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ABSTRACT

Comprehensive comparison on quarter-car, half-cad é&ull-car models were
conducted to analyze the effect of using semiaaosmrol policies, namely skyhook,
groundhook and hybrid controls, in improving rideatity of passenger vehicle.
Sprung mass acceleration, suspension deflectiontiendleflection responses were
analyzed for measurements of ride quality, rafpleee and road holding, respectively.
Analyses in frequency-domain transfer functiongtidomain transient state and time-
domain steady state were conducted on each of duels1 Peak-to-peak values in
both time-domain analyses and settling time anddstestate values in the transient
state were compared to passive system. Results gtadvlybrid control policy gives
significant improvements in most responses whileth® same time it does not
compromise road holding ability of vehicle. Skyhoo&ntrol generally improves
sprung mass responses while at the same time s&gemsprung mass responses. On
the other hand, groundhook control generally impsounsprung mass responses at
the expense of sprung mass responses. Groundhotbklcalso found to take longer
time to settle in transient state response. Fudbantitative comparison of responses
on all three models shows that quarter-car modeinsble to accurately represent
responses in full-car model. Half-car model giveasonable representation of full-car
model in some of the states. Root mean square @asasyfurther conducted on a H-
car 2-DOF system and the results show good agradgméme previous work on Q-car
2-DOF. As expected, the response exhibit simildwalb®r of the skyhook control.
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CHAPTER ONE

INTRODUCTION

1.1 OVERVIEW

By definition, Ride Quality is degree to which tkéhole subjective experience
(including the motion environment and associatetbis) of a journey or ensemble of
journeys by vehicle is perceived and rated as faveror unfavorable by passengers
or operators (International Organization for Stad@ation [ISO] 5805, 1997). Its
primary concern is on sensation or feel of drivepassenger in the environment of a
moving vehicle. In a simple word, ride is considees comfort when the occupant is
comfortable riding the vehicl&/ehicle ride quality is strongly related to thechitand
vertical motions of the vehicle.

Vehicles traveling at high speed usually experieacéroad spectrum of
vibrations. These vibrations are transmitted tospagers either by tactile, visual or
aural paths (Gillespie, 1992). Ride is usually ohgplwith the tactile and visual
vibrations, while the aural vibration is categodzes noise. Alternatively, spectrum of
vibrations may be categorized by frequency rangkspecified as ride for frequency
range of 0 to 25 Hz and noise between 25 to 20600 H

Ride quality is affected by various designs andrafp®y parameters in a
highly complex manner, including high frequencyraifions, body booming, body
roll and pitch motion, vertical motion by spring the suspension system and
frequency vibration transmitted from the road inputitations. Other factors include
high frequency vibrations or noise induced by agnadhic forces as well as the

engine and driveline. Ride quality can also beumficed by vehicle interior design



such as seat comfort, temperature, ventilatioratlon of features etc. Among these
factors, the major source of vibration of a vehitlat affects ride quality is the road
irregularities which are transferred to the passengrough the tires and suspension
system.

Generally vibrations affecting ride quality can ¢etegorized into two parts;
low frequency vibrations and high frequency vilas. The range differs from one
researcher to another, but is generally agreed tti@atlow frequency is less than
around 25 Hz. High frequency vibrations may be textby either impacts originating
at the wheels and transmitted through the suspensio alternating forces by
unbalanced rotating masses in the engine (Janel@A3). This vibration may be
eliminated by having proper cushioning of impact atcurate balancing of high
speed rotating parts. However, low frequency vibres, which mainly due to the road
irregularities posed more significant effect on tide quality of vehicle. This is due to
it being close to the natural frequencies of vehiGenerally the natural frequency of
sprung mass (mass of the vehicle, excluding tleadird its components) is about 1
Hz, the natural frequency of unsprung mass (magkeofire and its components) is
between 8 to 10 Hz and there exist an intermediateral frequency between 6 to 20
Hz (Janeway, 1948).

To eliminate this low frequency vibrations effech passenger, there are
several components of interest that become thesfotimprovement; tire, suspension
and passenger seat. Tire technology has come tel#&sve stagnant, as not much
improvement can be made as far as ride qualitpime@rned. Limited improvements
can be made on the seat but at the expense tha¢hiede as a whole having to face
the vibrations, which could cause some componeaisiré. The focus of most

researchers in this area is thus looking towardgsawing the suspension system in



order to eliminate the vibrations. Several reseansithave proposed the concept of
active control system, which claimed to eliminalbe inherent problem of passive
suspension system — that is the conflicting pararedor ride and handling. However,

this new system is by far still not free from atmpgcomings.

1.2 RIDE QUALITY CRITERIA

Over the years, various researches were conductedentify some generalized
criteria in ride quality, which is commonly calle ride comfort criteria. Several
approaches have been proposed. One of them is @@sevomfort criterion, which is

described in th&ide and Vibration Data Manual J6a of the Society of Automotive

Engineers (SAE) (1965). Figure 1.1 defines the piatde amplitude of vertical

vibration as a function of frequency and it coudddivided into three parts:

1. Frequency range of 1-6 Hz - peak jerk < 12.6°1f496 in./3)

2. Frequency range of 6-20 Hz - peak acceleratior88r/$ (13 in./$)

3. Frequency range of 20-60 Hz - peak velocity < 2.7eni®.105 in./s)

It should be noted that this criterion is based/ertical sinusoidal vibration of
a single frequency data. There is no establishe ba evaluate the effect when two
or more components of different frequencies arsene All data that were used to
establish the boundaries were obtained with tdgests standing or seating on a hard
seat (Wong, 2003).

ISO has developed and adopted a general guideeforirdy human tolerance
to whole-body vibration, ISO 2631 (1997). This gudkefines three distinct limits for
whole-body vibration in the frequency range of 1H&) such as:

1. Exposure limits, which are related to the preséwadf safety and should

not be exceeded without special justification.



2. Fatigue or decreased proficiency boundaries, wiaich related to the
preservation of working efficiency and are applieduch tasks as driving
a road vehicle of a tractor.

3. Reduced comfort boundary, which are concerned thithpreservation of
comfort and are related to such functions as rggduniting and eating in

a vehicle.
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Fig. 1.1: Vertical vibration limits for passenger
comfort proposed by Janeway (Wong, 2003).

Figure 1.2 shows the fatigue or decreased profigiddoundaries: (a) vertical
vibration direction and (b) transverse or lateradction which is defined in terms of
root-mean-square values (RMS) of acceleration geireguency for various exposure

times. It can be observed that as exposure time®ases, the boundary lowers.



Generally, the exposure limits for safety (or Healtan be obtained by raising the

boundaries by a factor of 2 and for the reducedfedrboundaries by a factor of 3.15.

mss?
10.0

(<)
=}

18 1 ML

(=]
(=)

| L

o
o

ACCELERATION (a,), RMS
ACCELERATION '(a, a,).RMS

(EEEL

| ] ] | | | 1 01 l | I 1 L I |
05 10 20 50 100 200 500 Hz 05 10 20 50 100 200 500 Hz

FREQUENCY FREQUENCY I
CENTER FREQUENCY OF THIRD OCTAVE BAND CENTER FREQUENCY OF THIRD OCTAVE BAND
a) vertical direction b) transverse direction

Fig. 1.2: Limits of whole-body vibration for fatiguor decreased proficiency for
various exposure times, as recommended by ISO (W\20G§).

As for motion sickness, ISO 2631 (1997) suggedttti@percentage of people
who may vomit is proportional to the Motion Sicked3osage Value (MSDV). This
value is calculated by the square root of the nategf the square of the frequency
weighted z-axis acceleration. A severe discomfaunoary and a reduced comfort
boundary for various exposure times in the frequeramge of 0.1-1 Hz has been
recommended by ISO.

Another proposed parameter in evaluating humanorespto vibration is the
absorbed power, which is the product of vibratiorcé and velocity transmitted to the
whole body. It is basically a measure of the ratelach vibration energy is absorbed
by human. This parameter has been used mainlylitamivehicle research and it has
been reported that the tolerance limit is definedaa 6 W absorbed power at the

driver’s position (Wong, 2003).



In short, extensive researches have been conductédtter understand on
how to measure ride quality. However, they is myl&, generally accepted approach.
Several ride comfort criteria have been suggesteadal are derived from various
limitations in data and assumptions and far frora #ttual situation in vehicle

vibration and motion.

1.3 VEHICLE SUSPENSION SYSTEM

Suspension system separates the axles from veblw@ssis, so that any road
irregularities are not transmitted directly to tthever and the load on the vehicle.
Suspension system affects both ride quality andlirepperformance of vehicle. As a
matter of fact, ideal ride quality and handlingfpemance pose a conflicting design
requirement of vehicle suspension. While a lighdgmped soft suspension yields
good shock performance, hard suspension with heghpihg is desirable to achieved
good handling. Active suspension system has be&dimced as a promising
alternative to overcome this traditional designitaton.

Suspension systems can be classified into pasgsters and active system,
according to the existence of control input. Tlewentional passive suspension
system consists of a typical spring and dampeis the oldest system built by the
principles outlined by Olley (1934) and gradualiymproved. Most vehicles used
nowadays are using this system. Active suspersystem can be further classified
into two types — a semiactive system and a fullsivacsystem, according to the
control input mechanism. While the fully active gession system produces the
control force through a separate hydraulic/pneumatit, the semiactive suspension

system uses a varying damping force as controéf@onget al., 2002).



Semi-active and fully active systems are relativedyv systems introduced as
an attempt to overcome the shortcomings existdth@npassive system. An optimal
fully active suspension system is expected to letab(Barak, 1992):

1. Optimize between ride comfort and road handling.

2. Control car attitude changes due to braking (dieegelerating (lift) and

cornering.

3. Maintain optimal system response independent ofleloads.

4. Faster system response time.

However, the improved performance is directly mdatwith increased in
hardware complexity, higher costs and diminishd@bgity. Semiactive suspension
system was therefore introduced as a compromiseebet passive system and fully
active system. In general, it improves ride with@oimpromising the handling of
vehicle as compared to passive system and at the 8me less complexity and less
costly than active system. Semiactive suspensistesyis the main focus in this work
and the result is compared to the conventionaliypasystem.

There are generally two types of semiactive dampysiem, namely electro-
rheological (ER) damper or magneto-rheological (MRjnper. Magneto-rheological
fluid (MRF) is used in MR damper. This MRF usuallya fluid such as hydrocarbon
oil filled with randomly dispersed micron-sized magjcally polarizable iron.
Additives usually are added to promote homogenaity to prevent gravitational
settling of the irons. This MRF exhibit a changeheological properties from a free-
flowing fluid state to a semi-solid state upon aggion of an external magnetic field.
This change can be varied according to the strewigtifie applied magnetic field. The
process is also reversible that upon removal ofthgnetic field, the fluid will revert

back to its original free-flowing state.



Similarly, ER damper uses electro-rheological flERF) with the same
concept of the MR system. However, for automotivepgnsion system application,
there are many drawbacks to ER fluids, includirigtneely small rheological changes
and extreme property changes with temperature.o8ih power requirements are
approximately the same (Carlsehal., 1995) MR fluids require only small voltages
and currents, while ER fluids require relativelyger voltages and very small
currents.

The performance of a suspension system is usuladlyacterized by the ride
quality, the handling performance of the vehiclee tsize of the rattle space or

suspension working space and the dynamic tire fiflomget al., 2002).

14 SCOPE OF THE THESIS

Several works conducted by researchers at the AddarVehicle Dynamics
Laboratory (AVDL), Virginia Tech. have shown thaveral variations of semiactive
suspension systems provide some promising impronvesme the ride quality without
compromising vehicle handling (Ahmadian, 1997a &9 and Koo and Ahmadian,
2001).

However most of the work there as well as othecgdas limited to only the
simpler quarter-car (Q-car) model and employing tigosequency-domain transfer
function response. There has been no attempt ten@xthe analysis using more
complex full-car model and to use other analyshsas the time-domain steady state
and transient state responses.

Q-car model, while being simpler to modeled andyaeal is limited to only
being able to simulate vertical deflection of a. CHnus the effect of pitch and roll is

absent and impossible to be analyzed, even thobete tare several attempts to



extrapolate the Q-car response to that effect, agsdBlanchard (2003). It is therefore
in the interest of the area of research to findvatlutther the response in simpler model
is in good agreement with the more complex and rateumodel.

Frequency domain analysis has been used in th& fareso many years.
Analyzing responses in this domain, which assurpatigignal as sinusoidal function
with varying frequency, would provide information bow much power is transferred
from the input to output over the span of inputqfrencies. However, analyzing
response in time domain provides several otherndasenformation on system
performance. Transient state for example would show fast the system response,
how much it overshoot from the input value and Hong it takes to reach steady
state. An ideal system is to give response to patifast, with low overshoot and
takes short period of time to reach steady statelidon. Steady state response to
sinusoidal input would provide the peak to peaki@alf the steady state condition of
the system. It would be important to identify thialue when the system is at
resonance, i.e. when the input frequency is asime value as the natural frequency
of the system.

Thus, this work is intended to fill in the hole tarther analyze semiactive
systems with half-car (H-car) and full-car (F-camodels and employing all
frequency-domain and time-domain analyses. Furtbepcomparison of responses
of various models - quarter-car (Q-car), H-car Brchr, can be conducted to analyze
for any correlation.

Apart from that the laboratory was also working amralysis of total system
response in the frequency span (Blanchard, 200%) rdot-mean-square (RMS) value
is analyzed with the assumption that reducing RM& eystem would increase the

ride quality of the vehicle. The initial resultssea on Q-car model shows satisfactory



improvement in using semiactive control policiesewhcompared to passive. Thus

this work intended to extend the work to H-car mode

1.4.1 Research Objectives
The objectives of the study are:
1. To simulate and analyze several variations of sefa@& suspension
system models — skyhook, groundhook and hybridhgugarious analyses
— transient state, steady state and transfer aumcéisponses.
2. To use a set of performance criteria to comparevden the different
semiactive control policies and passive system.
3. To compare between several vehicle models — frosigple Q-car 2
degree-of-freedom (DOF) to a more complex F-carQFD

4. To analyze a H-car 2-DOF semiactive model using RisllBe analysis.

1.4.2 Research Methodology

The research begins with literature survey on eelatorks. Generally the works can
be categorized into three areas — human responsibrition, vehicle response to
excitations and ride quality testing. The main @sg of this review is to get the
whole picture of research activities in the area.

