskive
suspension systems for differerdy & values under the step excitation.

Csky Passive (m) Skyhook (m) Improvement (%)

2000 0,127583 0,114779 10,04
2500 0,127583 0,112145 12,10
3000 0,127583 0,109938 13,83
3511 0,127583 0,10803 15,33
4000 0,127583 0,106465 16,55
4500 0,127583 0,105082 17,64

Table 5.12: Maximum suspension deflection values of the skyhammwi passive
suspension systems for differergx values under the step excitation.

Csky Passive (m) Skyhook (m) Improvement (%)

2000 0,027583 0,014779 46,42
2500 0,027583 0,012145 55,97
3000 0,027583 0,009938 63,97
3511 0,027583 0,00803 70,89
4000 0,027583 0,006465 76,56
4500 0,027583 0,005082 81,58
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The maximum C damper coefficient value affectsabeeleration, displacement and
suspension deflection values. So the performantieeo$kyhook system is evaluated
for different maximum saturation levels as welleTesults for both the sine and step
excitations are given. For values more than 150§)6 katuration levels, the results
begin to oscillate too much that do not give acaklet values. All table results are
obtained with the C damper value of 3511 kg/s. 3&§/% value is found fof = 0.65

the damping ratio.

Table 5.13:RMS values of the body acceleration of the skyhaat passive system
for different saturation levels under the sine &t@n.

Saturation Passive (RMS) Skyhook (RMS) Improven{&s)t

15000 1,29362 0,635473 50,88
10000 1,29362 0,656836 49,22
5000 1,29362 0,738841 42,89

Table 5.14:RMS values of the body displacement of the skyhamik passive
system for different saturation levels under time gxcitation.

Saturation Passive (RMS) Skyhook (RMS) Improven{&s)t

15000 0,03273 0,020586 37,10
10000 0,03273 0,02095 35,99
5000 0,03273 0,022669 30,74

Table 5.15:RMS values of the suspension deflection of the skidand passive
system for different saturation levels under time gxcitation.

Saturation Passive (RMS) Skyhook (RMS) Improven{és)t

15000 0,021111 0,012063 42,86
10000 0,021111 0,011866 43,79
5000 0,021111 0,011876 43,74

Table 5.16:Maximum body acceleration values of the skyhook paskive system
for different saturation levels under the step &twn.

Saturation Passive (M)s Skyhook (m/8) Improvement (%)

15000 1,731979 1,364275 21,23
10000 1,731979 1,554667 10,24
5000 1,731979 1,965426 -13,48
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Table 5.17:Maximum body displacement values of the skyhook @assive system
for different saturation levels under the step &twn.

Saturation Passive (m) Skyhook (m) Improvement (%)

15000 0,127583 0,106801 16,29
10000 0,127583 0,10803 15,33
5000 0,127583 0,111293 12,77

Table 5.18:Maximum suspension deflection values of the skyhaad passive
system for different saturation levels under tleg sixcitation.

Saturation Passive (m) Skyhook (m) Improvement (%)

15000 0,027583 0,006801 75,34
10000 0,027583 0,00803 70,89
5000 0,027583 0,011293 59,06

34



5.3 State Feedback Control with Pole Placement

State feedback control is a method employed inlfaekl control systems to place the
closed loop poles of a plant in pre-determinedtiooa in the s-plane. Placing poles
is desirable because the location of the polessponds directly to the eigenvalues

of the system, which control the characteristicthefresponse of the system.

It is shown that if the system considered is cotabfestate controllable, then poles
of the closed loop system may be placed at anyeatesbcations by means of the

state feedback through an appropriate state fekdizac matrix. (K. Ogata, 2001)

To find the state feedback gain matrix, closed Ipofes must be selected. These
poles can be selected according to the analyses mdld the frequency response
and transient response. The closed loop poleseteeted according to these tools to
obtain desired speed, bandwidth, damping ratio, @fith this pole assignment

method, the system must be proved that it meetsndeessary and sufficient

conditions. According to these conditions, closedpl poles can be placed in any
desired location which makes the system completeye controllable (K. Ogata,

2002).

First we will present the state space equations simple system. With x state
vector, y output signal, u control signal, A nxnnstant matrix, B, nx1 constant
matrix, C 1xn constant matrix, D constant, the estsppace representation can be

written as follows;

X = AX+ Bu

(5.17)
y =Cx+Du

The control signal must be chosen as if the inpghas is determined by an
instantaneous state. If K is defined as state fagdigain matrix, the state feedback

control signal will be as follows;

u=-Kx (5.18)

With the state feedback system, the output is metlito the zero reference input
because of the state feedback. But in generalotiygut is not always zero. Hence
that output is returned to a zero reference sigmatach the output closer to zero in

the next step. The system can be defined as;
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%(t) = (A— BK)X(t) (5.19)

x(t) = e BI%x(0) (5.20)

e
K K———|

Figure 5.24:Closed looped control system with u = -Kx

x(0) defines the initial state. Stability and trems response characteristics of the
system are determined by the eigenvalues of (A-Bigjrix. If the state feedback
gain matrix is chosen good, the (A-BK) matrix wik a stable matrix and x(t) will
reach zero in infinite time. If the poles of thisaimx are at the left half plane, the
system will find its stability. But in order to cbse the poles arbitrarily, the system

must satisfy the completely state controllable ciorl

To place the eigenvalues of (A-BK) arbitrarily, thgstem must be completely state
controllable. To approve the complete controlléilthe controllability matrix M
must have a rank of n.

RankM= RaniB: AB:.....: A"™*B|=n (5.21)

The model of the system that is used in semi acirdgrol was defined in equation

4.1. This equation can be rewritten in state sgaga by applying the semi active

control.

mX, = K(X, = %) +c(X, — X,) (5.22)
%= Sigr S = Sx - (5.23)
X =y (5.24)
y=%xo % —%xl—%xl (5.25)
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Then, state feedback closed loop control can bieetbhs below;

e o

u is the input signal and [k1 k2] is the state fesmzk matrix. According to these
values, the damper coefficient can be defined eathation 5.31.

u=-Kx (5.27)
u=-k, kz]{xl} (5.28)
y
-_C
u= - y (5.29)
c
——y=-kx —ky (5.30)
m
Xl
c= k1m7 +k,m (5.31)

Also the state controllability of the system is cked. The controllability is made
with MATLAB. The "ctrb" command gives the result obntrollability matrix M.

The rank of M is 2 which satisfies the completdestantrollability.

In state feedback control, since the complete statdrollability is satisfied, the
poles can be chosen arbitrarily. For this, dampat@ is taken into account. For a

second order system, the undamped natural frequeEce calculated as;

mX + cx+ kx=0 (5.32)

W, = \/E = 1/&60 =7.395rad /s 01.177Hz (5.33)
m 365

The place for the poles can be found with the rofesecond order system that are
defined below;

s, =, (E+4/E7 1) (5.34)
s, =@, (£ & 1) (5.35)
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The state feedback matrix K is determined by usheg Ackermann's formula. To
this end, determination, MATLAB program is usedeTlacker" command gives the

state feedback matrix according to the definedezldeop poles.

The block diagram of the state feedback contraresvn in SIMULINK. The state
feedback control applied to a viscous damper iglénghe subsystem of the block

diagram.
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Figure 5.25: SIMULINK diagram of the semi active state feedbaoktrol system.
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Figure 5.26: Semi active damper subsystem that shows the staddack control.

All plots are drawn according to the poles definedth the undamped natural
frequency that is found fai = 0.65 damping ratio. The performance of the aintr
system will be evaluated with both the random sowd excitation and step shaped
obstacle excitation. The performance of the stegeltback control is compared with
the passive suspension system. The behavior altéihe feedback pole assignment is
evaluated for different damping ratios.
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Figure 5.27: Damping coefficient for the pole assignment untlerdine excitation.
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Figure 5.28:Body accelerations for the pole assignment andymasgstems under
the sine excitation.
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Figure 5.29: Body displacements for the pole assignment andyeasgstems under
the sine excitation.
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Figure 5.30: Suspension deflections for pole assignment andyeasgstems under
the sine excitation.
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Figure 5.31: Damping coefficient for the pole assignment untlerdtep excitation.

Acceleration (m/s%)
o

2 _
—State Feedback
g ——-Passive
-3 i I I i i I I
0 1 2 3 4 5 6 7 & e} 10

Time (s)

Figure 5.32:Body accelerations for the pole assignment andymasgstems under
the step excitation.
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Body displacement of passive and state feedback system under step load
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Figure 5.33:Body displacements for the pole assignment andyeasgstems under
the step excitations.
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Figure 5.34: Suspension deflections for the pole assignmenpasdive systems
under the step excitation.

The performance of the state feedback pole assighioedifferenté damping ratios

is evaluated with the help of RMS values. RMS vsalaee found for sine excitations
to make the comparison between the state feedbalek gssignment and passive
suspension systems. Eleven differ&éaiamping ratio values are taken into account to
see the behavior of the system under the sine t@pdexcitations. For the damping
ratio, § = 2, the system response does not change bechubke eaturation. The
damping coefficient values pass beyond the saturaevel 10000 kg/s for all

process time.

41



Table 5.19:RMS values of the body acceleration for the potegmsnent and
passive systems for differehvalues under the sine excitation.

5 . Passive State Improvement
(damplng Poles k1 / k2 (RMS) Feedback (%)

ratio) (RMS)

0,5 -3,7 £6,4086 i 0,0751/7,4 1,286266 0,87806131,74

0,6 -4,44 £ 592 | 0,0751/8,88 1,286556 0,82240136,08

0,7 -5,18 £5,2847i 0,0751/10,3%,286418 0,781624 39,24

0,8 -5,92 £4,44 | 0,0751/11,84,283949 0,749622 41,62

0,9 -6,66 £ 3,22561 0,0751/13,32,286148 0,73256 43,04

1 -1,41-7,4 0,0751/14,8 1,285491 0,716583 44,26

1,2 -13,7886/-3,914 0,0751/17,76,288839 0,695293 46,05

1,4 -17,6105/-3,1095 0,0751/20,72,282668 0,678129 47,13
1,6 -21,0826 / -2,5974 0,0751/23,68288567 0,673993 47,69
1,8 -24,3953 / -2,2447 0,0751/26,64,283027 0,662813 48,34
2 -276172/-1,9828 0,0751/29,6 1,283038 0,66140548,45

Table 5.20:RMS values of the body displacement for the posggasnent and
passive systems for differehvalues under the sine excitation.

5 . Passive State Improvement
(damplng Poles k1 / k2 (RMS) Feedback (%)

ratio) (RMS)

0,5 -3,7 £6,4086 i 0,0751/7,4 0,032616 0,02590520,58

0,6 -4,44 + 592 | 0,0751/8,88 0,032717 0,02501823,53

0,7 -5,18 +£5,28471 0,0751/10,36,032694 0,024307 25,65

0,8 -5,92 £ 4,44 | 0,0751/11,84,032494 0,023606 27,35

0,9 -6,66 + 3,2256i1 0,0751/13,3R,032712 0,023466 28,26

1 -71,41-7,4 0,0751/14,8 0,032645 0,023111 29,21

1,2 -13,7886 /-3,914 0,0751/17,76,032586 0,022592 30,67

1.4 -17,6105/-3,1095 0,0751/20,72,032464 0,022286 31,35
1,6 -21,0826 / -2,5974 0,0751/23,68032655 0,022224 31,94
1,8 -24,3953 / -2,2447 0,0751/ 26,64,032441 0,021939 32,37
2 -276172/-1,9828 0,0751/29,6 0,032444 0,02191432,46
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Table 5.21:RMS values of the suspension deflection for the pelsignment and
passive systems for differehvalues under the sine excitation.

5 . Passive State Improvement
(damplng Poles k1 / k2 (RMS) Feedback (%)
ratio) (RMS)
0,5 -3,7 £6,4086 i 0,0751/7,4 0,020811 0,01133645,53
0,6 -4,44 + 592 | 0,0751/8,88 0,020801 0,00965753,57
0,7 -5,18 +5,2847i 0,0751/10,36,020808 0,008431 59,48
0,8 -5,92 £ 4,44 | 0,0751/11,84€,020794 0,007452 64,16
0,9 -6,66 + 3,2256i1 0,0751/13,3P,020806 0,006705 67,77
1 -7,41-7,4 0,0751/14,8 0,020814 0,006091 70,74
1,2 -13,7886/-3,914 0,0751/17,76,020841 0,005119 75,44

1,4 -17,6105/-3,1095 0,0751/20,72020801 0,004425 78,73
1,6 -21,0826 / -2,5974 0,0751/23,68020842 0,003901 81,28
1,8 -24,3953 / -2,2447 0,0751/ 26,64,020804 0,003478 83,28

2 -276172/-1,9828 0,0751/29,6 0,020804 0,00338483,73

Performance of the state feedback pole assignnzemvaluated under the step
excitation as well to see its behavior for impaispthcements. Differerg damping
ratio values are selected to see how much the mamiscceleration, displacement
and suspension deflections values are affectede&ehé damping ratio, semi active
system reached to steady state earlier than th&vpasystem. So behavior of the
state feedback pole assignment is evaluated for ritaximum acceleration,

displacement and suspension deflection points.

Table 5.22:Maximum body acceleration values for the pole assignt and passive
systems for differeni values under the step excitation.

5 . Passive State Improvement
(damplng Poles k1 /k2 12) Feedback (%)
ratio) (m (m/s2)

0,4 2,96 +6,7822 i 0.0751/5.92 1,732039 1,630997 5,83
0,5 -3,7 £6,4086 i 0,0751/7,4 1,732045 1,775494-2,51
0,6 -4,44 £ 592 | 0,0751/8,88 1,732048 1,983048-14,49
0,7 -5,18 +£5,2847i 0,0751/10,3%,732021 2,204697 -27,29
0,8 -5,92 £ 4,44 | 0,0751/11,84,732005 2,468838 -42,54
0,9 -6,66 £ 3,22561 0,0751/13,32,731999 2,7437 -58,41

1 -7,41-7,4 0,0751/14,8 1,731997 3,024219-74,61
1,2 -13,7886/-3,914 0,0751/17,76,731998 3,596472 -107,65

1,4 -17,6105/-3,1095 0,0751/20,72,732041 4,171961 -140,87
1,6 -21,0826 / -2,5974 0,0751/23,6B732038 4,759327 -174,78
1,8 -24,3953 / -2,2447 0,0751/26,64,73203 5,342535 -208,46
2 -276172/-1,9828 0,0751/29,6 1,732027 5,49193217,08

43



Table 5.23:Maximum body displacement values for the pole ass@nt and
passive systems for the differénmtalues under the step excitation.

5 . Passive State Improvement
(damping Poles k1 / k2 Feedback %)
ratio) (m) (m) (%
0,4 2,96 +6,7822 i 0.0751/5.92 0,127584 0,119906 6,02
0,5 -3,7 £6,4086 | 0,0751/7,4 0,127584 0,116753 8,49
0,6 -4,44 £ 5,92 | 0,0751/8,88 0,127584 0,11431110,40
0,7 -5,18 £5,2847i 0,0751/10,36,127583 0,112379 11,92
0,8 -5,92 £4,44 | 0,0751/11,849,127583 0,110813 13,14
0,9 -6,66 £ 3,2256i 0,0751/13,3P,127583 0,109516 14,16
1 -7,41-7,4 0,0751/14,8 0,127583 0,108439 15,01
1,2 -13,7886 /-3,914 0,0751/17,76,127583 0,106748 16,33

1,4 -17,6105/-3,1095 0,0751/20,72127583 0,105506 17,30
1,6 -21,0826 / -2,5974 0,0751/23,68,127583 0,10456 18,05
1.8 -24,3953 / -2,2447 0,0751/26,68,127583 0,103828 18,62
2 -276172/-1,9828 0,0751/29,6 0,127583 0,10368918,73

Table 5.24:Maximum suspension deflection values for the pekgnment and
passive systems for differehivalues under the step excitation.