In human response to excitation area, extensiveewewn existing study is
conducted. Generally these work consist of thre@mectivities, that is subjective
testing works, which employs human subject as t® tfee response to certain comfort
level criteria, objective testing works, which usekeoretical analysis and
mathematical model of vehicle and human, and reél#tem to a certain ride quality

criteria, and the last one is a combination of sctdye and objective testing.
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In vehicle response to excitations area, existiaghematical models proposed
by various researchers are reviewed. The modelg&a@rally be categorized in three
ways; the degree-of-freedom (DOF) of the model, tiwie it is a quarter-car one-
dimensional (1-D), half-car two-dimensional (2-D) tull-car 3-dimension (3-D)
model, and the system used, whether the convehpasaive system or active control
system. Focus is given to the work on passiveegystnd semiactive control policies.

From the literature review, the work proceeds vdtiail discussion on the
models and systems to be used for analysis. Asbe&ikhown, this work involves all
model types — Q-car, H-car and F-car. The perfoomari semiactive control policies
— skyhook, groundhook and hybrid of each model tgre compared to the
conventional passive system. Extensive comparisoadyon the responses between
these passive system and semiactive control ps/ibieth in time-domain (transient
state and steady state) and frequency-domain septed.

Additionally, an almost a separate analysis frora tithers altogether is
conducted on H-car 2-DOF model. This RMS analysactually a direct continuation

from a work done at the Virginia Tech., USA.

1.4.3 Layout Of The Thesis
In chapter 2, related literature review is preseéniéhe review is grouped into three
parts, namely human response to vibrations, vehédponse to excitations, and ride
guality testing as already explained before.

In chapter 3, general concept of modeling analigsimesented. A typical Q-
car passive system and semiactive control poliaresderived and presented. Then,

models of Q-car, H-car and F-car to be used in @&napl to 7 are presented and their
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equations of motion are derived. Detail discussmmnthe types of analyses and
performance criteria is also presented.

In chapters 4, 5 and 6, comparison of results betvedl models is presented
for frequency domain, transient state and steaaly sesponses, respectively. Sprung
mass vertical acceleration, suspension and tireect&ns responses are compared
between all models. The pitch angular acceleratsponse is also compared between
the H-car and F-car model. Comparisons are madeeket passive system, which is
considered as reference, and the various semiactowerol policies for all three
models, model type as well as input types.

In chapter 7, an analysis on RMS values for H-cBxF system is presented
in details. This can be considered as a stand atbapter since the analysis and
approach used is totally different from the pregichapters.

Finally, conclusion and recommendation for futurerkvis presented in

chapter 8.
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CHAPTER TWO

LITERATURE REVIEW

2.1 INTRODUCTION

Researches in ride quality can generally be caisgginto three main areas, namely
human response to vibration, vehicle response tdation, and ways of testing and
evaluating ride quality. Another area that direaiyated is road profile since road
irregularities are considered as the main sourcexgcftation to vehicle. Literature

review presented here however focuses only onitstetdvo areas. It is interesting to
note that while passenger cars are one of thestagtewing industries, no single

review on ride quality to this category of vehiclsscurrently exists. Articulated

vehicles for example were surveyed by EIMadangl. (1979) while review on ride

quality for heavy vehicles was conducted by Jieirg. (2001).

2.2 HUMAN RESPONSE TO VIBRATIONS
In general, human response to vibrations is quitepiex. For example, frequency in
the range of 30 to 50 cpm (less than 1 Hz) has lbeparted to produce motion
sickness, the visceral region of the body objeztBdquencies between 300 and 400
cpm (5 to 7 Hz) and the head and neck regionssprecally sensitive to vibrations of
1000 to 1200 cpm (18 to 20 Hz) (Riley, 2002). Farthore, the response varies from
one individual to another. This is mainly due te ttistinctive features of every
human being and the differentsensitivity.

Although various research findings show variationthe exact value, it is

found that vibration frequency and magnitude plag most important criteria in ride
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quality. For example in vertical acceleration, aareéase in the human sensitivity is
observed in the frequency range of 4 to 6 Hz (Jetraty, 2001). Research in this area
had started longtime back and still growing, whigiens the way to more active and
creative research.

Goldman (1948) divided the human response leveltimtee thresholds:

1. Threshold of perception (level 1) — detectable gis@nsory measurement.

2. Threshold of discomfort (level 2) — Stimulus isanse enough so that the
subject feels a tinge of discomfort or unpleasas¥rie to pain, muscular
effort or any other source.

3. Threshold of tolerance (level 3) — the subjectnsvilling to tolerate the
stimulus further due to pain, extreme discomfortr@rely lack of desire
to cooperate.

Several tests were conducted with the subjects eiginer standing, seated or
lying down on a vibrating body with the directioh\wdbration along any of the three
principal body axes for the duration of exposurefieé to ten minutes. Results
showed that differences due to direction of appbeaof the vibration were smaller
than statistical variations which therefore are smmificant. Therefore data were
grouped without directional factor with the assuimptthat direction was secondary
importance.

Pradko (1965) intended to develop a technique eatitiy and measure whole
body human response to vibration and to describpesly the performance potential
of man in vibrational environment and to predic fésponse. The work proposed that
human vibration must be defined in terms of sevia@brs:

1. the nature of the forcing function,

2. the source of vibratory energy,
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3. the path between the source, the human, and therpps

4. and characteristics of the receiver (subject)

The hypothesis of the research was that measurdideges in human
equilibrium are caused by input vibration and sabanges may appear in physical
performance capabilities — ability to concentratbility to communicate and visual
acuity. Subjects were evaluated from eight diffeleperimental positions — standing
(erect and knee bent), seated (relaxed and braceclning and walking (normal
walk, fast walk and running). The experiments leadeveral conclusions:

1. pitch vibration affects human tolerance signifitambore than do roll and

vertical vibration,

2. pitch tolerance does not change appreciably withegsed frequency,

3. whole body tolerance of random vibration in the tieat mode is

significantly greater than sinusoidal tolerance,

4. whole body vibration endurance is greatly increafedvertical motion

when space orientation is removed

5. when the vibratory path is applied completely ortipdy to the head, the

vibration tolerance is decreased to a minimum |evel

6. acceleration tolerance is greatly influenced by divection and duration

of the force vector and the measurement technigueloged to record
effects.

Pradkoet al. (1966) discussed whole body human response to anexti
vibration below 60 Hz. The response was determtheaugh measurement of input
condition using the concept of absorbed power thiced by Pradko and Lee (1966)

and further discussed by Lee and Pradko (1968)widrk concluded that
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1. human response displays linear characteristicsoi@ton under physical

equilibrium,

2. transfer function statements accurately describendmu response to

random vibration, and

3. absorbed power describes human response qualiyading is sensitive to

time.

Corbridge and Griffin (1986) provided fundamentakal of seated subjects
exposed to vertical and lateral vibration in thegfrency range of 0.5 to 5.0 Hz. Three
experiments were conducted. The first one was teragne equivalent comfort
contours for male and female subjects using sidiasoertical vibration in the range
0.5 to 5.0 Hz. Results showed that female are rsensitive to vibration at 3.15, 4.0
and 5.0 Hz for 0.75nfsRMS reference and at 5.0 Hz for 0.25TRMS reference,
and increasing sensitivity to vibration accelenat frequencies above 2 Hz.

The second experiment involved the determinatioa cbmfort contour using
octave bands of random vibrations centered onX0®,2.0 and 4.0 Hz. The results
indicated that subjects are more sensitive to nandwtion than sinusoidal motion,
but not very significant different with an average’% lower.

The last experiment was to determine equivalentf@dneontours for lateral
vibration using sinusoidal vibration in the randedd to 5.0. The results showed that
the maximum sensitivity to lateral vibration oc@&drin the range 1.25 — 2.0 Hz.

Corbridge and Griffin (1991) were concerned witle tbffect of vertical
vibration on writing and holding cup ability, sinating the passengers of railway
trains activities. The reference motion used waoetave band of random motion
centered on 1 Hz, magnitude of 0.63 Mms and duration of 20.5 s. Each test

motions consisted of the same octave bandwidth viith an added sinusoidal
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vibration component. From the test it was concludledt by adding sinusoidal
vibration of duration 10s and frequency range 630 8 Hz, significant increase in
writing difficulty and writing performance were absed. This is fairly consistent
with the frequency weightings defined by ISO 2630 8S 6841 which indicate
maximum sensitivity to vibration acceleration iretfrequency range of 4 to 8 Hz.
Furthermore, adding sinusoidal vibration especidilyn 3.15 to 5 Hz produce
considerable difficulty in holding a cup of liguwith 4 Hz gives the most sensitive to
vertical vibration.

Demic et al. (2002) attempted to investigate human behavior unailgdom

vibrations and observed that:

1. In the vertical vibration, subjects are very sawsitto low-frequency
random vibration (less than 1 Hz), less sensitovendrrowband random
vibration (1.25 Hz to 5 Hz) and least sensitivéréouency above 5 Hz,

2. in the fore and aft vibration, subjects are venys#é/e to vibration below
0.8 Hz, less sensitive to the frequency range-eblHz and least sensitive
to frequency above 5 Hz, and

3. subjects are more sensitive to random, multi-diveel vibration than
one-directional and equivalent comfort curves foultrdirectional
random vibrations are 15 to 20 percent lower than dne-directional
vibrations.

Other works worth mentioning are by Donettal (1983) which developed an

experimental technique known as theating reference to compare the subjective
response of seated subjects to sinusoidal vibmationthe range 1 to 10 Hz, and

Fairley and Griffin (1988) which introduced a fuioct relating horizontalH) and

vertical /) components of vibration in the form c(H : +V”)Vn, to predict the
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discomfort produced by vibration in the fore-antd-dhteral and vertical axis
directions.

Guignard and Irving (1979) have shown that vibratdfect human activities
such as visual ability and in making precise mou@sieAt low frequencies, the eye
reflex and compensating movement of the head adurceethe effect of the vibration.
However, it is found that pursuit eye movementtigerauated at frequencies greater
than 2 Hz and compensating movement of the hefrdcatencies greater that 3 Hz.

Ride comfort is generally decreases with the mageitof vibration. Jones and
Saunders (1972) showed that when the magnitudébrdtion was less than 3 rys
there was no significant change in the equivalemfort contours. As the magnitude
increases, the test subjects were concerned alfeatsesuch as loss of control and
dangerous vibration. The test also has found tadaom vibration signal produced
slightly greater discomfort than harmonic motion.

In studying the effects of shock and vibration tortan health, Guignard and
McCauley (1982) have found that a group of drivexperienced an increment in
heart rate variability when drove continuously foore than 5 hours. It was also
found that human balance was impaired during aber @&xposure to vibration at
frequencies below 1 Hz or above 15 Hz. In studyimgeffect of long-term exposure
of whole-body vibration, results of work from Raldbeand Boileau (1993) have
shown that the most frequently reported disordelasted to vibration exposure are

back problems, digestive and reproductive disordadsnervous disorders.

2.3 VEHICLE RESPONSE TO EXCITATIONS

Research in vehicle response can be conductedr esttperimentally or through

model simulation using computer and software paggag
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Stone and Demetriou (2000) have described a deeaivation of a F-car
vehicle model with 6-DOF using the Newtonian apptoaThis model is able to
simulate the effect of suspension (ride) as welbraking and steering (handling) in
all three translational motions (vertical, forwandd side), pitch, roll and yaw (heave)
directions. General assumptions in deriving the @hodvhich are common
assumptions, are provided, that are: the vehiclesnmay be lumped into a single
mass which is referred to as the sprung masstha vehicle center of gravity is
located above the roll and pitch centers, the Velsaspension springs will not be
allowed totop out during maneuvering; the suspension springs willagk be in
compression, aerodynamic lift and drag force, @edrolling resistance are neglected,
the vehicle remains grounded at all times, i.e.fthe tires never loose contact with
the ground, and the deflections in the pitch ant planes are small, and may be
simplified with small angle approximation.

Gillespie and Karamihas (2000) studied Q-car madweler effect of road
roughness and found that Q-car models to be adeqgieat discriminating the
roughness of the road on a scale that correlatdistovéhe public judgment of its
severity.

Solimanet al. (2001) aimed at introducing a solution of the e&hdynamics
problem by studying the effect of various typeso$pension element on the vehicle
suspension system performance. Mathematical mddebmventional Q-car model,
Q-car model with twin spring system, Q-car fullytime system and H-car
conventional model were derived. Objective tesargeriment was conducted using a
test rig to verify the theoretical analysis. Ihd# concluded that:

1. load carrying capacity of a vehicle rear suspensiam be solved using

stiff suspension spring system or a twin springpeasion system,
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2. a fully active suspension system can improve theicle performance
criteria significantly but at a high cost,
3. the tire damping has a very small effect on theclelide comfort,
4. when the tire stiffness parameter is increased,silsems have higher
wheel resonance peaks in the dynamic tire loadresy
5. the predicted values of the suspension working espand vertical
acceleration were 8 — 10% lower than the measaretl,
6. the peak resonance for the body acceleration asgession working
space at a certain frequency was similar to thegiodd theoretically.
Several works involving semiactive damper are neew and presented here.
Barak (1989) conducted analytical and numericalpgammson study on passive, on-off
semiactive and active linear feedback suspensistes)s. Three models were used for
the comparison, which are Q-car one degree-of-tmee(DOF), Q-car 2-DOF, and F-
car 7-DOF. Both transient state time-domain anduesicy domain (root mean square
(RMS) and peak values) are presented. The ridgulesiteria for the analyses were
the passenger seat acceleration response, thensispespace requirement and the
road holding. To meet these criteria, Performamcex (PI) was introduced for full

vehicle model.