S . Passive State Improvement
(damping Poles k1l / k2 Feedback %)
ratio) (m) (m) (%
0,4 2,96 £6,78221i 0.0751/5.92 0,027584 0,01990627,83
0,5 -3,7 £6,4086 i 0,0751/7,4 0,027584 0,01675339,27
0,6 -4,44 £ 592 | 0,0751/8,88 0,027584 0,01431148,12
0,7 -5,18 +5,2847i 0,0751/10,36,027583 0,012379 55,12
0,8 -5,92 £4,44 | 0,0751/11,849,027583 0,010813 60,80
0,9 -6,66 £ 3,2256i 0,0751/13,3P,027583 0,009516 65,50
1 -7,41-7,4 0,0751/14,8 0,027583 0,008439 69,41
1,2 -13,7886 /-3,914 0,0751/17,76,027583 0,006748 75,54

14 -17,6105/-3,1095 0,0751/20,72027584 0,005506 80,04
1,6 -21,0826 / -2,5974 0,0751/23,68,027583 0,00456 83,47
1.8 -24,3953 / -2,2447 0,0751/26,68,027583 0,003828 86,12
2 -276172/-1,9828 0,0751/29,6 0,027583 0,00368986,63

Because all MR dampers have an upper limit fomtlagimum damper coefficient C,
saturation is set on the systems to simulate thectebf these limits. Hence, the
performance of state feedback pole assignmentsis avaluated under different
saturation levels as well. But in state feedbaaktrab k; gain defines the change in
damper coefficient, whiledefines the base C damping coefficient. So moshef
time damper coefficient becomes in the vicinitytbé base value defined by. k

Hence, changing saturation level to a differenugaloes not change performance in
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terms of accelerations, displacements and suspedsitections while the C damper

value is not oscillating much.

Saturation levels affect the limit that state fesmwb pole assignment can use the
maximum damping ratio. Below, the plots are givieat tshow the limits which the
maximum damping ratio can be used. Beyond thosetgadncreasing the damping
ratio does not change the acceleration, displacerard suspension deflection

performances.

1.55- : . : : i —
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Figure 5.35:Maximum damping ratio that can be selected withO0D5Kg/s
saturation limit.
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Figure 5.36: Maximum damping ratio that can be selected withODOKg/s
saturation limit.
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Figure 5.37: Maximum damping ratio that can be selected with(5k§'s saturation

limit.

Natural frequency of the system affects the peréoroe of the pole assignment

system as well. Hence, for different natural fregyevalues, performance of the

pole assignment system is evaluated under theasihstep excitations.

Table 5.25:RMS values of the body acceleration for the potegmsnent and
passive systems for differemnt, values under the sine excitation.

®n k1l /k2 Passive (RMS) State Feedback (RMS) Imprmre (%)
2 -50,6849/2,8 1,289003 1,223366 5,09

3 -45,6849/4,2 1,286054 1,162903 9,58

4 -38,6849/5,6 1,282346 1,096769 14,47

6 -18,6849/8,4 1,285227 0,939985 26,86

8 9,3151/11,52 1,28857 0,77093 40,17
10 45,3151/14 1,289591 0,754255 41,51
12 89,3151/16,8 1,289602 0,761478 40,95
15 170,3151/21 1,289296 0,771143 40,19

Table 5.26:RMS values of the body displacement for the postgasnent and
passive systems for differemf values under the sine excitation.

®n k1l /k2 Passive (RMS) State Feedback (RMS) Imprmre (%)
2 -50,6849/2,8 0,03273 0,033874 -3,50

3 -45,6849/4,2 0,032682 0,032949 -0,82

4 -38,6849/5,6 0,032437 0,031653 2,42

6 -18,6849/8,4 0,032508 0,02825 13,10

8 9,3151/11,52 0,032725 0,023674 27,66
10 45,3151/14 0,032757 0,023356 28,70
12 89,3151/16,8 0,032701 0,023199 29,06
15 170,3151/21 0,032749 0,023129 29,37
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Table 5.27:RMS values of the suspension deflection for the pelsignment and
passive systems for differemnt, values under the sine excitation.

®n k1l /k2 Passive (RMS) State Feedback (RMS) Imprmre (%)
2 -50,6849/2,8 0,020807 0,021375 -2,73
3 -45,6849/4,2 0,020804 0,020223 2,79
4 -38,6849/5,6 0,020785 0,018819 9,46
6 -18,6849/8,4 0,020829 0,01419 31,87
8 9,3151/11,52 0,020798 0,008348 59,86
10 45,3151/14 0,020819 0,008512 59,11
12 89,3151/16,8 0,020823 0,008637 58,52
15 170,3151/21 0,020812 0,008789 57,77

Table 5.28:Maximum body acceleration values for the pole assignt and passive
systems for differenb, values under the step excitation.

®n kl/k2 Passive (mf5 State Feedback (RMS) Improvement (%)
2 -50,6849/2,8 1,732149 1,971576 -13,82

3 -45,6849/4,2 1,732154 1,917887 -10,72

4 -38,6849/5,6 1,732031 1,822897 -5,25

6 -18,6849/8,4 1,732046 1,614208 6,80

8 9,3151/11,52 1,732006 2,816604 -62,62

10 45,3151/14 1,731998 2,808583 -62,16

12 89,3151/16,8 1,731998 2,808583 -62,16

15 170,3151/21 1,731998 2,808583 -62,16

Table 5.29:Maximum body displacement values for the pole ass@nt and
passive systems for the different values under the step excitation.

®n kl/k2 Passive (m) State Feedback (RMS) Improverf¥é)
2 -50,6849/2,8 0,127585 0,134098 -5,10
3 -45,6849/4,2 0,127585 0,133169 -4,38
4 -38,6849/5,6 0,127583 0,131527 -3,09
6 -18,6849/8,4 0,127584 0,127917 -0,26
8 9,3151/11,52 0,127583 0,109185 14,42
10 45,3151/14 0,127582 0,10927 14,35
12 89,3151/16,8 0,127583 0,10927 14,35
15 170,3151/21 0,127583 0,10927 14,35
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Table 5.30: Maximum suspension deflection values for the pekgnment and
passive systems for differemnt, values under the step excitation.

®n kl/k2 Passive (m) State Feedback (RMS) Improverie)
2 -50,6849/2,8 0,027585 0,034098 -23,61
3 -45,6849/4,2 0,027585 0,033169 -20,24
4 -38,6849/5,6 0,027583 0,031527 -14,30
6 -18,6849/8,4 0,027583 0,027917 -1,21
8 9,3151/11,52 0,027584 0,009185 66,70
10 45,3151/14 0,027583 0,00927 66,39
12 89,3151/16,8 0,027583 0,00927 66,39
15 170,3151/21 0,027583 0,00927 66,39
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5.4 LQR (Linear Quadratic Regulator) System

In optimal regulator problem, the aim of the systisnto find a K gain matrix that
minimizes a performance index. The system equatiosthe gain matrix can be

defined as follows:
X = Ax+ Bu (5.36)

u=-Kx (5.37)

Then, if these are the system and the gain matriepikimal control can be provided

by minimizing the performance index defined as;

J= T(XTQX+ u’ Ru)dt (5.38)

where Q and R are nxn real symmetric matrices. 8\Qildefines the expenditure of
energy of states, R defines the expenditure ofggnerf control signals. These

matrices show the error and expenditure of enefghierelated parameters (Ogata,
2001).

If the elements of the gain matrix K can be found the minimum performance

index, then u=-Kx becomes optimal. This is callptiral control law.

u X

N o Ax s Bu =

_1((:—

Figure 5.38: Optimal regulator system.

In optimal control, if the A-BK matrix is stablehen this method always gives zero
asymptotic error. To find the optimal K gain matrithe reduced-matrix Riccati

equation (5.39) must be solved for the P matrie Hhatrix exists, the system or A-
BK matrix is stable (Ogata, 2001). Please check éocControl Engineering, Ogata
(2001) for details.

AP +PA-PBR'B'P+Q=0 (5.39)
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We can define the P matrix for our system as ddfingh the following equations

below;

B=[0 1
J= T(XTQX+ u' Ru)dt = x" Px (5.40)

If a positive-definite P matrix can be found frorhet reduced-matrix Riccati

equation, then the system or A-BK matrix is stable.

LQR diagram is the same as state feedback polgresent SIMULINK diagram.
The difference between them is in the calculati@thod of the K gain matrix.
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Figure 5.39: SIMULINK diagram of the semi active LQR control sss.
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Figure 5.40: Semi active damper subsystem that shows the LQRaton
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The LQR system is evaluated under the step and estcgations as we did in
previous three control systems. For the sine etitaanalysis, the gain matrix, the

Q matrix and the R matrix are used as presenteshbel

K =[0.0914 10009]

o- 1000 O
| o 10000
R=[10d

1000 | | | | | | | [
. 5 6
Time (s)

Figure 5.41: Damping coefficient of the LQR under the sine eattiin.