4 4

4
Pl= E{rmZA; I ) AL a7+, Ft;} (2.1)
i=1

i=1 i=1
wherer  is the weighting factor for primary suspensionleigfon, A . which is the
deflection of the unsprung massysmelative to the road input, is the weighting
factor for secondary suspension deflectidg,which is the deflection of the unsprung

mass relative to the sprung mass deflectignis the weighting factor for passenger
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seat acceleratiorg,, andr, is the weighting penalty factor related to theakdorce,

F acting at secondary suspension.

The results indicated significant improvements wmiaté in both active and
semiactive dampers in the sprung mass accelerdimnever significant increases in
the suspension and tire deflections were observedth active and semiactive.

Sun, Zhang and Barak (2002) investigate the etiesb-called dynamic index

in pitch (DIP), kza-b’ mass ratio,?/rm, weight distribution,W%v and flat ride
R

tuning, k% on ride quality of a 4-DOF modek is the radius of gyration in pitch,
SF

aand b are the longitudinal distance from vehicle cemtiegravity (CG) to the front

wheel center and rear wheel center respectivelgnd m, are the sprung mass and
unsprung mass, respectively. is the front part vehicle weight, is the rear part
vehicle weight k, andk,. are the front and rear suspension stiffness, ctispéy.

Lagrange’s method is used to derive the equatidn®aiion of the model.
Step input is used to obtain transient state, doeain responses for all performance
criteria, which are the sprung mass bounce andch pwotion (displacement and
acceleration), front secondary suspension for@t fshock absorber force, and front
and rear wheel hop frequencies. The work conclutdhed the optimized ride is
obtained when the dynamic index in pitch equal ih@ mass ratio equal 10 and
weight distribution equal 1. The rear suspensidffness should be higher than the
front to reduce pitch motion of vehicle body, whiwhs said to be more disturbing to
passenger than the bounce motion.

Barak et al. (2004) further investigated the effect of Chad3esign Factor

(CDF) on ride quality of a full-car 7-DOF vehicleonel. This CDF includes stabilizer
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bars, suspension stiffness, Dynamic Index in P{{©HP) and mass ratio. Again,
transient state, time-domain response of step ifymudtion is used in the analysis.
Each of the CDF is varied to observe its effedths sprung mass (bounce, pitch and
roll) acceleration and displacement responses. Wtrk concludes that anti-roll bar
has no significant effect on the ride charactesstihe work recommends the spring
stiffness values to be chosen such that the ndtelencies of the system are within
the comfort range, which is 1 to 1.2 Hz for bounce, 1.2 to 1.5 facpiand 1.5 to 2.0
for the roll motion. The DIP value is recommendedé¢ around 1.0 and mass ratio to
be about 9 to 10 so that the wheels hop frequemaibs in the range of 10 to 12 Hz,
which is within the road holding range.

Ahmadian et al. (1997) studies the behavior of semiactive suspessi
subjected to pure-tone input. A Q-car 1-DOF modaised to compare the response
of conventional passive and optimal passive damperswo different types of
semiactive dampers, namely on-off (bang-bang) amdimuously variable semiactive
dampers. This model can effectively analyze theatiffeness of semiactive dampers
at cab and seat suspensions of heavy on-highwaigleefhe on-off semiactive
control policy, which commonly known akyhook policy basically assume a damper
with its damping can be switched between low-statd high-state. The control
policy is based on:

v, xV;, >0 — high-state

1Yz J 2.2)
v, xV, <0 — low-state

where v, represents the absolute velocity of the sprungsmaaslv,, is the relative

velocity across the damper. The low-state dam@raften selected to be one-tenth of
the high sate damping. This equation implies thgih-state damping is desired when

the relative velocity across the damper and spmags velocity have the same sign.
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Otherwise, a low-state damping is needed in ordeprovide a better compromise
between the ride comfort and vehicle handling.

For continuous skyhook policy, as the name sugdestemping is adjusted
within the allowable range according to the absolglocity of the sprung mass. The
control policy is based on:

Vv, xv,,>20 > F=Cv, 2.3)
v xV,<0 > F=C '

minvl

The transmissibility ratio magnitude and phase tlee four dampers are
compared and analyzed. The results show that ibadit performance compromise
between controlling resonance peak and isolatiorhigher frequencies can be
significantly improved by using semiactive dampers.

Ahmadian (1997b) further analyzes semiactive céordahemes for multi
degree of freedom system, namely H-car 2-DOF archiQ2-DOF. Three different
on-off semiactive schemes which are skyhook, grbood and hybrid, were
introduced and analyzed against the conventionssipa system by comparing the
transmissibility ratio of the displacement and d&@ion. Similar control policy was
used as in the previous work (see Eq. 2.5). Ithseoved that skyhook scheme
improve body resonance response but at the expdneereasing the wheelhop. On
the other hand, groundhook scheme provide bettg@raof wheelhop at the expense
of increasing body resonance. A hybrid, which isualty a combination of both
skyhook and groundhook schemes turns out to prdyadier control in all.

EIMadany and El-Tamimi (1990) analyzes several inear passive and
semiactive dampers and compare them with conveaitjpassive of a Q-car model.

Detall discussion on each system is presentedeipdper. The nonlinear passive are

varying bump to rebound (asymmetric damping), gatcidamping and acceleration
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sensitive damping. An on-off semiactive systemssdiand the damper force laws are

given as:
- CX —C, X, when F1(>_'<1—>_'<z)>0 (2.2)
0 when F, (%, —X,)< 0
and
- C, %, —C,,X, when F2(>_'<3— >_‘<4) >0 25)
0 when F, (%,— %,)< 0

where c, c,, ¢, and c,, are the feedback gaing, and x, are the rear and front
sprung mass vertical velocityx, and x, are the rear and front unsprung mass

velocity, respectively.

The input signal is modeled as a stationary Gauassvhite noise. The
performance criteria are defined in terms of ridenfort, suspension working space
and road holding, thus the variables of interes aprung mass acceleration,
suspension travel and tire deflection. RMS valuesazh variable are obtained and

compared among the dampers. The mean square resparadculated from:

2 20007 ¢ 2
oy == L H, ()| do (2.6)
1 ., 2avc® . . .
where o, =0.27 seCc’ @, =607 sec’, is the spectral density of the white
T

noise excitation, andHy(a)) Is the transfer function relating the responseatde y to

white noise input. The asymmetric damping is showbdalisadvantageous to ride
guality, quadratic damper provides less effectil@ation isolation than conventional
linear viscous damper, and improvement in the acagbn sensitive damping is
relatively insignificant. On the other hand, semiactdamper is found to significantly

improve the performance criteria. They further amtdd preliminary analysis on a H-
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car 4-DOF vehicle model for semiactive dampers. Theagons of motion are solved
in time domain using step-by-step numerical integratechnique. The results show
that while RMS sprung mass acceleration is redutiegle are relatively smaller
increased in RMS tire force and suspension dedlacti

Yao et al. (2002) conducted a laboratory experiment on an Mimer to
obtain its performance characteristics. Then, apamametric model is constructed
and parameter estimation is done based on the imgrgal results using a Bouc-Wen
mathematical model. A half-scale Q-car model whiatludes the MR damper model
is then set up to demonstrate the applicationisft{ipe of damper in vibration control
of vehicle suspension system. Semiactive contratexgy, specifically on-off skyhook
control, which is similar to Eq. 2.5 is used to cohthe suspension vibration. The
work concludes that the MR damper has a very brbadgeable damping force range
and its property can be described with the Bouc-Wwiael. The simulation results
show that semiactive control can effectively imprepgung mass acceleration, tire
and suspension deflections around body resonance.

Miller (1988) investigated the tuning of the dangpifor passive, semiactive
and active suspensions of a Q-car model. The tugjigally involves changes in the
specification of spring and damper characteristaas] in this work the effect of
changing the damping ratio is investigated. Bothofinand continuously variable
semiactive control schemes are analyzed. The doalgorithm used for the on-off
semiactive control is:

% (% -%,)>0 = Fy=C, (%-X,)

ST o (2.7)
% (% -%,)<0 = F; =Cy (%-X%,)
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where C,, is the on-state damping coefficient ai@}, is the off-state damping

coefficient. The continuously variable semiactiwirol policy is very similar to the
on-off with only a slight variation and given as:

% (%-%,)>0 — Fy =C_ % +Cy (X,-X,)

(2.8)

% (% -%,)<0 = F; =Cy (%-%,)

RMS values of sprung mass acceleration for ridefedmbody motion for
sprung mass pitch and roll motion, tire deflectfon road holding and suspension
deflection for suspension travel are investigatagseld on random input velocity. The
results show that both semiactive schemes and adtwepers provide significant
improvements in ride comfort, body motion and susjgen travel while maintaining
almost the same road holding capability as in passuspension. The trade-offs
between ride comfort, body motion, road holding audpension travel are still
apparent in all cases although semiactive and estystems offers more options in
balancing these trade-offs. Generally, the contislyovariable scheme gives superior
performance than the on-off semiactive suspension.

Sharp and Hassan (1986) analyzes performance pamasmetiated to ride
comfort, suspension working space and tire loadatbdity for passive, active and
semiactive suspension systems for a Q-car repreémemtalwo types of active
suspension system are used, namely the full-statibfick and limited-state feedback.
The semiactive systems studied also use the colatn@d based on the two active
systems, but only limited to the ability to dissgpa&nergy. There were three types of
semiactive systems used, namely full-state feedbattkno passive damper, limited-
state feedback with passive damper, and limitegkstaedback without passive

damper. The control law used in semiactive systemqgual to the one in the fully
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active system, except that when the active systems) & an energy supplier, the

semiactive system switches off. The control lamudif$tate feedback system used is:

Uga-sate = K1 (X0~ X0) + Kp o (X, Xo) + ke X+ kg X, (2.9)
where X, is the unsprung mass deflectiox, is the sprung mass deflectiok,, and
k., are the full-state spring stiffness, akg, and k,, are the damping coefficient.
The control law of the limited-state feedback systs:

Uimitea-sate = KX +K % K Xy kK X, (2.10)
where k, and k., are the limited-state spring stiffness, aig and k, are damping
coefficients. The input used is displacement spédensity function defined as:

3.14x 10°U*®
S(f) = (2.11)

whereU =20 ny s and at any frequency, the output spectral defsiggual to input
spectral density multiplied by an appropriate frexgey response function. The
discomfort parameter, dynamic tire load and suspanspring stiffness are plotted
against suspension working space parameter foysisallhe work concludes that as
suspension working space is restricted, the aene semiactive systems becoming
more substantially advantageous. It is observealtalst limited-state feedback system
performs almost as well as the full-state feedlsystem.

Ivers and Miller (1989) conducted laboratory expemts on a Q-car 2-DOF
model apparatus to verify the existing simulatiesults. Passive, on-off semiactive
and continuous semiactive suspensions were analysaty a developed force
controlled damper. The semiactive suspensions Useically emulates skyhook
damper. The on-off control policy is given in Egl2 where positive absolute

velocity is defined as sprung mass moving upwarmkitive relative velocity is
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defined as sprung mass and unsprung mass sepafatimghe force exerted by the

damper,C_, is the damping coefficient for high damping stated C is for the low

damping state.

F=C.V, if V,V, >0
F=C,Vy If V,V, <0

(2.12)
The continuous semiactive control policy is givenHq. 2.13. Note that the

difference in this policy is that when absolute amthtive velocities have the same

sign, force produced is proportional to the absohglocity, as oppose to relative

velocity in the previous policy.

F=C,V, If V,V, >0
F=C,Vy If V,V, <0

(2.13)
Random excitation is used as an input to represaitroad inputs and the
results are compared to corresponding simulatisalt® The comparison are made on
several responses: RMS sprung mass acceleratio, ®igpension travel, RMS tire
contact force, and percent overshoot. Results atelic good agreement between the

simulation and experimental results for passivetesys However significant

deviations were observed in semiactive policies.

2.4 RIDE QUALITY TESTING

von Eldik Thieme (1961) defined the tertraveling comfort as the sum of all

measures which maintain and improve the well-bedh@g person and reduce his
fatigue during traveling. It consists of Riding Cimm — the comfort experienced in
the road or rail vehicle itself, Local Comfort —-etlscomfort experienced at stations,
interchange points, and airports, and Organizatid@amfort — such as good

connections, reliability of service and custom cae. The paper dealt only with the
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Riding Comfort with focus only on the mechanicdiration problem in the frequency
region of 0.1 to 100 cps (cycle per second).

There are generally two types of tests for contdoiteria, which are Objective
and Subjective tests. Objective test is relatemiedical test in which human fatigue is
considered as a criterion. Several investigatioeseevdiscussed and can be concluded
that it is very difficult to establish good relatidetween fatigue and the vibration
characteristics of the vehicle.

Subjective test is widely used in comfort critedad a reasonably good
correlation has been established between comfaeriarand the vehicle‘s vibration
characteristics. The test is generally to studyitfieence of the various vibrations on
the human subject. Several criteria proposed biowsrresearchers were discussed
like Reiher-Meister Criteria, Jacklin-Liddel Critey Janeway Criteria, Sperling
Criteria, Mauzin-Sperling Criteria, and Dieckmannit€ia. These criteria were
compared carefully and modified classification ohils for different groups of
vibrations were later introduced. However the Igrate still disputable.

Janeway (1966) reviewed various ride instrumemati@and give
recommendations on measurement equipment whictel&ively uncomplicated,
economical, and commercially available and roatdnggrocedures which facilitate
the acquisition and processing of essential datemeSinstrumentation commonly
needed includes the strain gage accelerometer adtantage includes readily
calibrated on the job, covers the complete frequerange of interest, accurate,
rugged and moderate in cost, and differential foanger — has the ability to measure
jerk directly at the low frequencies, however, wat excitation, it has a very small

output and therefore requires more powerful angation.
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Through available experimental evidences, the smaphlogy of human body
as a vibrating system over the entire ride frequeramge is not accurate and the
assumption seems to be correct for low frequenogea1-8 Hz) but beyond this
range, the body does not seem to respond as aesuilypating system. that Constant
jerk and constant absorbed power are found to hergymous.