Acceleration (m/sz)

—LQaR
— - Passive

(6] 1 2 3 T|mz (s) F 8 9 10
Figure 5.42:Body accelerations of the LQR and passive systardernthe sine
excitation.
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Figure 5.43:Body displacements of the LQR and passive systemderithe sine
excitation.
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Figure 5.44: Suspension deflections of the LQR and passive systander the sine
excitation.

For the step excitation, the K gain matrix, the &@unm and the R matrix are used that
is given below:

K =[0.0914 54939

o= 1000 O
| 0o 3000
R=[104
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Figure 5.46:Body accelerations of the LQR and passive systardsnihe step
excitation.
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Figure 5.47:Body displacements of the LQR and passive systemderithe step
excitation.
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Suspension deflection of passive and LQR system under step load
T

x1-x0 (m)

-0.03 1 1 | | i 1 | | |
: 4

. 5} B 7 8 9 10
Time (s)

Figure 5.48: Suspension deflection of LQR and passive systererustep load.

The performance of the LQR system is evaluatedhaynging three parameters. The
changes in acceleration, body displacement andessgm deflection values are
given in tables with the change of Q(1,1), Q(2,2) &(1,1). When Q(1,1) changes,
R(1,1) is held constant as 1 and Q(2,2) is heldstzon as 10. Every change of the

parameter is calculated for both the sine and estefiations.

Table 5.31:RMS values of body acceleration for the LQR witfiedent Q(1,1)
values and passive system under the sine excitation

Q(1,1) k1 / k2 Passive (RMS) LOQR (RMS) Improvem@n)
10 0,0914 /3,191 1,285058 1,361809 -5,97
20 0,1826 / 3,2195 1,289451 1,355697 -5,14
30 0,2736 / 3,2476 1,285108 1,349524 -5,01
50 0,4553 / 3,3031 1,290739 1,348493 -4,47
75 0,6815 / 3,3709 1,286591 1,313671 -2,10
100 0,9068 / 3,4371 1,288253 1,299446 -0,87

150 1,3547 / 3,5650 1,292058 1,274176 1,38
200 1,7991/ 3,6876 1,285741 1,241177 3,47
300 2,6774 13,9185 1,287116 1,171791 8,96
400 3,5426 14,1334 1,287958 1,150186 10,70
500 4,3950/ 4,3348 1,284667 1,111286 13,50
750 6,4742 | 4,7905 1,285025 1,058026 17,66

1000  8,4850/5,1933 1,289304 1,008603 21,77

1500 12,3258 /5,8866 1,293658 0,958243 25,93

2000 15,9581/6,4743 1,288504 0,919837 28,61
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Table 5.32:RMS values of body displacement for the LQR wittiedent Q(1,1)
values and passive system under the sine excitation

Q(1,1) k1l / k2 Passive (RMS) LQR (RMS) Improvemn)
10 0,0914 /3,191 0,032545 0,033771 -3,77
20 0,1826 / 3,2195 0,032814 0,03387 -3,22
30 0,2736 / 3,2476 0,032657 0,03361 -2,92
50 0,4553/ 3,3031 0,032653 0,033262 -1,87
75 0,6815/ 3,3709 0,032693 0,032897 -0,62
100 0,9068/ 3,4371 0,032594 0,032442 0,47
150 1,3547 / 3,5650 0,032753 0,031868 2,70

200 1,7991/ 3,6876 0,032637 0,031187 4,44

300 2,6774/ 3,9185 0,032637 0,03014 7,65

400 3,5426 / 4,1334 0,032626 0,029276 10,27
500 4,3950 / 4,3348 0,032646 0,028736 11,98
750 6,4742 [ 4,7905 0,032628 0,027341 16,20
1000 8,4850/5,1933 0,032785 0,026512 19,13
1500 12,3258/ 5,8866 0,032798 0,025184 23,21
2000 15,9581/6,4743 0,032676 0,02428 25,69

Table 5.33:RMS values of suspension deflection for the LQRhwiifferent Q(1,1)
values and passive system under the sine excitation

Q(1,1) k1l / k2 Passive (RMS) LOR (RMS) Improvem@n)
10 0,0914 /3,191 0,020816 0,022394 -7,58
20 0,1826 / 3,2195 0,020832 0,022186 -6,50
30 0,2736 / 3,2476 0,020796 0,02204 -5,98
50 0,4553/ 3,3031 0,020863 0,021634 -3,70
75 0,6815/ 3,3709 0,020821 0,021099 -1,34
100 0,9068 / 3,4371 0,020832 0,020619 1,02
150 1,3547 / 3,5650 0,02086 0,019699 5,57

200 1,7991/ 3,6876 0,020828 0,01895 9,02

300 2,6774/ 3,9185 0,020796 0,017536 15,68
400 3,5426 / 4,1334 0,020806 0,016461 20,88
500 4,3950 / 4,3348 0,020822 0,015789 24,17
750 6,4742 | 4,7905 0,020779 0,013945 32,89
1000 8,4850/5,1933 0,020833 0,012749 38,80
1500 12,3258/ 5,8866 0,02088 0,011354 45,62
2000 15,9581/6,4743 0,02079 0,010439 49,79
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Table 5.34:Maximum body acceleration values for the LQR wittfiedent Q(1,1)

values and passive system under the step excitation

Q(1,1) k1 / k2 Passive (mfJs LQR (m/$) Improvement (%)
10 0,0914 /3,191 1,732162 1,782765 -2,92
20 0,1826/ 3,2195 1,732162 1,782182 -2,89
30 0,2736/ 3,2476 1,732162 1,781938 -2,87
50 0,4553/ 3,3031 1,732162 1,781549 -2,85
75 0,6815/3,3709 1,732162 1,781284 -2,84
100 0,9068 / 3,4371 1,732162 1,781227 -2,83
150 1,3547 / 3,5650 1,732162 1,7864 -3,13

200 1,7991/ 3,6876 1,732162 1,792553 -3,49
300 2,6774 13,9185 1,732162 1,815488 -4.81
400 3,5426 /14,1334 1,732162 1,847995 -6,69
500 4,3950/ 4,3348 1,732162 1,888423 -9,02
750 6,4742 [ 4,7905 1,732162 2,016787 -16,43

1000 8,4850/5,1933 1,732162 2,175607 -25,60

1500 12,3258/ 5,8866 1,732162 2,558439 -47,70

2000 15,9581/6,4743 1,732162 2,978703 -71,96

Table 5.35:Maximum body displacement values for the LQR witfiedent Q(1,1)

values and passive system under the step excitation

Q(1,1) k1 / k2 Passive (m) LQR (m) Improvement (%)
10 0,0914 /3,191 0,127586  0,128909 -1,04
20 0,1826/3,2195 0,127586  0,12863 -0,82
30 0,2736/3,2476  0,127586  0,128363 -0,61
50 0,4553/3,3031  0,127586 0,127836 -0,20
75 0,6815/3,3709  0,127586  0,127198 0,30
100 0,9068/3,4371  0,127586 0,126579 0,79
150 1,3547/3,5650 0,127586  0,125397 1,72

200 1,7991/3,6876  0,127586  0,124297 2,58
300 2,6774/3,9185  0,127586 0,122322 4,13
400 3,5426 /14,1334  0,127586  0,120564 5,50
500 4,3950/4,3348  0,127586  0,119014 6,72
750 6,4742 /14,7905  0,127586  0,115803 9,24

1000 8,4850/5,1933 0,127586 0,113316 11,18

1500 12,3258/5,8866 0,127586  0,109804 13,94

2000 15,9581/6,4743 0,127586 0,107268 15,92
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Table 5.36: Maximum suspension deflection values for the LQBhwlifferent
Q(1,1) values and passive system under the stefatooa.

Q(1,1) k1 / k2 Passive (m) LQR (m) Improvement (%)
10 0,0914 /3,191 0,027586  0,028909 -4,80
20 0,1826/3,2195  0,027586 0,02863 -3,78
30 0,2736 / 3,2476 0,027586  0,028363 -2,82
50 0,4553 / 3,3031 0,027586  0,027836 -0,91
75 0,6815/ 3,3709 0,027586  0,027198 1,41

100 0,9068 / 3,4371 0,027586  0,026579 3,65
150 1,3547 / 3,5650 0,027586  0,025397 7,94
200 1,7991/ 3,6876 0,027586  0,024297 11,92
300 2,6774 13,9185 0,027586  0,022322 19,08
400 3,5426 /4,1334  0,027586  0,020564 25,45
500 4,3950/ 4,3348 0,027586  0,019014 31,07
750 6,4742 / 4,7905 0,027586  0,015803 42,71

1000  8,4850/5,1933 0,027586  0,013316 51,73

1500 12,3258/5,8866 0,027586  0,009804 64,46

2000 15,9581/6,4743 0,027586 0,007268 73,65

When Q(2,2) is changed, R(1,1) is held constaritC&sand Q(1,1) is held constant
as 1000. The results can be seen for both casewtiiia Q(2,2) is less than Q(1,1)

and Q(2,2) is larger than Q(1,1). The outputs amputed for different parameter
values under both the sine and step excitations.

Table 5.37:RMS values of body acceleration for the LQR witfiedent Q(2,2)
values and passive system under the sine excitation

Q(2,2) k1 / k2 Passive (RMS) LQOQR (RMS) Improvem@n)
100 0,0914 /1,0875 1,287728 1,734194 -34,67
500 0,0914 / 2,2766 1,285235 1,687909 -31,33
1000 0,0914/3,1910 1,285058 1,361809 -5,97
2000 0,0914/4,4925 1,286597 1,118943 13,03
3000 0,0914/5,4939 1,288143 1,010345 21,57
5000 0,0914/7,0840 1,291525 0,898718 30,41

10000 0,0914 /10,0091 1,285739 0,787471 38,75

15000 0,0914 /12,2549 1,288454 0,748767 41,89

25000 0,0914/15,8172 1,289146 0,708832 45,02
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Table 5.38:RMS values of body displacement for the LQR wittiedent Q(2,2)
values and passive system under the sine excitation

Q(2,2) k1l / k2 Passive (RMS) LQR (RMS) Improvemn)
100 0,0914/1,0875 0,032682 0,039856 -21,95
500 0,0914 / 2,2766 0,032556 0,038978 -19,73
1000 0,0914/3,1910 0,032545 0,033771 -3,77
2000 0,0914/ 4,4925 0,032674 0,029933 8,39
3000 0,0914/5,4939 0,032752 0,028161 14,02
5000 0,0914/7,0840 0,032815 0,026334 19,75
10000 0,0914 /10,0091 0,032529 0,024251 25,45
15000 0,0914 /12,2549 0,032725 0,023701 27,58
25000 0,0914/15,8172 0,032651 0,022889 29,90

Table 5.39:RMS values of suspension deflection for the LQRhwiifferent Q(2,2)
values and passive system under the sine excitation

Q(2,2) k1l / k2 Passive (RMS) LQR (RMS) Improvemn)
100 0,0914/1,0875 0,020838 0,0299 -43,49
500 0,0914 / 2,2766 0,020839 0,028926 -38,81
1000 0,0914/3,1910 0,020816 0,022394 -7,58
2000 0,0914/ 4,4925 0,020826 0,017165 17,58
3000 0,0914/5,4939 0,020822 0,014579 29,98
5000 0,0914/7,0840 0,020846 0,011763 43,57
10000 0,0914 /10,0091 0,020824 0,008692 58,26
15000 0,0914 /12,2549 0,020836 0,007247 65,22
25000 0,0914/15,8172 0,020852 0,005721 72,56

Table 5.40: Maximum body acceleration values for the LQR witlfiedent Q(2,2)

values and passive system under the step excitation

Q(2,2) k1 / k2 Passive (mfJs LQR (m/$) Improvement (%)
100 0,0914/1,0875 1,732162 1,976731 -14,12
500 0,0914/2,2766 1,732162 1,958257 -13,05
1000 0,0914/ 3,1910 1,732162 1,782765 -2,92

2000 0,0914 / 4,4925 1,732162 1,647048 491

3000 0,0914 / 5,4939 1,732162 1,621845 6,37

5000 0,0914 / 7,0840 1,732162 1,734851 -0,16

10000 0,0914 /10,0091 1,732162 2,152511 -24,27

15000 0,0914 /12,2549 1,732162 2,544433 -46,89

25000 0,0914/ 15,8172 1,732162 3,21677 -85,71
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Table 5.41:Maximum body displacement values for the LQR witfifiedent Q(2,2)
values and passive system under the step excitation

Q(2,2) k1 /k2 Passive (m) LQR (m) Improvement (%)

100 0,0914/ 1,0875 0,127586  0,134188 -5,17

500 0,0914 / 2,2766 0,127586  0,133524 -4,65
1000 0,0914/3,1910 0,127586  0,128909 -1,04
2000 0,0914/4,4925 0,127586  0,123925 2,87
3000 0,0914/5,4939 0,127586  0,120969 5,19
5000 0,0914/7,0840 0,127586 0,11734 8,03
10000 0,0914/10,0091 0,127586 0,112785 11,60
15000 0,0914/12,2549 0,127586 0,110413 13,46
25000 0,0914/15,8172 0,127586 0,107789 15,52

Table 5.42: Maximum suspension deflection values for the LQBhwlifferent
Q(2,2) values and passive system under the stefato.

Q(2,2) k1 / k2 Passive (m) LQR (m) Improvement (%)
100 0,0914/ 1,0875 0,027586  0,034188 -23,93
500 0,0914 / 2,2766 0,027586  0,033524 -21,53
1000 0,0914/3,1910 0,027586  0,028909 -4,80
2000 0,0914/4,4925 0,027586  0,023925 13,27
3000 0,0914/5,4939 0,027586  0,020969 23,99
5000 0,0914/7,0840 0,027586 0,01734 37,14
10000 0,0914/10,0091 0,027586 0,012785 53,65
15000 0,0914/12,2549 0,027586 0,010413 62,25
25000 0,0914/15,8172 0,027586 0,007789 71,76

Finally, when R(1,1) is changed, Q(2,2) is heldstant as 1000 and Q(1,1) is held
constant as 1000. The results can be seen botR(figll) is less than Q(1,1) and

Q(2,2), and vice versa.

Table 5.43:RMS values of body acceleration for the LQR witfiedent R(1,1)
values and passive system under the sine excitation

R(1,1) k1 / k2 Passive (RMS) LQR (RMS) Improvem@n)

1 8,4850 /31,89 1,288837 0,680893 47,17

5 1,7991/ 14,2688 1,294682 0,730023 43,61
10 0,9068 / 10,0903 1,294118 0,795116 38,56
20 0,4553/7,1352 1,288441 0,889193 30,99
30 0,3039/5,8259 1,289015 0,974379 24,41
50 0,1826/ 4,5128 1,288353 1,11766 13,25
100 0,0914/ 3,1910 1,285058 1,361809 -5,97
150 0,0609 / 2,6055 1,286542 1,551032 -20,56
250 0,0366 / 2,0182 1,287002 1,734082 -34,74
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Table 5.44:RMS values of body displacement for the LQR wittiedent R(1,1)
values and passive system under the sine excitation

R(1,1) kl/k2 Passive (RMS) LQOQR (RMS) Improvemn)
1 8,4850/ 31,89 0,032644 0,022452 31,22
5 1,7991/ 14,2688 0,032899 0,023327 29,10
10 0,9068 / 10,0903 0,032939 0,024483 25,67
20 0,4553/7,1352 0,032758 0,026181 20,08
30 0,3039/5,8259 0,032728 0,027561 15,79
50 0,1826 / 4,5128 0,032805 0,029992 8,57
100 0,0914/3,1910 0,032545 0,033771 -3,77
150 0,0609 / 2,6055 0,032679 0,036922 -12,98
250 0,0366 / 2,0182 0,032705 0,039891 -21,97

Table 5.45:RMS values of suspension deflection for the LQRhwiifferent R(1,1)

values and passive system under the sine excitation

R(1,1) kl/k2 Passive (RMS) LQOQR (RMS) Improvemn)

1 8,4850/ 31,89 0,020793 0,00402 80,67

5 1,7991/ 14,2688 0,02085 0,006324 69,67
10 0,9068 / 10,0903 0,020859 0,008591 58,81
20 0,4553/7,1352 0,020827 0,011579 44,40
30 0,3039/5,8259 0,020828 0,013771 33,88
50 0,1826/4,5128 0,020824 0,017074 18,01
100 0,0914/3,1910 0,020816 0,022394 -7,58
150 0,0609 / 2,6055 0,020824 0,026237 -25,99
250 0,0366 / 2,0182 0,020828 0,029897 -43,54