Butkunas (1966) intended to present methods folyzing and evaluating
vibration measurements. He discussed in detailawelP Spectral Density (PSD) and
provided examples of PSD calculation for periodid aandom signals. The transfer
function of a device is defined as the square addhe ratio of the response PSD to
the excitation PSD. Only motion input in the rarajed.5 to 25 Hz were considered
with the argument that at higher frequencies thegpion of vibrational motion
diminishes and gradually the perception of vibma@s noise takes place.

Experiments to illustrate the integration of thatseushion, the seat back and
the floorpan to compute a single ride index weradoested. It was argued that
although a single combined ride index is a good edaomparing vehicles, it does
not provide information on which part of the totlstem contribute what to the
overall effect so that improvement can be focusadand for detail information,
therefore, each input to the passenger must beidchadilly analyzed for its frequency
spectrum (or PSD for random vibration). This exmemntal approach is claimed to be
advantageous since it is very flexible to handikezisimple and direct input or even
extensive and multi input problem. While the appfoaan provide a single number
representation of the comfort achieve, it can gise a detailed comfort picture of the
system, making it easier for product improvement.

Van Deusen (1968) defineulding quality as subjective experience resulting

from whole body (or nearly whole body) vibration which a person is subjected

30



when riding in a motor vehicle over an uneven ceuf$e work focused on the stable
ground roughness input with the objective to dgvedateria for evaluating vehicle
vibration, and ultimately to establish numeric seafor riding quality in terms of
physical objective measurements made on the vehicle

Cross modality technique was used in the work. Tikisa method of
continuously monitoring the vibration sensatioracsubject in an actual vehicle test,
for subjective measurement, where subjects wereiregfjto adjust sound intensity
relative to the ride discomfort experienced on thierent surfaces. The match
between loudness and vibration appears as:

L=BI*®=R=AX" (2.14)

where L is loudness, | refers to sound intensitys Riagnitude of vibration, X
is measure of vibrational intensity, A and B aralsdactors and the exponent n is
characteristic of ride.

The result was then correlated with data obtaineoh fobjective measurement
and showed that a single number, such as weighteglemation variance is
meaningful to quantify vibration level provided tepectral composition is fixed and
vibration is in single direction. If the spectralnaposition is not fixed, it is probably
necessary to tabulate several numbers that représeracceleration variances in
different frequency band. Direction of vibratiorsestially determine the ride quality.
Thus, variance of acceleration in each frequencydband covariance between
directions should be tabulated to quantify ridin@lyy in actual vehicles.

Allen (1975) presented a technique for evaluatidg guality as a function of
cab isolation parameters. SAE J1013 techniqueh®rnieasurement of whole body

vibration of the seated of agricultural equipmemrtrevused to evaluate the capability
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of cab isolation systems for ride quality improveinef on-highway tractors. The
work concludes that by modifying the suspensiomelets at the back of the cab, no
improvement in the vertical ride can be obtainedm8& improvement in the
longitudinal ride can be obtained but at the expesfdost in vertical ride.

Dempseyet al. (1979) conducted experimental work to investigéte
interactive effects of noise and vibration andHartto develop criteria for ride quality
prediction in a noise-vibration environment. Sutgeare seated on an apparatus that
resemble the interior of modern jet transport asked to evaluate the comfort by
comparing the test vibration to a reference vibratiThe reference is a vertical 5 Hz
vibration, sinusoidal at 0.074,g and ambient noise of 65 dB and test vibratiorHg 5
both sinusoidal and random, presented at 0.0220@464, 0.085, 0.106 and 0.130
Oms The noises were octave bands of random noiseersehat 500 or 200 Hz and
presented at 65, 75, 85 and 95 dB, A-weighted reiss.

The work concludes that:

1. the addition of noise to the vibration environmganerally increases the

discomfort responses,

2. increasing acceleration at each noise level/octhaad combination

generally increasing discomfort level,

3. rating of discomfort level increases linearly wiibration acceleration

when noise is absent, and loses its linearity &ene increases, and

4. logarithmic value of the rating of discomfort levatreases linearly with

noise level.

Set of constant discomfort curves or criteria carigg human response to the

combined environment were introduced.
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CHAPTER THREE

MODELING AND PERFORMANCE CRITERIA

3.1 INTRODUCTION

In this chapter, general discussion on modelingrissented. Quarter-car 2-DOF
model is used to discuss in details on equationsaftion derivation, state-space
technique transformation and control policies onows semiactive systems used in
this work. Detail mathematical derivations are tpeesented for Q-car 2-DOF, H-car
4-DOF and F-car 7-DOF models. Finally performangiga used in the analyses are

presented.

3.2 MODELING IN VIBRATION ENGINEERING

A model basically represents only an approximatbthe actual physical system and
the same physical system can usually be modelsévaral ways. However, a good
model must retain all the essential dynamic charatics of the system so that the
behavior predicted by the model could satisfagtamiktch the observed behavior of
the actual system.

Modeling in vibration engineering is usually categed into two systems -
lumped-parameter system (discrete system), andribdistd-parameter system
(continuous system). This work focuses on discrateleling of system. Discrete
modeling generally describes vehicle into a lumpedss system. Masses are
concentrated at discrete points and connected Hegdly massless elastic and

damping elements. A set of ordinary differentiali@ipns can be obtained based on
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this model. Fig. 3.1 show several examples of discmodeling of vehicle, human

and vehicle-human combination.
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Fig. 3.1: Examples on discrete modeling; (a) halfimodel (Stone and
Demetriou, 2003), (b) human-with-seat model (Baileal., 1997), and (c)
human model (Bruel and Kjael Instruments).

For ride quality study, vehicle mass is usuallyasaped into two parts: sprung
mass,ms and unsprung mass)s. Unsprung mass includes the mass of tires, brakes,
suspension linkages and other components that mawason with the wheels. These
components are on the roadway side of the springstlaerefore react to roadway
irregularities with no damping, other than the pmatic resilience of the tires
(Gillespie, 1992). The rest of the mass, whichnglte vehicle side of the springs, is

called sprung massx is therefore isolated from the road by suspensystem.
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3.3 PASSIVE SYSTEM AND SEMIACTIVE CONTROL SCHEMES

Models for passive and semiactive control scherhas s used in this work are
discussed before detail derivations are presemt¢lei next sections. For the sake of

simplicity, Q-car models which represented a sirsgispension from one of the four

corners of vehicle are used.

3.3.1 Passive Suspension System

An example of a passive Q-car 2-DOF model is shiwiig. 3.2. The variables and

input are defined in Table 3.1.

Fig. 3.2: Passive Quarter-car 2-DOF model.

Table 3.1: Passive Q-car 2-DOF variables and idpsatription.

Symboal Description Units
ms Sprung mass kg
my Unsprung mass kg
Ks Suspension stiffness N/m
ki Tire stiffness N/m
Cs Suspension damping coefficient N s/m
X1 Sprung mass vertical displacement m
X2 Unsprung mass vertical displacement m
Xin Displacement input m
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Input to the model is a displacement which represantypical road profile.
This input excites the unsprung mass, which reptssthe wheel, tire, and some
suspension components through tire stiffness. Fisprung mass is connected to the
sprung mass, representing the body of vehicle girquimary suspension spring and

damper. The equations of motion of the system eattelnived as

MK + C%, — CX, + KX — KX, =0
ITLXZ - Csxl + CSXZ_ ksxl+ (ks + kt)xz = ktxm

and represented in matrix form as:
o allebls SR SRR e
0 m %) [-¢ o |l%) [k k+k]lx] [k
This matrix form can be represented in a simplifieldtion,
M1+ [C1 [ 03 = [U] () 3.2)
where[M], [C], [K] and[U] are the mass matrix, damping matrix, stiffnessrimat
and input matrix respectivelyjx}, {x} and {x} are the acceleration, velocity and

displacement vectors respectively wh{lg} is the external/input force vector, which

in this particular case is road irregularities ihpu

State-space approach is used in this study to shéalifferential equations.
Second order differential equations are reducedir$d order with the number of
equations doubled by the following relationship:

=X, =% =X, Z,= %

So that the equations become:

2z =%=1, (3.3)

Z,=%=2 (3.4)
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. K C C
23:X1:—%21+EZZ—EZ3+EZ4 (35)

k,, (k+k)

- o CS CS
Z4:X2:E21_T22+E23__Z4 (3.6)

The system can be represented in state-space eafaBsn by compact

general matrix notation of the state differentigiation as:
4 =[A]{x}+[B]{u} (3.7)
where {x} is ann x 1 real vector,{u}is anm x 1 real vector[A] is ann x n square

state matrix anc{B] IS ann x m input or control matrix. This state differential

equation basically relates the rate of change efstate of the system to the state of
the system and the input signals (Dorft and Bisi&§®5). For this particular model,
state-space representation becomes:

0 0 1 0 | - -

?1 0 0 0 1 |4 8

The output or outputs of the system can then lsa@lto state variables and

input signals by:
y=[Cl{x}+[DJ{u} (3.9)
where [C] IS anl x n output matrix aan] is anl x m direct transmission matrix.

The output is basically depends on the interetetiser. For example if sprung mass

deflection is of the interest, the output in thase becomes:

y=[1 0 0 o{xj+[q{u} (3.10)
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If the matrix is expanded, the relation gives=2z =X, which is the

displacement of unsprung mass according to the hsdaevn in Fig. 3.2. With the
same argument, if sprung and unsprung mass acdoeterare the outputs of interest,

the output can then be given as:

_k/ V —V 7 0
Y1 m m m m
= x4+ u (3.11)
{Y2} k/ _(ks+k[y 7 _%/ v % v

m, m, m, m,
where y, is ms acceleration output and/, is my acceleration output. With the

advancement of computing power and availability ofimerous numerical
computation softwares, finding the solutions foresd equations are now
tremendously simplified. MATLAB numerical computirgpftware for example can
be used to obtain the solution and plot the responsth relative ease. In some cases

where symbolic computation is required, MATHEMATI@& MAPLE can be used.

3.3.2 Semiactive Control Scheme
This section discusses briefly on the concepombff control scheme semiactive
systems that are used in this work. It is worthedahat there exist several variations
in the on-off control policies introduced by various researché&sveral of the
variations have already been presented in thalitee review in the last chapter. This
thesis uses only the control policy that has begensively used for past works at the
Advanced Vehicle Dynamics Laboratory (AVDL), VirganTech.

In on-off semiactive control scheme, damper in the suspensystem is
controlled by two damping values, referred to aghtstate and low-state damping.
The value used at any instance depends on the grotithe relative velocity of the

suspensiony,, and the absolute velocity of the sprung mass bicileebody massy,
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that attached to the damper for skyhook schemetla@dabsolute velocity of the

unsprung massy, for groundhook scheme.

3.3.2.1 Skyhook Control

An ideal skyhook configuration is quite similar passive system except that instead
of having the damper connected between sprung aslung mass, it is connected to

an inertial reference in theky’as shown in Fig. 3.3.

y T X1, V1
Ks
X2, V2
] 1
>
-
ki :E ,]\ Xin
————-------

Fig. 3.3: Ideal skyhook configuration.

Since skyhook control focuses on the sprung massthen expected that as
Csy INncreases, the sprung mass motion decreases. ldowdNs improvement in
sprung mass motion comes at the expense of aras®ir the unsprung mass motion
(Ahmadian, 1997a).

Also since the configuration is not possible inl r@atomotive applications, a
controllable damper is usually used to achieve lamiesponse. This equivalent
semiactive damper is shown in Fig. 3.4. Relating tiio configurations, semiactive
skyhook control policy can be summarized as hauing following conditions
(Ahmadian, 1997a):

Vv, 20 ¢, =C, =C, (high-statedamping) (3.12)
Vv, <0 Cy=C,, =Cy (low- state damping) '
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where relative velocityy,, is defined as the velocity of the sprung masgselative to

unsprung massy,, i.e. v, =V, -V,.

Fig. 3.4: Skyhook-equivalent semiactive model.

3.3.2.2 Groundhook Control

Groundhook configuration is similar the skyhook foguration except that the damper
is connected from unsprung mass to an inertiateaf® on theground’ as shown in
Fig. 3.5. It can be said that the focus now isamtmlling the unsprung mass, thus
improvement in the unsprung motion is expect imgsgroundhook control. This

again comes at the expense of increasing the spnasg motion (Ahmadian, 1997a).

Fig. 3.5: Ideal Groundhook configuration.

Similarly, for automotive application, an equivaleemiactive damper shown
in Fig. 3.4 can be used. The control policy forugrdhook (Ahmadian, 1997a) is as

follows:
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-v,v,>20 cg,=c, =C, (high-statedamping) (3.13)
-V,v,<0 c,=cC., =Cx (low-statedamping)

3.3.2.3 Hybrid Control

Alternatively, the two configurations discussed \abaan be combined and this
hybrid configuration has been shown to have theaathges of both policies

(Ahmadian, 1997b). This configuration is showrrig. 3.6.

oL
CskyLL — ____TXl’Vl

ks

AAA

Cond I ke E Xin
|:|--------T

Fig. 3.6: Ideal Hybrid configuration

Semiactive hybrid control policy can be obtained dymbining the two

previous control policies, which becomes (Blanch2@D3):

av\V,,— (1— a)vzvlzz 0 C., =Cr =Cy, (3.14)
avyV,—(1-a)vy,<0 Ce, = Cyrin = Cup

where a is the relative ratio between skyhook and grouwdthoontrol. From this
configuration one can easily specify how closely tlontroller resembles either more
towards skyhook control by setting the valuex@loser to 1 or groundhook control by

setting the value closer to 0.
Looking at the configurations of the skyhook, grdbook and hybrid
semiactive (Figs. 3.3, 3.5 and 3.6), it should &éalized that these figures basically

assumed thats, of semiactive damper (as shown in Fig. 3.4) carmsdieto zero.
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However in reality, it is not possible to complgteliminate any amount of damping
in the suspension, and it is also undesirable (Ahama 1999). To overcome this, an

alternative configuration is proposed by the audmat shown in Fig. 3.7.

a(Con - Coff) i[ = 1 X1, V1

S

ks Coff

<
-
-
-

(1-a)(Con - Coff)i k = «
|——>—|________T

Fig. 3.7: Alternative representation of Hybrid Saative
control.