Table 5.46: Maximum body acceleration values for the LQR wittfiedent R(1,1)

values and passive system under the step excitation

R(1,1) k1/k2 Passive (nfJs LQR (m/$) Improvement (%)
1 8,4850/ 31,89 1,732027 5,49193 -217,08
5 1,7991/ 14,2688 1,731997 3,076064 -77,60
10 0,9068 / 10,0903 1,732024 2,23269 -28,91
20 0,4553/7,1352 1,732044 1,770645 -2,23
30 0,3039/5,8259 1,732039 1,642303 5,18
50 0,1826/ 4,5128 1,73203 1,64991 4,74
100 0,0914/ 3,1910 1,732162 1,782765 -2,92
150 0,0609 / 2,6055 1,732162 1,886393 -8,90
250 0,0366 / 2,0182 1,732162 1,976731 -14,12
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Table 5.47:Maximum body displacement values for the LQR witfifiedent R(1,1)
values and passive system under the step excitation

R(1,1) k1 / k2 Passive (m) LQR (m) Improvement (%)

1 8,4850/ 31,89 0,127583 0,103689 18,73
5 1,7991 /14,2688 0,127583 0,107815 15,49
10 0,9068 / 10,0903 0,127583 0,11202 12,20
20 0,4553/7,1352  0,127584 0,116845 8,42

30 0,3039/5,8259  0,127584  0,11986 6,05

50 0,1826/4,5128  0,127583 0,12373 3,02

100 0,0914/3,1910 0,127586  0,128909 -1,04

150 0,0609/2,6055 0,127586  0,131792 -3,30

250 0,0366 / 2,0182 0,127586  0,134188 -5,17

Table 5.48:Maximum suspension deflection values for the LQBhwlifferent
R(1,1) values and passive system under the stefatoa.

R(1,1) k1 /k2 Passive (m) LQR (m) Improvement (%)

1 8,4850 / 31,89 0,027583  0,003689 86,63

5 1,7991 /14,2688 0,027583 0,007815 71,67

10 0,9068 / 10,0903  0,027583 0,01202 56,42

20 0,4553/7,1352  0,027584 0,016845 38,93

30 0,3039/5,8259  0,027584  0,01986 28,00

50 0,1826/4,5128  0,027583 0,02373 13,97
100 0,0914/3,1910 0,027586  0,028909 -4,80
150 0,0609/2,6055  0,027586  0,031792 -15,25
250 0,0366 / 2,0182 0,027586  0,034188 -23,93
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5.5 Delay Effects of MR Dampers

In practice, the damper coefficient of an MR dampannot be changed suddenly,
because the MR dampers have a delay time in resgorssmagnetic field to change
the viscosity of its MR fluid. In the conventiondlR dampers today, the delay time

in response to a signal changes between 20 msCams 4

In order to see the delay effect of MR dampersyéisponses of Skyhook control law
with and without delay are compared with each otfibe skyhook control law with

a saturation level of 10000 kg/s and a skyhook danspefficient of 2000 kg/s are
chosen to see the delay effect for 30 ms delayceSine system decides the damper
coefficient later than it should, the system hakaper coefficient softer than those

of the ones without delay.

The system performance is summarized in Figure3 8.46.56. In sum, delay effect
improves the performance of control laws, in patc for suddenly changing
excitations.
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Figure 5.49: Damper coefficient of the skyhook control laws waiid without delay
under the sine excitation.
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5.6 Transmissibility of the Control Systems

All control systems are compared based on themstrassibility performances. The
parameters for different control laws are seletbeldave the best performance of the
selected control law. For the ON/OFF control la®0@ kg/s hard mode damping is
used. For the skyhook control law, skyhook dampmzffecient of 3000 kg/s is
selected. The state feedback pole assignment systemthe K gain matrix that is
found with& = 0.4 damping ratios and the LQR system uses tgaiK matrix found
with Q(1,1)=1000, Q(2,2)=4000 and R(1,1)=100 magtexment values.

A simple sine signal is used to plot the graph igufe 5.57. The excitation
frequency is increased from 0 to 30 rad/s and mhlitude of 0.01 m is used for the
sine signal. The equation of the signal that islusgransmissibility analysis can be

written as;

X, = 001sin(wt) (5.41)

According to Figure 5.57, the Skyhook control laavg the best transmissibility
performance both below the resonance frequendg afvn and high frequencies.

2.5

[
—=—0ON/OFF
——Skyhook
——Pole Assignment
2r : ‘ ——LQR M
——Passive

=
o

Transmissibility x1/x0

0.5

0 5 10 15 20 25 30
Natural Frequency (rad/s)

Figure 5.57: Transmissibility of the control systems.
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5.7 Model of an MR Damper With Current Values

MR dampers can be modeled by several mathemandasiatistical models. One of
them is to model the MR damper with Lookup takilesSIMULINK toolbox of
MATLAB. The damper characteristics can be seeniguifes 5.58 and 5.59. The
algorithm used in this studyreads the data of thR Mamper of the LORD
corporation. The damper coefficients are given abl& 5.50 for corresponding
current and velocity values. The damper coefficiaiues in Table 5.50 are found
by dividing the force values in Table 5.49 by tleeresponding velocity values. A
SIMULINK diagram of the Lookup Table model of theRvlamper model is given
in Figure 5.60. Also an analysis is made with Slofhoontrol law with Gky=3000
kg/s value by using Lookup Table model to see ib&idution of current under the

step excitation.

Table 5.49:Force versus velocity values of the MR damper oRIDBDCorporation
used in this study.

Current F (kN)

0,016 0,039 0,079 0,157 0,314 0,471 0,628
(A) m/s m/s m/s m/s m/s m/s m/s
0 0,13 0,15 0,16 0,17 0,27 0,42 0,62
0,5 1,05 1,11 1,17 1,33 1,55 1,7 1,86
1 2,14 2,27 2,44 2,62 2,95 3,15 3,34
1,5 2,86 3,08 3,44 3,66 3,96 4,18 4.4
2 3,36 3,55 4,03 4,22 4,55 4,78 4,99

2,5 3,65 3,72 4,42 4,53 4,87 5,07 5,29
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Figure 5.58: Force versus velocity values of an MR damper of Dafrporation.
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Table 5.50: Damper coefficient map of an MR damper of LORD Qogpion forthe

corresponding current and velocity vall

Current C (kgls)
0,016 0,039 0,079 0,157 0,314 0,471 0,628
(A)
m/s m/s m/s m/s m/s m/s m/s
0 8125 3846 2025 1083 859 891 987
0,5 65625 28461 14810 8471 4936 3609 2962
1 133750 58205 30886 16688 9394 6687 5318
15 178750 78974 43544 23312 12611 8874 7006
2 210000 91026 51013 26878 14490 10149 7946
2,5 228125 95385 55949 28854 15509 10764 8424
x10°
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= 24
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Figure 5.59: Damper coefficient map of MR damper of LORD Corporation f
thecorresponding current and velocity vall

The Lookup Table model is applied to the Skyhooktkm law to see the curre
values and distribution. According to the diagraifme system first decides t
velocity rangethat the suspension moves. Follow, a new damper coefficie
column is created for that spdc suspension velocity. The model takes the dar
coefficient valuecalculater by Skyhook algorithm and finds its place in the ne
created damper coefficit column. Then,it finds the value ofthe current
corresponding tovalue of the damper coefficient. In Figure 5.61, the ent
distribution that is applied tthe damper by the Skyhodaontrol law under the step

excitation can be se¢
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Figure 5.61: The distribution of current applied to the dampgthe Skyhook
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5.8 Adaptive Control Models for Semi-active Suspeisn Systems

Adaptive control algorithms can be applied to teensactive suspension systems
with MR dampers. For different types of road exaitas, control systems can assign
different damper coefficients to the damper to makeoptimization of vibration

isolation. Many patents and research studies aesept today for the adaptive
control models of semi active suspension modelsceSthe purpose of this study is
to compare the performances of the different comtigorithms, adaptive algorithms

are not evaluated.

According to patent DE19804005, displacement can determined by an
accelerometer through an algorithm. With a secdgdrighm, road surface model
can be estimated and the resonance region whicto#itesignal corresponds can be
found. For each road signal type, different contiydtem parameter can be applied
and the signal is guided through high or low-passré depending on the resonance

region and the corresponding parts of the roactatimn.

In patent DE4315917, the suspension deflection thedacceleration values are
measured. The velocity of the damper and sprungsnws be found by

differentiating the stroke of the damper and iné#igg the acceleration signal. The
values found by differentiation and integration atenmed to determine the road
excitation. After this point a specific control s can be produced to overcome the

vibration of the road input.

US6202011 patent describes an ECS (Electronic 8agpe Control System). This
system contains wheel speed sensor to measurpdbkd sf rear and front wheels, a
throttle position sensor to measure the open stattise valve, a stop lamb for the
brake, a rough road detecting algorithm which thtasl that are gathered from the
sensors mentioned before. The rough road deteeliggyrithm applies FFT (Fast
Fourier Transform) to the inputted data. Accordioghis data and the wheel speed,

system decides control signal.

The system in US6164665 patent contains a systeth wivariable damper

coefficient enhances both the road holding capgsaind comfort. Position sensors
measures the level of the body relative to its sxigectronic regulator manipulates
the air amount inside the air spring to set theyldwelght to the desired position. The

signal calculated in the electronic regulator iwhie of the acceleration of the body
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and helps to find the bad road parameter. After daeermination of this signal,

regulator calculates a shock absorption with tHp bEbad road parameter.

In this study, for different control algorithms cae applied. For the ON/OFF and
Skyhook control laws, the systems can be switchetvden damper coefficients
corresponding to smooth road and curb impact eiaits. For the ON/OFF control
law, the hard mode damping can be selected as &§)80and below to improve the
curb impact performances and then, it can be isectdo 5000 kg/s to get a better
vibration isolation for high frequency low ampligidoad excitation. For the skyhook
control law, this adaptive control algorithm candgplied as well. According to the
results in Section 5.2, for curb impact excitatiadhe skyhook control law can have a
Csky value of 2000 kg/s or below and for continuous smiboth road excitations, it

can be increased to 4000 kg/s for better performander curb impact excitations.

For the state feedback pole assignment and LQRaldatvs, the adaptive control
system can be used as well. Especially the LQRrablaiw is the most suitable one
for the adaptive control algorithm amongst the ottentrol laws used in this study.
Because the elements of the diagonal Q and R restcdan be changed to a specific
value for the corresponding road excitation. Inepatsignment, the K gain matrix
can be changed to values for the damping ratiadtfder curb impact excitations.
For the sine excitations, the K gain matrix cannbedified to the value for the

damping ratio 1.6 and higher.
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6. COMPARISON OF PERFORMANCES OF CONTROL SYSTEMS

All control systems that were analyzed in this these evaluated for both the sine
and step excitations. Each controller gives difien@sults from each other. So the

performances of the controllers are evaluated iftgrént road conditions and usage.

6.1 ON/OFF System

The semi active ON/OFF system is a simple switdtesy that allows to use only
two different damping coefficients. In other seroiiee systems that are used in this

thesis, have infinite number of damper coefficieatsossible.

The damping coefficient can take only two valuesdose it is a switch system. If
the condition of hard damper is met, then the darhpe the harder damping mode.
As it is seen in the plot of the damping coeffitjahe damper travels between 3511
kg/s and 1290 kg/s. But the damper does not takeesdetween 3511 kg/s and 1290
kg/s. In theory, damper coefficient rises from 12@{s to 3511 kg/s and falls from
3511 kg/s to 1290 kg/s at the same time stepirBptactice, it never falls or rises at
the same time step. There is always a very smadlydeetween the coefficient

changes.

The ON/OFF system gives better results when itasigared with the passive
system. In acceleration values that define the odamthe semi active ON/OFF
system has better RMS values as the hard damplog urecreases. At the damping
coefficient value of 10000 kg/s, the accelerati@n de improved at about 50
percent. But after this point, comfort increases $towly. And beyond very large
damping coefficient, the system starts to give woremfort results. Setting the
damping coefficient to 10000 kg/s gives a good ltesu the sine excitation; but at
high frequency road disturbances, it does not goed results. This is because the
system cannot manipulate itself to take a dampisgevbetween 10000 kg/s and
1290 kg/s. The system must take average valuesnp dhe mild disturbance. When
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the system encounters with mild disturbance, tlstesy has its damping coefficient
set to 10000 kg/s so this makes it to show largpaeses at high frequencies.

For body displacements and suspension deflectiah diefines the road holding

capability, as the damping coefficient increasés, displacement and suspension
deflection decreases as well. As the damper hardeasbody cannot become too
independent from the base. Because of this higherddgncy, the suspension

deflection decreases leading to a high road holdapability.

But this capability increases the sensitivity tghhimpact disturbances. If the hard
mode damping is increased too much, the systemotatamp the sudden impacts.
As it can be seen in the Table 5.4, very large liaping coefficient, makes the
comfort response of the system worse. Hence, thexéradeoff between this sudden
impact response and road holding capability. Fbrvaues of hard damping mode
that are evaluated in the tables that show theoresspof the ON/OFF system for the
step shaped obstacle, the system reaches steddyeatier than passive system.
Even when the system gives the same transient nespcharacteristics, the semi
active ON/OFF system reaches the steady stateereaflccording to all of these

results, the semi active ON/OFF system is beti@n the passive system for smooth
road disturbances when compared with their acdedesa and suspension

deflections. But in transient response of high mgact disturbance, as the damping

increases, the comfort drops dramatically for tiN@FF system.

For the ON/OFF system, a damping coefficient invicenity of 2500 kg/s is suitable
for a versatile motor vehicle. The responses off bo¢ sine and step excitations are
at the acceptable levels for hard mode dampindicaeft of 2500 kg/s.

6.2 Skyhook System

The skyhook system is based on the modificatioa obnstant damping coefficient
as a function of the sprung mass velocity and #lative velocity between the
sprung mass and base. It is nearly the same &NHeFF control system, because it
works with a switch system as well. If the condiBoare met, the hard mode
damping is activated. If the product of the sprungss velocity and the relative

velocity is negative, then the system has minimamging ratio.
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The main difference between the ON/OFF system &gHo®k system is the hard
mode damping. The hard mode damping of the ON/Qftes is constant which is
not constant in the skyhook system. In the skyhsgétem, a constant skyhook
damping coefficient is selected for the model tinat damper is fixed at a fictional
point in the sky. When the skyhook system is tramséd into a classical quarter car
model, the skyhook damping coefficient is modifigsl a function of sprung mass
velocity and relative velocity. At first look theystem can be thought as a passive
system but the skyhook damper is not used as d@amindamper coefficient. The
main damper coefficient of the system is determibgdhe algorithm that modifies
the base skyhook damper with the ratio of sprungswalocity and relative velocity.
The skyhook system in this study is limited witlDQ0 kg/s damping coefficient to
simulate the maximum damping limit which is assuntleat the MR damper can

reach.

The skyhook damper is selected according to a simptond order spring mass
damper system. The performance of the system weispact to the acceleration,
displacement and suspension deflection response&lisated for different damping
ratios. In part 5.2, it can be seen that the dagqpatio changes only the constant
skyhook damper coefficient, hence the tables armdd with different skyhook

damper coefficients.

In Table 5.7, it can be seen that after the dampefficient value of 4500 - 5000
kg/s the acceleration defining the comfort cannet improved anymore. The
improvement increases too slowly after this pdooit, for a little improvement, there
is no need to increase the damping too much stng#l lead to large oscillations in
acceleration performance and the system will n@e gjood results under high

impact disturbances.

The skyhook control system gives the most versagidormance in the vicinity of
damper coefficient of 3000 kg/s. Good performarscebtained under both the step

and sine excitations.

The skyhook system gives better results than thédOBR system for the body
displacements and accelerations. If we compar®dlse hard mode damping values
of Skyhook and ON/OFF systems, it can be easily gbat the skyhook system

gives better improved results for the acceleradod body displacements but the
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suspension deflection performance is not as goodhasacceleration and body
displacement, because the hard mode damping hasstant value in the ON/OFF
system; it cannot take intermediate values. Asettee no intermediate damping
values, the ON/OFF system applies harder dampimdficent than it is needed.