The off-state dampingcy is just a small portion of then-state dampingcon
which typically is one-tenth of its value. This samodel approach will be used in the
subsequent section when the equations of motioi®Qfoar, H-car and F-car models

are derived.

3.4 MODEL DERIVATIONS

In this section, complete derivation of each mottebe used for analysis in the
coming chapters is presented. Parameters usedafdr system and models are
presented. Typical semiactive damping coefficiemeschosen using the relationships

of c,=2.2¢ and c, =0.2¢ (Blanchard, 2003). These relationships vyield to

(Con _Coff): 2CS
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3.4.1 Quarter-car 2-DOF Moddl

The generalized Q-car model used in this work islamib Fig. 3.7 and repeated
below for convenientx,; is the sprung mass displacemextjs theunsprung mass
displacement anx, is the displacement input.

Based on this configuration, skyhook and groundhomirols can be obtained
by varying the value of. The system becomes a skyhook whenland groundhook
wheng = 0. The system is said to be in hybrid control whenvhlue ofx is between
these values. For the purpose of analysis in tloidwhybrid control is taken as when
a =0.5. Moreover, the equations of motion for passivaeyscan be readily obtained

from the same figure by letting, = c, andc,, =c..

a(Con - Coff) i Txl

AAAA
vyvyy

(1-a)(Con - Coff)i ki «
|:|--------T )

Fig. 3.8: Q-car 2-DOF generalized model.

The general equations of motion derived from thel@hare:
MUK, + G (5 = %g) + 0 (Cop = Co ) Xy + K, (X, = %) = 0 (3.15)
mez — Coft (Xl - XZ) + (l_ a)(con — Coft )Xz_ ks (Xl_ X2)+ kIXZZ kt)gn (316)

These can be simplified in matrix form of as desedi in the previous section

and the mass, damping, stiffness and input matniespectively are given as:

S

0 m,
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— Coff

Cor +(Cop —Coy )
Cor +(1-@)(Cp — Co )

Coff

[C][

K, —K‘.}

[K]{—ks K+

ol

Transforming the equation into state-space reptaten, with the assumption
the equations can be simplified into the

that z =x, =%, =%, Z,=X%,
following form:
Z=%=1 (3.17)
Z,=%=2, (3.18)
Cy +alc,, —C,
Zsle——ﬁzlﬁ-ﬁzz—( i ( ff))szrC‘)“ z, (3.19)
my m my m
Cy t(1-a)(c,, —C,
2, =X, :ﬁzl—M 22+C°ff 23—( o () ﬁ)) z, (3.20)
m, m, m, m,
or, in the matrix form, the corresponding matriees.
0 0 1 0 |
0 0 0 1
[A] _ _ﬁ ﬁ _(Coff +a(con — Cost )) Coit
m m m m
& _(ks+kt) Cott _(COff +(1 a (Con_coff ))
L M m, m, m, J
"0
0
[B]=| 0
LY
LM,
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The motion variables or states of interest arergpmass acceleratiorky),
suspension deflectiorx(— x,), and tire deflectionX, — x,,). Thus the outputs in state
space is given below wherg,, y, and y, are the sprung mass acceleration,

suspension deflection and tire deflection outpaspectively.

Y1
[Y]=1Y-
Y3

c]- ko kg (Coﬁ+a(con_coﬁ)) Cott

m m m

1 -1 0 0

0 1 0 0
0
[D]=| O
-1

Numerical values of parameters used, which arec#ygor passenger vehicle
are summarized in Table 3.2. Using built-in MATLABmMmand, natural frequencies
of each system are obtained and shown in TableTh8se values are reasonably
within the recommended values for passenger velaslesuggested by Gillespie
(1992) and Wong (2003). A good passenger vehicteuldhhave the mnatural

frequency,o,, at around 10 Hz, while the,gmatural frequencygw,, should be within

an order of magnitude higher.
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Table 3.2: Q-car 2-DOF Model Parameters.

Symboal Description Units
ms Sprung mass 240 kg
my Unsprung mass 36 kg
Cs Suspension damping coefficient 980 N §/m
ks Suspension stiffness coefficient 16000 N/m
ki Tire stiffness coefficient 160000 N/r[n

Table 3.3: Natural frequencies of each Q-car systedhcontrol

policy.
System ®,; (msnatural ®,, ( mysnatural
frequency), rad/s frequency), rad/s
Passive 7.8581 69.2702
Skyhook 7.7801 69.9642
Groundhook 7.7813 69.9539
Hybrid 7.7840 69.9296

3.4.2 Half-car 4-DOF Moded

The generalized H-car 4-DOF model is shown in Bi§.below.x, is the sprung mass
vertical displacement, is sprung mass pitch angular displacemeyandx, are front
and rear unsprung mass displacementsxanand x;; are front and rear displacement

inputs, respectively.

a(Con2 - Coff2)
14111/

X1 r \

a(Con1 - Coff1) \é///lff//')

M lyy

______ ?
“Lf“\ ki i ________ 1\Xinz

(1 - @)(Con1 - Coffz)

Fig. 3.9: H-car 4-DOF generalized model.
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Similar to the Q-car model case, all passive andagtive control policies can
be obtained from this single model, which is bytimgte =1, o =0.5and « =0 to
obtain skyhook, hybrid and groundhook control peBcrespectively, and letting
Cs,=C,y =C,; andc, =C,,, =C,, to obtain passive system. The equations of motion
derived from the model are shown below:

MK +KoZy + K Z o+ Cp £1+Co Z

+a(conl = Coft 1)(Zl+ X3) + 0[(C0n 2™ Coit Z)(Z ot XA) =0 (321)

% —KaZli +K 21 —Cy 1ZJf + Cott ZZLr

—0(Cyry - Cot N(Zy+ X +(Cypp=Cop J(Z 1+ XN, =0 (3.22)
MuXs = KuZy = Cp Z1F K X=X, )+ (1= @) (Cor 17Cop X =0 (3.23)
MoXe = KoZ o — Co Z o+ K AX 4= %0 2+ (1= @) (Cp 5~Cop X =0 (3.24)
where,
Z, =% =Xl —Xq

Zz :X1+X2Ir — Xy

In matrix form, the mass, damping, stiffness amguinmatrices, respectively

are given as:
m O 0 0
0o | 0 0
[M]= °
0O 0m, O
0O O 0 m,
C1+C2 _Cllf +CJr —Coif 1 —Cotr 2
_Cllf +C2|r C1|f2+CJr2 CoffJf _Cofler
[C]= | 0
_Coffl Coffl f Coff 1 T (1_ a) (Conl_coff 1)
_Coff2 _Coff 2|r 0 Coff2 + (1_ a) (Conz -Coff 2)
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ksl + ksz _ksllf + kszlr _ksl _ksz

K- —kaly +kde k" kgt kg k),

_ksl ksllf ksl+ ktl 0
_ksz _kszlr 0 ksz+ kt2
0
0
Yl=|,
K.

where,
Cl =Cef1 T a(conl- Cot 1)

C, =Cy 2+ A(Conp - Copf o)

Letting =X, 5,=X =X, 2, =Xy L=X, Zg=Xy, ;=X ansz:X4,

the state space representation of the equatioicdl@ss:

Z =X =1
Z, =X, =24
Z,=X3=12;
z,=X,=2

Z; =% = m 1 m, 2 E23+EZ4
(Cl + Cz) (Cll £ Czlr) Cotr1 Coff 2
- + Z.+ 4 Y4
m Z m 6 7 8
I, —k,l kyl.2+k| 2 I
.zezxzz(kslf ksZr)Zl_( sl f + s2'r )22_(kslf)z3+(k52|r)z
Iyy Iyy Iyy Iyy
+(Cl|f —Czlr)zs_(Cl|f2+C2|r2) _(Coﬂllf)z7+ Coff2|r
Iyy Iyy Iw Iw
Kkl
27:5-%:&21_ s f 22_(k51+k11)23

m, m, m,
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(3.25)
(3.26)
(3.27)

(3.28)

(3.29)

(3.30)



n Cof 1 z - Coffllf Z,— Coffl+(1_a) (Conl-coff 1) z (331)
My My My,
28 — X4 — ksz 21+ kszlr 22_ (kSZ +k12) 24
m,, m,, m,,
+Coff2 ZS_Cofler 26_C0ﬁ2+(1_a)(con2_coff 2) (332)
m,, m,, m,,
- 0 O —18x2
K
Bl=—~ O
[B] m.
0 ke
L ury

where [B] IS an 8 by 2 matrix. The states of interest areurgp mass vertical
acceleration %), sprung mass pitch angular acceleratiog), front suspension
deflection (x,—x,-1, —X;), rear suspension deflectionx &x,-I, —x,), front tire
deflection (x;,—x,,) and rear tire deflectionx|—-x,,). Thus accordingly, output
matrices[Y], [C] and[D] can be derived based on the motion variablestefest

the same way as derived in the Q-car case before.

Numerical values of parameters used and naturguémcies of each system
are summarized in Table 3.4 and Table 3.5, resgdygti

Similar to Q-car case, typical semi-active dampaugfficients are chosen

using the relationships of,,=c,,=2.2c, and c,,=C,,=0.2c,. Two types of

inputs are used in this work. The first type is edllheave input signal, where

V., =V, =V, and the second type is pitch input signal, where=v,, , v, =-V,

in? in*®

These are illustrated in Fig. 3.10.
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Table 3.4: H-car 4-DOF Model Parameters.

Symboal Description Units

ms Sprung mass 730 kg

lyy Pitch Moment of Inertia 2460 kgm
my; Front Unsprung mass 40 kg
my; Rear Unsprung mass 35.5kg
Ks1 Front Suspension Stiffness coefficient 19960 N/m
ke Rear Suspension Stiffness coefficient 17500 N/m
Cs1 Front Suspension Damping coefficient 1290 N $/m
Ce Rear Suspension Damping coefficient 1620 N 5/m
ki1 Front Tire Stiffness coefficient 175500 N/m
Kio Rear Tire Stiffness coefficient 175500 N/m
l¢ Distance fromims C.G. to the front axle 1.011m

[ Distance fromms C.G. to the rear axle 1.803 m

Table 3.5: Natural frequencies of each H-car systasncantrol policy.

System ®,; (msnatural ®,,(msnatural | ®,; (msnatural| ,,( msnatural
frequency), rad/s| frequency), rad/s| frequency), rad/g frequency), rad/s
Passive 5.0955 7.1128 69.4906 72.5727
Skyhook 5.1173 6.3917 69.9092 73.7083
Groundhook 5.0482 7.0193 69.9297 73.7622
Hybrid 5.0731 6.9870 69.9247 73.7458
A A A
v
Vin1= Vin Vin2 = Vin Vin1= Vin Vin2 = -Vin

Compared to the Q-car 2-DOF model, H-car model wonlible an analysis
of either pitching or rolling response of vehiclegsides the heave or bouncing

response. This advantage is, of course, comesawgtite that the equations of motion

(a) Heave Input

(b) Pitch Input

Fig. 3.10: Types of input signals for H-car anadysi

become more involved.
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3.4.3 Full-car 7-DOF M odedl
A typical F-car 7-DOF is shown in Fig. 3.11 and dstail derivation is described
below. The variables and inputs of the model ararsarized in Table 3.6. Similar to

the previous models’ cases, all passive and seingambntrol policies can be obtained

from this single model.

(L- )(ona- o) o

\Lﬁfécons - Coffa)

Arr

A
in

(1 - @)(Con2 - Coft2)

X

\T‘ a(Con1 - Coff1)

(1 - @)(Cona - Cofta)

[

Xin1
(1 - @)(Cont - Corta) "

Fig. 3.11: F-car 7-DOF generalized model.

Table 3.6: F-car 7-DOF variables and inputs desonp

Symboal Description Units
X1 Sprung mass heave displacement m
X2 Sprung mass pitch angular displacement rad
X3 Sprung mass roll angular displacement rad
X4 Front-Left unsprung mass displacement m
X5 Rear-Left unsprung mass displacement m
X6 Rear-Right unsprung mass displacement m
X7 Front-Right unsprung mass displacement m
Xint Front-Left displacement input m

Xin2 Rear-Left displacement input m
Xin3 Rear-Right displacement input m
Xina Front-Right displacement input m
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The equations of motion derived from the modelsii@vn below:
mx +K,Z,+K Z,+K Z +K Z,+Ci Z+Cs Z #+Cy £
alata(C, -Cr NZ,+X)+a(C, ,~Cpx NZ %)
+a(Cyy - Cyr o) (Zs+ Xg) +(Cy 4= Cy J(Z ,+#%) =0 (3.33)
L% +KaZl =K Z ) K Z) +K Z ) +C 2 —Cy ZL —Cy 2,
+Co o Zal ¢ +Copy = Co J(Zy+ X = (€ 5 e JZ 5+ %)),
—a(C, - Cyr )(Zy+ XN, +ax(C,, ,-Cy J(Z ,+ X ), =0 (3.34)

Ixxx3+kslzla1f +kszzza1r _ks;ﬁ'r _kSAZﬁ'f + Coit Z%f + Cot Z & —Cor Z 3,

C0ﬁ4z4a1'f +0!( onl~ off 1)(Z +X4)a1f +0[( on 2~ off 2)(Z 2+X981r

~0(Cyy o 3)(Zs T %)@, —#(Cry=Coe J(Z X )3, =0 (3.35)
MKy = KaZy = Cop Z 1+ K (X =%, )+ (1) (G 17Cop IX = O (3.36)
Myo% —KyoZy = Cop Z ot K AX 5% )+ (1-0t) (Con 27 Cor X & (3.37)
Mig¥s ~KeaZ 3= Co £ o+ K dX 5= %0 9 T (1) (G 57Cor 3% & 0 (3.38)

X = KeuZ s = Co Z 4K fX =% (1= @) (Cp 4Cor IX 7~ (3.39)

where,

Z =X+ X +XB —X,

Z,=X%—XJl +Xa, —Xg

Zy =% =X, = XA, — X

Z, =X +X; = X3, — X,

The equations are then transformed to state-spepeesentation. Letting
=X, L,=X =X, =Xy, L=Xs, Zg=Xg, L, =%, =X, g =Xy, Zp= X,

2y =Xy Zp=Xgy Zg=Xg, Ly =X, and:
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Cl =Cef1 T a(conl- Cot 1)

C, =Cy 2+ A(Cynp~ Copf o)

C3 =Csr 3

+ (Z(Con3 - Cotf 3)

Cs=Cyt 4+ A(Cons~ Corr 4)

the state-space representation of the equatimistasned as:

2=%=12

2,=% =1

2,= %= 12,

Z,=% =12,

2= %= 2,

2= % =12,

=% =12,

o g (atkatkark)  (Chdivkd vk —kdi)

m, m,
+G@%—&ﬁﬁ*¢y+&@0%+§hﬁ5ﬁ%+§%6
m, mm T m

+&27_(c1+c2+c3+c4)28+(—cl|f+czlr+c3|r—c4|f)

N (_Claﬁ -Ca,+Ca, +Cay )

Z;=X,=

m, m m,

0

m

C C C C
off 1 off 2 off 3 off 4
4+ 4p+ Zypt 2y

m m m m

G&h+&$+&$—&&)a &g3+m¢%«g3+mﬂﬂé

)24 yy
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(3.40)
(3.41)
(3.42)
(3.43)
(3.44)
(3.45)

(3.46)

(3.47)



Lk +kszlrarl—ksslrar +ks4lfauf)zs+(klsllf) 24_(k:2Ir) 25_(k|33|r) ,

+(l<:4|f) Z7+(—c:1|f +c:2|rI +CJ,-C}J,) ZS_(cl|f2+czlr2I+cgr2+CJf2)

yy yy yy

+(_C1Ifa1f +C2lra1r _C?Jrarr +C4Ifarf)

0
I

+(colﬁl|f) l_(colﬁzlr) 12_(colﬁglr) 13+(Colﬁ4|f)zlz (3.48)
vy W w i

g — (_kslaﬁ - ksZa1r + ks3arr + ks4arf ) Z

0= 4%
I

(_ksllfaﬁ +k52|ra1r _kSB‘lraTr +ks4|farf)
+ | Z,

XX

(kad” +kszar2|+k53ar2+ks4af %) ZS+(kTaf ) Z4+(kslzaur) .

XX XX XX

_(ksi3arr) 26 _ (ksl4arf ) 27 i (_Cla1f _Cza1rI+C@'rr +C4arf) 28
+(_C1|fa1f +C2|ra1r _C:vjra'rr +C4Ifarf)
I

XX

(Ca’+Ca,°+Ca,’+Ca,’)
+
I 0

" (Coffla1f ) (Coff Za1r ) (Coff Sarr) (Coff 4arf ) (349)

1 12 137 14
I I I I

Ky Kl 7+ K. . (ksl+kt1)

- . Coffl
Z,=Xy=—=4+ 3~ Z,t Z;
my m,, m,; m,; m,,

i Coﬂllf z, + Cott 164 - Coit l+(1_ a) (Conl_ Coit 1) z, (350)
m, m, m,,
z,= XS — ksz z,- kszlr Z,+ k32a1r Z,— (ksz + ktz) Z .+ Coffz z,
m,, m, m;, m,, m,,
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_Coff 2||, z,+ Coff 2A _ Coff2+(1_a)(con2_coff 2) (351)
m,, m,, m,,
goxo ke, K, K, (katka),  Cus
M3 m;s m;s m;; m;s
3 Coit 3||, B Coft 35 _ Coit 3T (1_ a) (C0n3_ Co 3) (352)
my m;s m;s
I
2, =% = K, 2.+ Kaal ¢ 7, Kol ZS_(ks4+kt4) . +Coff4 z,
m,, m,, m,, m,, m,,
I 1- -
| Cottals Zg_coff4arf O_Coff4+( &) (Cona=Con 4)214 (3.53)
M,y m,, M4
"o 0
[
My
Bl-| 0 o= o
m,,
0 0 LS 0
m;
0 0 0 LY
I M., |

where [B] is a 14 by 4 matrix. The motion variables of ietrare sprung mass

vertical acceleration¥ ), sprung mass pitch angular acceleratie),(sprung mass

roll angular accelerationx(), Front-Left suspension deflectiox (+ x,|, + x,a, — X,),

Front-Right suspension deflectionx & x,|; — x.a,

deflection

(Xl - X2Ir +X@, — XS)’

Rear-Right

o X7)’

suspension

Rear-Left suspension

deflection

(X, —%,l, — X8, —X;), Front-Left tire deflection X, —x,,), Front-Right tire deflection

(X, —x,,), Rear-Left tire deflection ¥,—x,,) and Rear-Right tire deflection

(X6_)§n3)'
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Thus accordingly, output matrides], [C] and[D] can be derived based on

the motion variables of interest the same way asrdeed in the Q-car case before.

Using this type of model, obtaining vehicle respnm bounce, pitch and roll
as well as the possibility of interaction betwedrese responses would become
possible. However, complication in the mathematieptesentation which then would
significantly increases computational requiremea$ hindered many researchers to
employ this approach.

Numerical values used in this analysis which apacgl for passenger vehicle
are summarized in Table 3.7. Typical semi-activenpiag coefficients are chosen

using the relationships of  C,1=Cy» =Con3=Cpa=2.2C, and

Coit1 = Cor2 = Cor 3 = Cr 4= 0.2, Using  built-in - MATLAB command, natural

frequencies of each system are obtained as shoWabile 3.8.

Three types of inputs are possible for this F-cadeh and used in this work.

The first type is called heave input signal, wheke= X, = X,;=X,,=X%,, the
second type is pitch input signal, whege= X, =X, , %, = X3 = —X%,, and the third
type is roll input signal, whereq,, =X, =X,, X.3=X.,,=—X,. Ihese inputs are

illustrated in Fig. 3.12.
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Table 3.7: F-car 7-DOF Model Parameters.

Symboal Description Units
ms Sprung mass 1460 kg
l, | Pitch Moment of Inertia 2460 kg M
L Roll Moment of Inertia 460 kg nt
my; Front-Left unsprung mass 40 kg
my; Rear-Left unsprung mass 35.5kg
M3 Rear-Right unsprung mass 35.5kg
Mua Front-Right unsprung mass 40 kg
kst Front-Left Suspension Stiffness coefficient 1996MN
ke Rear-Left Suspension Stiffness coefficient 17506 N/
ks Rear-Right Suspension Stiffness coefficient 17500 N
Kss Front-Right Suspension Stiffness coefficient 19860
Cs1 Front-Left Suspension Damping coefficient 1290 N $/
Ce Rear-Left Suspension Damping coefficient 1620 N 5/m
Cs3 Rear-Right Suspension Damping coefficient 1620\ |s
Cu Front-Right Suspension Damping coefficient 1296/MN
ki1 Front-Left Tire Stiffness coefficient 175500 N/m
Kio Rear-Left Tire Stiffness coefficient 175500 Nfm
kis Rear-Right Tire Stiffness coefficient 175500 N/m
Kia Front-Right Tire Stiffness coefficient 175500 N/m
l¢ Side distance frorms C.G. to the front axle 1.011m
[ Side distance frorins C.G. to the rear axle 1.803 m
¢ Frontal distance frorms C.G. to the Front-Left axle 0.761m
ay Frontal distance frorms C.G. to the Rear-Left axle 0.755m
Ay Frontal distance fronms C.G. to the Rear-Right axle 0.755m
a Frontal distance frorms C.G. to the Front-Right axle 0.761m

Table 3.8: Natural frequencies of each F-car systedncontrol policy.

System Q] ®py W3 Wy W5 Wpg W7
Passive 6.3164 8.1954 9.4216 69.35[15 69.3869 74.9652.5396
Skyhook 6.2705 8.00189 9.199%% 69.9042 69.9101 72.70473.6903
Groundhook 6.2959 7.9954 9.18%7 69.93H8 69.9407 7602. 73.7764
Hybrid 6.2677 7.9967 9.1911 69.9296 69.931 73.743%¥3.7497
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\T = \T \T
(a) Heave Input (b) Pitch Input (c) Roll input

Fig. 3.12: Types of input signals for F-car anaysi

3.5 PERFORMANCE CRITERIA

In the next three chapters, responses of passsterayand semiactive control policies
of Q-car, H-car and F-car models are compared angzah Three different analyses
were conducted, that include frequency-domain resgotime-domain transient state
response and time-domain steady state responsen Hrese complete analyses,
performance comparison between various semiactiveéraopolicies and passive
system is obtained.

Sprung mass acceleration is observed for ride tyualiication. Even though
there are several other criteria suggested forptlmipose, such as jerk (third derivative
of displacement or the slope of acceleration) gaserally accepted by researchers in
this area that acceleration provide good indicatanvehicle ride. For H-car model,
pitch angular accelerations are also looked at additionally, roll angular
acceleration for F-car model.

Other states are also observed to identify any comige in the other aspects
of vehicle dynamics. This includes suspension dafla for rattle space requirement
(suspension design limitation) and tire deflectifor road holding requirement

(vehicle handling). Performance criteria for eacllysis are described here.
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3.5.1 Frequency-domain Analysis

In frequency-domain analysis, transfer functionghef states of interest are plotted
over a frequency span. Transfer function of a lingane invariant differential
equations is generally defined as the ratio oflthplace transform of the output or
response function, to the Laplace transform ofitipait or driving function with all

initial conditions are set to zero (Ogata, 1997)sTan be simplified as:

Loutput]
L [| npUt] zero initial

conditions

Transfer function, TE

Using this analysis, general response of each maddl control policies
throughout the frequency span can be obtained. lysoak is interested in peak
responses or resonances, which occur at the nafte@lencies of the system.
Response trend at low frequencies — below the natinegluencies, and high
frequencies beyond the natural frequencies are atded and compared. Low
responses are preferred in all cases.

There are several ways to obtain this frequencyoresp plot. The one that is
used here is by obtaining the steady state peakesabf the system response to
sinusoidal input, with which the input frequencies garied throughout the intended
frequency span. The frequency response is basigatythe maximum response at
steady state for each input frequency. To enswaettie approach and code used is
correct, initial trial was conducted to compare theple Q-car 2-DOF model
response to another alternative approach.

In this alternative approach, transfer functionaofy state of the system is
obtained by either using MATHEMATICA or using built- function available in
MATLAB. This transfer function, which is in s-donmaiis then transformed to

frequency-domain using MATHEMATICA and the result tiansferred back to
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MATLAB for plotting. Identical results are obtain@dall states of interest except that
in some cases the former approach gives diffeesganse at low frequency. This is
later resolved by setting the steady state timeettigher, since low frequency input
would take longer time to reach steady state.

The results for Q-car 2-DOF and F-car 7-DOF were asopared to the work
done by Blanchard (2003) with velocity input andntical results are obtained in all
Q-car cases while match satisfactorily in the spnmags response in the F-car model.
The unsprung mass, suspensions and tires respamsest identical since the model
and method of evaluation used are slightly differénsample code for Q-car 2-DOF

frequency response is attached in Appendix A fareace.

3.5.2 Time-domain Transent State Analysis
In transient state response analysis, the perfarenanteria of a system usually are
specified in terms of the response to a unit stguiti since this input function can

easily be generated and is sufficiently drastic (@gh997).

Step Input Function
T T

[
T

Normalized amplitude

o
L

Time

Fig. 3.13: Step input function for transient stasponse analysis.
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The step input function with normalized amplitude shown in Fig. 3.13.
Amplitude of 0.05 m is used throughout this work. sThimplitude value has been
used by several researchers in their analysis asi®aralet al. (2004) and Suset al.
(2002), thus is simply taken here for consistef@y.this step input signal, the system
is set to be at rest (no disturbance) at time0. At time t =0, suddenly the step

input of amplitude equal to 0.05 m is applied.

Step Response

60 Maximum

/Amplitude

|

Peak-to-peak Response

Amplitude
N
o
T

o

—20}

Minimum
-40 - Amplitude

. . . . . .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (s) (sec)

Fig. 3.14: Typical transient state response cuovestep input
function.

There are several standard performance criteri@oimrol system theory.
However for the purpose of this work, only thregl@m are used that are:

1. Peak-to-peak (PTP) displacement or acceleration.

2. Settling time ts.

3. Steady state value.

PTP values are calculated as:

PTP= maxx ()— mif{x )
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where x(t) is either displacement or acceleration, dependingthe response of
interest. The minimums and maximums are defineth@snaximums and minimums
of the overshoot. This is shown in Fig. 3.14. Tbigerion indicate the maximum
fluctuation occur in each system and control pe$icat transient state. Naturally,
small fluctuation or PTP value is preferred.

Settling time,ts is defined as the time required for the systerargter for the
response to reach and stay within 2% range of gtetadie value. This is also shown in
Fig. 3.14. This criterion indicate how fast thetsys response to the desired change.
Faster response and thus sméaljealue is desired.

Steady state value is simply the final value of tbsponse as it settles down.
Since the input function is only a step functidre steady state value is expected to be
zero for sprung mass and unsprung mass accelesatime and suspension
deflections, while for the sprung mass deflectitwowdd converge to 0.05 m if the
steady state error is zero in the system.