Hence, the ON/OFF system does not give good redoltsthe acceleration

performance. But having higher damping value thendystem needs in a specific
time step provides ON/OFF system more road holdeqgbility than the skyhook

system has. Nonetheless, the difference is noiiech than that of skyhook system
in suspension deflection performance. Also a comparbetween the skyhook and
ON/OFF systems can be seen in tables below;

Table 6.1:Comparison of acceleration performances of the aélyland ON/OFF
systems under the sine excitation.

2000 36,08 21,54
2500 42,79 29,53
3000 46,36 34,76
3511 48,75 38,47
4000 50,16 40,79
4500 50,87 43,07

Table 6.2:Comparison of body displacement performances oskiyaook and
ON/OFF systems under the sine excitation.

Chard& Cskyhook SkyhOOk (RMS) ON/OFF (RMS)

2000 25,12 14,18
2500 30,26 19,69
3000 33,35 23,61
3511 35,13 26,44
4000 36,77 28,67
4500 37,69 30,48

Table 6.3:Comparison of suspension deflection performanceseo§kyhook and
ON/OFF systems under the sine excitation.

2000 28,32 27,45
2500 35,40 38,05
3000 39,97 45,14
3511 43,99 50,20
4000 45,86 53,61
4500 47,62 56,30
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The main performance difference can also be seémeihigh end impact responses.
The skyhook system has far better results thanetibbgshe ON/OFF system. For
larger values, the maximum acceleration performarare deteriorating for both

methods. But this deterioration in the maximum beg¢ion reduction is lower for

the skyhook system. For lower hard mode dampingeslthe skyhook system also
yields better maximum acceleration reduction. Butthe ON/OFF system, system
cannot modify the damper coefficient accordingh® level of impact because of the

constant hard mode damping; and the correspondirigrmance is not satisfactory.

6.3 State Feedback Pole Assignment

With respect to the nature of the control systdm, dtate feedback pole assignment
and LQR control systems are different from the sioghand ON/OFF system. In the
skyhook and ON/OFF systems, if the conditions atamet, the model acts a passive
suspension system meaning no electric currentisis® MR damper to change the
viscosity of damper fluid.

In the control systems designed by pole assignmaadt LQR method, the semi
active control system is continuously modifying themping coefficient. And there
IS not a constant base damper coefficient thatpesed to change with an algorithm.
The control system decides the damping coefficemtording to equation (5.29).
The difference between the LQR and pole assignisenot the block diagram but

the values kand k of the K gain matrix.

In both the pole assignment and LQR methods, f#atthack is used. The difference
is that the K matrix is found by using differenttimeds which are explained earlier.

For the pole assignment method, the results arentakith the damping ratios
ranging from 0.5 to 2. With lower damping ratio was, the step responses are better
than those of the higher values. Only with dampatg 0.4 and lower values, good
results can be obtained but this increases thdéingetime. The passive system
reaches stability earlier than the pole assignmentrol system if the damping ratio

is too low.

Comfort and road holding capability of the poleigsent method under the sine
excitation increase as the damping ratio incredéése damping ratio increases, the
acceleration, body displacement and suspensioadieih increase as well. But after
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damping ratio of 2, system cannot be improved amgnimecause the saturation
prevents the damping coefficient to have valuesobdyl0000 kg/s. This is set

because it is needed to simulate the limit of dnadR damper.

By using second order system pole definitions,fite¢ gain of matrix K does not
change. But the second gain changes with the dgmpiro. According to this, the
base value of the damping coefficient is determiogdhe second gain. The second
gain is larger than the first gain for all dampnagios. So the damping value will be
around a value that is defined by the product efrttass and the second gain. After
the value of 2, because the system will reach #teration limit, pole assignment
control system will begin to work as a passive @ysand the damper coefficient is
set to 10000 kg/s. Saturation levels affect thispprty of the pole assignment
system. If a better MR damper is used in this sysahich means having a higher
saturation level, the system damping can have higakeles. But this leads to peak
points in the accelerations which is not desirédhe saturation level is reduced to
5000 kg/s, the system will not be able to use apiagnvalue higher than 0.9;

because the system will always have the same daropéicient set at 0.9.

The pole assignment system has better results betthe damping ratios of 0.4 and
0.5; leading to a performance which acceleratieraeduced both under the step and

sine excitations.

Natural frequency affects the performance of thie pssignment system as well. As
the natural frequency increases, the values of gatrix K increases leading to
higher damping coefficient. But larger damping ¢ieefnt causes the system to give
worse results under high end impact excitationst iButhe vicinity of 12 rad/s,

system performance cannot be improved anymore beaauthe saturation limit.

6.4 LOQR System

The LQR system is nearly the same as pole assignsgstem. The only difference
is the method to find the gain matrix K. We canuatjthe gain matrix K as it is
desired by changing the costs Q(1,1), Q(2,2) ardd1fR(

Q and R matrices are selected diagonal to makeatoalations and trials easier. If
these matrices are not selected as diagonal, 4ty (2,1) will change "y" shown
in state space representation. But in diagonal faercan make this adjustment by
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changing only Q(2,2) value. So diagonal Q and Rricest grant us easiness in trials
and analyses.

For the effect of Q(1,1) on the system, it is nedi¢chat with higher Q(1,1) value, the
system has larger acceleration, body displacenmehsaspension deflection values.
But increasing the Q(1,1) affects the reductionactelerations under high end
impact loads.

For the effects of Q(2,2) on the system, it cansken that increasing Q(2,2)
improves the responses in terms of acceleratioispladements and suspension
deflections. There is also some improvement forhigd end impact acceleration
reduction. The Q(2,2) value causes the same peafwcen deterioration if it is

increased too much.

For the effects of R(1,1) on the system, increadi(d@,1) value reduces the
improvement of accelerations, body displacementd anspension deflections
because the energy expenditure on the signalsneritase.

For the LQR control system, the best results ataiogd within the trials made in
the thesis with Q(2,2) = 4000, Q(1,1) = 1000 and, B(= 100.

For LQR control system, the values that are seale@e not important. The
important part of energy expenditure matrix setactis the relative magnitude of
these costs. If the ratio between the R(1,1) arfd1){s 100, then there will be no
difference between the selections of 100 - 1 arddD1 consecutively. The same

rule is valid for the relationship between R(1,a)l &(2,2) as well.

The LQR system is very flexible when it is compaseith the pole assignment
method in which the poles are selected accordirthaovalues of quarter car model
parameters. For some cases, the pole assignmembangives better results with its
higher damping ratios than the LQR control systewesgy But this affects the high
end impact disturbance; With the LQR system, the gaatrices K that are found
with the pole assignment can be found too. Becthese is no limitation to define
the K matrix, by making several trials for the L@&ntrol system, desired values can

be obtained.
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7. CONCLUSION AND DISCUSSION

In this thesis, mainly 4 different control systemsre examined and applied to a
semi active suspension system. For analyses, tfferatt road disturbances were
modeled and used for the evaluations of performmaméethe control systems. A

guarter car model was selected to apply the corsystem on it. Results of all

control systems were obtained by SIMULINK toolbdxMATLAB program. And

all data was listed in tables and graphs.

According to the results, the Skyhook control laave better and more flexible
results than those of the ON/OFF system. Havingathibty of damper coefficient
assignment according to the disturbance providedSkyhook control law better

performance.

The pole assignment gave nearly the same resuliseaSkyhook control. But the
pole assignment method has limitations becausgdimek is too low. Larger values
of k, determines the base damping coefficient andd&termines the damper
coefficient change. Because of low knost of the time the pole assignment method
acts as a passive system that has a damping ceeffadetermined by the product of
the mass andxk

The LQR system has the most flexibility becauseait be set as a pole assignment
system by considering a cost function. By chandhey parameters Q(1,1), Q(2,2)
and R(1,1) on a trial-and-error base, the desia@rpeters can be found. This is
very useful when we need a control system for @iBpaisage. With further studies
the LQR system can be improved with certain coodgi By assigning different gain
matrices for different road disturbances, it willgybetter results. By calculating the
RMS of acceleration values for a time period, th®n gain matrix can be adjusted,
l.e., adaptive system. For example if the vehidgédls on a smooth section, then the
gain matrix K can be modified to a larger valuedieg to a larger damper

coefficient. If the vehicle travels on a road wldrge disturbances, then the gain
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matrix K can be modified to a lower value to datimg@ high impacts which increases
the reduction in acceleration to improve comfort.

Also the control system can be tested with othetrotlers such as fuzzy logic and
H., controllers to find better results when compareththe ones analyzed in this

thesis in future studies.
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