To ensure that the code used in this analysislid,\several results obtained in
the Q-car 2-DOF using velocity input are compar@the one obtained by Blanchard
(2003) and identical results were obtained. A sangolde for F-car 7-DOF transient

state response is attached in Appendix A for refsee

3.5.3 Time-domain Steady State Analysis
Only a single criterion is used to analyze steddtesresponse that is the Peak-to-peak
(PTP) value. Similar to the transient state angJyBTP can be defined as:

PTP= maxx ()— mif{x )

However, these maximums and minimums values arentas the system

reaches steady state condition. Sinusoidal funetibim amplitude of 0.05 m is used as
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the input to the system and to obtain the worseé c&@enario, frequency of the input

function is set equal to the natural frequencyhefsystem. The function used is:

Input, u=0.05sin wt)

where w is the input frequency and equivalent to the ratirequency of the system.
To get a complete observation on all possible waate scenario, all natural
frequencies of the system are analyzed, that isityot frequencies for Q-car, four
for H-car and seven for F-car, even though sintésponses are expected in some of
them due to identical conditions and parameters.

Again the code is compared against the resultslagddard (2003) for Q-car
2-DOF with velocity input for verification purpos@. sample code for H-car 4-DOF

steady state response is attached in Appendix Reference.
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CHAPTER FOUR

FREQUENCY RESPONSE COMPARISON

4.1 INTRODUCTION

In this chapter, the frequency response for eactieiis presented and comparisons
are made between the various models, input typesstates. At first, states that are
common for all models are comparenhvertical acceleration, suspension deflection
and tire deflection. Then the responsemepitch angular acceleration from the H-car
and F-car models are compared. This response msvadable and cannot be predicted

by the Q-car model.

42 ALL MODEL COMPARISON

4.2.1 Sprung MassVertical Acceleration

Figs. 4.1 — 4.3 show the frequency response plothefms vertical acceleration
response for Q-car, H-car and F-car, respectiv@ignerally all plots show very
similar trends of response. At low frequencieseqfrencies below theys natural
frequencies, all system give identical responses.

As frequency reachess natural frequencies, response in groundhook cbntro
become worse than passive while skyhook and hytwittrols become better with
skyhook giving the best response. As frequency mbwgher to my natural
frequencies, groundhook control response givebés response while skyhook and
hybrid still have better responses than passiveesysBeyond the natural frequencies

of the system, all semiactive control policies cenge toward the same point, which is
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significantly lower passive system. It is notedttitmgbrid control gives better response
than passive throughout the frequency span.

Comparing between heave and pitch input shows gintdar pattern, except
in the region betweems andm,s natural frequencies, in which all responses aretow
in pitch input.

Comparison between models show that all models giveost identical
responses. All responses, regardless of input typee identical convergence of
responses towards low and high frequencies. In dmtwhe peaks at the natural
frequencies, heave input response in H-car andr Fawadels give very similar
responses except that two peaks are observed apthag mass natural frequency
region — each for pitch and vertical natural fregpies of the sprung mass, instead of
only one in the Q-car model. Responses in pitchtiwever show more significant

variations and are generally lower in magnitude.

Q-car 2-DOF frequency response — mg vertical acceleration

10°

Transfer Function (mS accel/xm)

Passive
= = Groundhook | §
o+ Hybrid
— — — Skyhook

n

.
10° 10 10* 10° 10°

Frequency (rad/s)

Fig. 4.1: Q-car frequency-domain response -
vertical acceleration.
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H-car 4-DOF frequency response — mg vertical accel. - Heave input

Transfer Function (mS accel/xm)

10
-3 Passive
07y == Groundhook |
‘o Hybrid
— — — Skyhook
104 -1 0 : 1 i 2 3
10 10 10 10 10

Frequency (rad/s)

(a) heave input response

H-car 4-DOF frequency response — m, vertical accel. - Pitch input

Transfer Function (mS accellxm)

Passive ]
== Groundhook

1 Hybrid

— — — Skyhook

10° 10°

(b) pitch input response

Fig. 4.2: H-car frequency-domain

response, vertical acceleration.

F-car 7-DOF frequency response — m, vertical accel. — Heave input

Transfer Function (mS accellxm)

107}
3 Passive
10 == Groundhook|
++ Hybrid
— — — Skyhook
10”‘ L T
10™ 10° 10* 10° 10°

Frequency (rad/s)

F-car 7-DOF frequency response — m, vertical accel. - Pitch input

Transfer Function (mS accellxm)

Passive |
== Groundhook

oo Hybrid

— — — Skyhook

(a) F-car with heave input response

10 10

(b) F-car with pitch input response

Fig. 4.3: F-car frequency-domain response vertical acceleration.

4.2.2 Suspension Deflection

Figs. 4.4 — 4.6 show the frequency response pltteobuspension deflection response
for Q-car, H-car and F-car, respectively. All susgien response plots show that at
low frequencies, groundhook control gives almosactly the same response as
passive. However skyhook and hybrid control podicgive significantly higher

responses with skyhook being the worst of all, Whi up to nearly two orders of

magnitude.




Q-car 2-DOF frequency response — suspension deflection
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suspension deflection.

4.4: Q-car frequency-domain response -

g—l—car 4-DOF frequency response - front suspension deflection - Heave input
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(a) H-car with heave input response - front

H-car 4-DOF frequency response - rear suspension deflection — Heave input
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Dchar 7-DOF frequency response - RL suspension deflection — Heave input

Uchar 7-DOF frequency response - FL suspension deflection — Heave input
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Fig. 4.6: F-car frequency-domain response - suspeaeflection.

As frequency reachess natural frequencies, response in groundhook cbntro
become worse while skyhook and hybrid controls bezobetter than passive.
Between thems and mys natural frequencies, all systems have almost a@imil

responses. As frequency reachgsnatural frequencies, groundhook control response
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give the best response, hybrid control give quiteilar response to passive while
skyhook control give the worst. Beyond the natdrafjuencies of the system, all
systems converge toward the same value. No significlifferent in the trends
between the front and rear responses. All respaatsesandmys natural frequencies
are at the same order of magnitude.

Comparing between different input types shows v&ryilar trends in all
responses with no significant variation other tlsasudden drop for passive system
and groundhook control policy in roll input at Idvequency.

Comparison between models show that while identicahvergence is
observed at high frequencies, low frequencies mesg®converge to different values.
This phenomenon occurs in all passive and seme&ctwitrol policies. Responses in
frequency region between the natural frequenciesabinost identical except in H-car
model where two peaks atsmatural frequencies are observed. Responses in the
fronts are also differs to the rears for both H-aad F-car models. Low frequencies
responses of F-car model with roll input show digant variations than the others.
This may be due to the computational errors whaghkeh iterations are required for

more accurate responses.

4.2.3 TireDeflection

Figs. 4.7 — 4.9 show the frequency response plthefire deflection response for Q-
car, H-car and F-car, respectively. At low frequescall semiactive control policies
give very similar response but significantly higllean passive. As frequency reaches
ms natural frequencies, response in groundhook cbbhémome worse while skyhook
control become better than passive. Hybrid corgre¢és higher response at the first

natural frequency before getting better as theukeaqy move further.
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Fig. 4.9: F-car frequency-domain response - tiféiedgon.

Towards them,s natural frequencies, groundhook control respongesgthe
best response, hybrid control gives relatively dyretésponse while skyhook gives the

worst. Beyond the natural frequencies of the sysahsystems converge toward the
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same value. It is also noted that the peakanatural frequencies are about an order
of magnitude higher than thatra¢ natural frequencies.

No significant difference in the trends between thents and the rears
responses other than a sudden drop for passivensystd groundhook control policy
in roll input at low frequency. Their responsesl@ater frequencies are also higher
than in the heave and pitch input cases.

Comparison between models shows almost similarorespas in suspension
deflection case. While identical convergence iseoled at high frequencies, low
frequencies responses converge to different valoesall passive and semiactive
control policies. Responses in frequency regionveeh the natural frequencies are
almost identical except in H-car model where twal®eat g natural frequencies are

observed. Apparent difference in response betweern &nd rear tires is also present.

4.3 H-CAR AND F-CAR COMPARISON OF PITCH RESPONSE

Almost similar observations as on the vertical acceleration can be made to pitch
angular acceleration, except for several differend@d low frequencies, semiactive

control policies give significantly higher respoadb@an passive with skyhook being

the worst of all. These increases are as high adynan order of magnitude. Another

different characteristic is skyhook responsenatnatural frequencies, where it gives
higher response than passive.

Comparing between heave and pitch input shows #halow frequency
responses for pitch angular acceleration of sem&aaontrol policies in the pitch
input are all similar to passive, while they arghar in heave input.

Comparison between the H-car and F-car models slibatsvery identical

responses are obtained in both models for botht types particularly in low and high
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frequency ranges. In the range between the nal@@liencies, apparent but not so
significant differences are present except thatpeek atms natural frequencies in F-

car model is higher in heave input, but lower itipinput.

H-car 4-DOF frequency response — m, pitch angular accel. - Heave input H-car 4-DOF frequency response — m, pitch angular accel. - Pitch input
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Fig. 4.10: H-car frequency-domain response pitch angular acceleration.
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4.4 CONCLUDING REMARK

With all frequency-domain response observationscah be said that generally

skyhook control policy significantly improves pemficgance of all responses ms
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accelerations, suspension and tire deflections wrim@rt frequency is equivalent to;
natural frequencies@m.,. = ams, While groundhook control policy significantly
improves the responses when input frequency isvatant tomys natural frequencies,
O = @us. HOWeEVeEr, their improvements are at the expengdebther responses.
Responses in skyhook control policy significantigrease relative to passive system
when @ = @mes. Similar case happen in groundhook control poéitya.,.: = .
Hybrid system can be considered as a compromiseebet the two semi-active
systems, and generally performs better than theiygsystem except in some cases
particularly at low frequencies.

At frequencies below the natural frequencies of slgstem, all semiactive
control policies do not improve the response buy matead increase. At frequencies
beyond the natural frequencies, semiactive comtodicies either do not change or
improve responses. Peak responsea.at = ans are generally at least an order of
magnitude higher than ai.,: = amns for tire deflection responses.

Comparing between the different input types, gdhengertical and pitch
accelerations responses are prominent in heaveiteidinputs cases while only roll
acceleration response is prominent in roll inpute Buspensions and tires responses
are generally having similar trends for frequen¢@sardms natural frequencies and
beyond. At lower frequencies, suspension and éspaonses for roll input of passive

system and groundhook are higher.
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CHAPTER FIVE

TRANSIENT STATE RESPONSE COMPARISON

5.1 INTRODUCTION

In this chapter, the transient state response fmhemodel is presented and
comparisons are made between the various modgisit types and states. As
discussed at length in Chapter 3, three critemadadserved in the analysis — steady
state value, Peak-to-Peak vall®&lP) and settling timefs. At first, states that are
common for all models are comparenvertical acceleration, suspension deflection
and tire deflection. Then the responsemepitch angular acceleration from the H-car
and F-car models are compared. This response svadable and cannot be predicted

by the Q-car model.

52 ALL MODEL COMPARISON

5.2.1 Sprung MassVertical Acceleration

Figs. 5.1 — 5.3 show the summary of wertical acceleration response in transient
state response plot for Q-car, H-car and F-capeas/ely and Table 5.1 summarizes
for all models. The results generally show thathslok control gives better response
than passive iPTP in the heave input, while passive response arterbdtan all
semiactive control policies in the pitch input.the settling timets skyhook turns out
to give the best response overall. Groundhook obgives bettelPTP response but
with significantly the largedt. Hybrid control gives the beBfTP value but come with

a slight increase ia. All responses converge to zero at steady state.
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Comparisons between models show that both settimg andPTP values
vary in all model, location and input type. Whileete is no particular trend in settling
time, PTP values in Q-car model are generally higher thacaHand F-car models.
Pitch input for both H-car and F-car models gemgmgilve higher settling time value,

but smaller irPTP relative to heave input.

Sprung mass acceleration response
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Fig. 5.1: Q-car transient state responsg vertical acceleration.
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Fig. 5.2: H-car transient state respons® vertical acceleration.
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Sprung mass acceleration response - Sprung mass acceleration response -
Heave input Pitch input
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Fig. 5.3: F-car transient state responsg vertical acceleration.

Table 5.1: All models time domain transient stasponse Ay vertical acceleration.

g

E_ Settling time (s) Peak-to-Peak (m/sz)
Model £ Passive | Skyhook | Grndhook | Hybrid Passive | Skyhook | Grndhook | Hybrid
Q-car 1.55 1.26 9.75 1.35 15.45 8.38 6.49 6.09
H-car |Heave] 0.99 1.12 9.93 1.15 12.6 6.17 4.77 4.43
H-car | Pitch 4.3 1.9 20 3.81 1.74 1.76 1.36 0.82
F-car |Heave| 1.52 1.12 12.1 1.66 12.59 6.08 4.72 4.38
F-car | Pitch 3.52 1.53 15.1 3.08 1.89 2.02 2.48 1.06

5.2.2 Suspension Deflection
Figs. 5.4 — 5.6 show the summary of suspensiorct&lh responses in transient state
response plot for Q-car, H-car and F-car, respelstiand Table 5.2 summarizes for
all models. All figures show that skyhook controles the worst response RTP but
the best response i Groundhook control gives bettBifP response than passive in
the front suspension but worse in the rear. Itparse however is significantly the
largest ints. Lastly, hybrid control gives the ba3TP value and better than passive in
ts. All responses converge to zero at steady staspdtises in the front suspension
are higher than in the rear.

Comparison between models show that settling timelli models, locations

and input types varies from one to another. Thusiesponse can not be predicted
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accurately by Q-car and H-car models. The trenggionses according to the system
and control policies however remains consisterdf iB skyhook and groundhook
control policies giving the best and the worst oeses, respectively?TP values are
almost similar in all models even though in genéralar values are slightly lower

than the others.

Suspension deflection response
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Fig. 5.4: Q-car transient state response - suspewigflection.
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Fig. 5.5: H-car transient state response - suspermsflection.
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Front-left suspension deflection response
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Fig. 5.6: F-car transient state response - suspekflection.

z

Table 5.2:

models time domain transient stasponse — suspension deflection.

&1 s

g_ g Settling time (s) Peak-to-Peak (m)
Model - Passive | Skyhook | Grndhook| Hybrid Passive | Skyhook | Grndhook| Hybrid
Q-car 2.08 1.14 10.1 1.42 0.09 0.1 0.09 0.08
H-car |Heave| Front 3.11 1.41 13.8 2.01 0.084 0.099 0.085 0.082
H-car | Heave| Rear 2.52 0.9 11.9 2.07 0.08 0.086 0.085 0.07
H-car ] Pitch | Front 4.43 1.59 21.2 3.31 0.096 0.103 0.095 0.089
H-car | Pitch | Rear 1.91 1.27 9.4 1.44 0.078 0.09 0.08 0.075
F-car | Heave| Front 3.09 1.31 15.1 2.22 0.09 0.1 0.089 0.084
F-car |Heave| Rear 1.23 0.78 7.59 1.07 0.074 0.085 0.082 0.067
F-car | Pitch | Front 3.05 1.23 14.6 2.2 0.089 0.099 0.087 0.083
F-car | Pitch | Rear 1.6 0.695 6.47 0.985 0.075 0.085 0.083 0.067
F-car | Roll | Front 1.12 0.996 5.85 0.882 0.079 0.093 0.087 0.072
F-car | Roll | Rear 1.12 0.696 5.88 0.89 0.074 0.087 0.087 0.067
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5.2.3 TireDeflection

Figs. 5.7 — 5.9 show the summary of suspensioct&dh responses in transient state
response plot for Q-car, H-car and F-car, respelstiand Table 5.3 summarizes for
all models. All figures show that skyhook controves the worst response BIP.
The responses iy are lower than passive for the front tires buthkigin the rear.
Groundhook control gives the be3TP response but the worst g Lastly, hybrid
control gives better than passive in all resporeseept for the reats. All responses
converge to zero at steady state.

Comparing between the rears and fronts responsagsdiinat in all cases the
front responses are higher than the rear. Compaehgeen all input types, the values
are almost the same fBTP in all cases and for the rears in roll inputs for the front
tires in roll input is noticeably lower than thénets.

Comparison between models show that settling timelli models, locations
and input types varies from one to another. Thusiesponse can not be predicted
accurately by Q-car and H-car models. The trenggfonses according to the system
and control policies also varies — while either lskyk or hybrid give the best
response in H-car and Q-car, passive system ghedést in most of F-car model.
Groundhook control however remains consistentlywtbest responséd?TP values are
almost similar in all models even though in gen&atar values are slightly higher

than the others.
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Tire deflection response
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Fig. 5.7: Q-car transient state response - tireedadn.
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Fig. 5.8: H-car transient state response - tiréedabn.
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(e) Front tire deflection — Roll input

(f) Front tire deflection — Roll input

Fig. 5.9: F-car transient state response - tireedadn.

Table 5.3: All models time domain transient stasponse — Tire deflection.

g 1s

g_ g Settling time (s) Peak-to-Peak (m)
Model - Passive | Skyhook | Grndhook| Hybrid Passive | Skyhook | Grndhook| Hybrid
Q-car 0.81 1.35 4.08 0.55 0.072 0.086 0.058 0.068
H-car | Heave| Front 0.96 1.18 3.78 0.72 0.068 0.084 0.054 0.065
H-car | Heave| Rear 0.85 0.78 5 0.54 0.065 0.083 0.054 0.06
H-car | Pitch | Front 1.91 1.27 9.4 1.44 0.067 0.084 0.055 0.065
H-car | Pitch | Rear 1.24 0.91 6.86 0.82 0.064 0.083 0.054 0.06
F-car | Heave| Front 1.48 1.18 6.57 1.11 0.068 0.084 0.055 0.065
F-car |Heave| Rear| 0.406 0.817 2.02 0.463 0.065 0.083 0.054 0.06
F-car | Pitch | Front 1.05 1.18 6.06 1.06 0.068 0.084 0.054 0.065
F-car | Pitch | Rear 0.39 0.816 2.47 0.434 0.066 0.083 0.054 0.06
F-car | Roll | Front] 0.362 1.13 2.45 0.438 0.069 0.084 0.054 0.065
F-car | Roll | Rear| 0.565 0.816 2.12 0.406 0.066 0.083 0.054 0.06
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5.3 H-CAR AND F-CAR COMPARISON OF PITCH RESPONSE

The my pitch angular acceleration response, as showniga. 5.10 and 5.11, and
Table 5.4, shows similar observation as in the ic@rtacceleration response.
Comparing between vertical acceleration and pittekration responses shows that
generally vertical acceleration gives higher resgonPTP, while ts value is higher in
pitch acceleration.

Comparison between models shows that settling timeransient state
responses are different in all models and inpuésyjpt is also noted that the value in
H-car model is generally higher than F-car modeih@ respective input typ®TP
values are also different in all models and ingpes, but it appears that the values in

F-car are about twice the values of H-car in tlspeetive input type.

Sprung mass pitch acceleration response - Heave input Sprung mass pitch acceleration response - Pitch input
0 —— - 25
Z22 Settling time 30 T2 Setling tme
—=—Peak-to-Peak
25+ 1y 251 —8—Peak-to-Peak | |
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19.40
20+
»
E 15+
IS

0.53 | 4.30

= 1% T
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o kN w &~ a o
Accel., rad/s"2

5 245 ™ 3.18 T05 5 L 268
ol 222 0 0 A *
Passive Skyhook Groundhook Hybrid Passive Skyhook Groundhook Hybid
(a) heave input (b) pitch input

Fig. 5.10: H-car transient state responsa; pitch angular acceleration.
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(c) roll acceleration in roll input

Fig. 5.11: F-car transient state response pitch angular acceleration.

Table 5.4: H-car and F-car models time domain tesmstate responsemns pitch

angular acceleration.

g

g_ Settling time (s) Peak-to-Peak (rad/sz)
Model - Passive | Skyhook | Grndhook | Hybrid Passive | Skyhook | Grndhook | Hybrid
H-car |Heave| 2.45 1.82 18.1 3.18 1.95 1.02 0.81 0.53
H-car | Pitch 4.3 1.41 19.4 2.68 5.05 2.48 1.95 1.95
F-car |Heave] 2.04 1.21 14.1 2.57 4.03 1.99 1.81 0.99
F-car | Pitch 0.95 0.95 9.57 1.54 10.82 5.14 3.85 3.49

5.4 CONCLUDING REMARK

With all transient state time-domain response ofsgEms, it can be said that
generally, for peak-to-peak response, hybrid comodicy turns out to give the best
response inms (vertical, pitch and roll acceleration) and suspem deflection

responses for all input types. On the other hanourgdhook control gives the best

responses for tire deflection responses. For ttiingetime, ts skyhook control gives
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the best response ta, and suspension responses in heave and pitch irpttsr than
that, there is no particular control that is adaegebus than the others.

It is also noted that responses in groundhook systgenerally takes
significantly longer time to settle. Even thoughsimme cases, passive system gives
the best response, it can be said that hybrid ebptovides the best compromise of
response overall.

Generally the front system gives higher responkas the rear system in all
input types. Also vertical response is higher tpaoh response in heave input case,
while pitch response is higher in pitch input. Tine and suspension responses do not
vary significantly in heave and pitch input. Thettlsgg times in roll input are

generally lower than in other input types.
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CHAPTER SIX

STEADY STATE RESPONSE COM PARISON

6.1 INTRODUCTION
In this chapter, the steady state response for macde! is presented and comparisons
are made between the various models, input typgsiates. As discussed in Chapter
3, to obtain the worst case scenario, frequendhe@input function is set equal to the
natural frequency of the system. Thus, in the caké)-car model, two input
frequencies are analyzed, while four and seventifipgquencies are used in the H-car
and F-car, respectively. For the purpose of corsparithe input frequencies are
categorized into two, namely time natural frequenciesa{,,« = @ms) andmys natural
frequencies @« = @ms). Only the highest response values (i.e. the weagtonse) in
each category are presented here.

At first, states that are common for all models eoenpared -ms vertical
acceleration, suspension deflection and tire dadlec Then the response of pitch

angular acceleration from the H-car and F-car noded compared.

6.2 ALL MODEL COMPARISON

6.2.1 SprungMass Vertical Acceleration

Figs. 6.1 — 6.3 show the summary f vertical acceleration and pitch angular
acceleration response®TP values) in steady state for Q-car, H-car and F-car
respectively and Table 6.1 summarizes for all nadé&or vertical acceleration
response, comparing to passive system as referskgbpok control policy gives

better response for cases whag. = ams, but worse whema,,. = ams. On the other
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hand, response of groundhook control policy iswlese overall for cases whes,.

= mmus, but worse whem,,« = ams. Hybrid control policy provides significantly bett
response than passive in all input frequendBenerally heave and pitch input types
give almost similar response trends.

Comparisons between models show that, steady rspense values vary in
all cases, which means that the values dependsaatelmlocation and input type.
While the values in Q-car model responses are géydnigh in bothms and mys

natural frequencies, the values in H-car and Fyezdels are generally almost similar.

Sprung mass acceleration response

120.00 -

Bw=wnl

96.36

100.00 A

80.00 -

60.00 -

40.00

Peak-to-peak, m/s”2

20.00 -

0.00 +

Passive Skyhook Groundhook Hybrid

Fig. 6.1: Q-car steady state responsg vertical
acceleration.
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Sprung mass responses - Heave input
(input frequency = ms frequency)

Sprung mass responses - Pitch input
(input frequency = ms frequency)
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Fig. 6.2: H-car steady state responsas-vertical acceleration.

Sprung mass responses - Heave input
(input frequency =ms frequency)

Sprung mass responses - Pitch input
(input frequency =ms frequency)

25+
407 x5 0 heave accel 30
351 B pitch accel
254
301 O roll accel
& 251 £ 204
£ o
o 207 163 £ 154
(R
. 104
101 " 70 S0
41 .
51 21 54 33
86E-14 10 91E15 14E-14 41E15 g g
oA : |—L ; ol 8E-14 | 8E-15
Passive Skyhook Groundhook Hybrid Passive Skyhook Groundhook Hybrid
(a) Heave input énpu = Oins (b) Pitch input -@npu = @ins
Sprung mass responses - Heave input Sprung mass responses - Pitch input
(input frequency = mus frequency) (input frequency =mus frequency)
60+ 45+
O heave accel 85 387 O heave accel
497 ) 40 - .
501 462 W pitch accel W pitchaccel
O roll accel 35 O roll accel
40 0
K )
Ew 266 E 5
o 07 - o
g £ 2]
20 154
12.0 11.3 101
10 63
28 54
23513 9.8513 13 11p14 31514 56E-14
oL s [T v ]
Passive Skyhook Groundhook Hybrid Passive Skyhook Groundhook Hybrid

(c) Heave input @nput = @inus

(d) Pitch input -@nput = s

Fig. 6.3: F-car steady state responsgs;vertical acceleration.
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Table 6.1: All models time domain steady statesasp -1
vertical acceleration.

g
2
3 Peak-to-Peak (m/s°)
Model = Passive | Skyhook | Grndhook | Hybrid
Q-car 15.92 3.29 64.92 10.94
< H-car | Heave 9.78 4.02 36.88 6.8
8; H-car | Pitch 4.07 1.46 16.34 2.7
1S F-car | Heave 9.84 4.63 35.48 7
F-car Pitch 5.92 2.028 29.29 3.75
Q-car 65 96.36 9.94 18
é H-car | Heave|] 46.16 50.2 6.34 11.36
2| H-car | Pitch 25.75 38.78 3.68 6.83
€| Fcar |Heave 46.2 49.68 6.34 11.33
F-car Pitch 6.18 28.31 1.04 2.53

6.2.2 Suspension Deflection
Figs. 6.4 — 6.6 show the summary of suspensiorect&lh response in steady state for
Q-car, H-car and F-car, respectively and Table €uthmarizes for all models.
Generally, skyhook control policy gives better @sge atw.. = @ms but the worse at
@t = Omus: ON the other hand, groundhook control policyhis worst atwn. = s,
but the best atnn.« = amus. Hybrid control policy provides better responsartipassive
in all input frequencies. Comparing between thatffand the rear suspensions shows
no significant difference.

Comparisons between models show &P values inms natural frequencies
vary in all models, locations and input types. Vh&ies inmy natural frequencies are

very similar for H-car and F-car models, while Q-calues are relatively higher.
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Suspension deflection response
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Fig. 6.4: Q-car steady state response — suspedsitaction.

Suspension deflection responses - Heave input Suspension deflection responses - Pitch input
(input frequency = ms frequency) (input frequency = ms frequency)
1.0 4 0.92 @ front 16 @ front
: 14
0.9 1 M rear 14 M rear
0.8
12
0.7
S 06 054 ¢ 10 0.9
£ 051 E 08
o | o’
g 04 £ 06
0.3
0.3
0.4 03
0.2 0.2 3 02
0.0+ 0.0
Passive Skyhook Groundhook Hybrid Passive Skyhook Groundhook Hybrid
(a) Heave input @input = s (b) Pitch input Winput = G
Suspension deflection responses - Heave input Suspension deflection responses - Pitch input
(input frequency = mus frequency) (input frequency =mus frequency)
10- 0.2 o front 10 09 o front
0.9 M rear 0.9 mrear
0.8 1
0.7 4
i 061 g
E 0.5 E
& 04 =
o o
031 019 015
0.2 4
0.1+ .
0.0 +
Passive Skyhook Groundhook Hybrid Passive Skyhook Groundhook Hybrid
(c) Heave input @inpu = @nus (d) Pitch input @nput = s

Fig. 6.5: H-car steady state response — suspedsitattion.
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Suspension deflection responses - Heave input Suspension deflection responses - Heave input
(input frequency =ms frequency) (input frequency =mus frequency)
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Fig. 6.6: F-car steady state responses-acoeleration.
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Table 6.2: All models time domain steady statesasp —
suspension deflection.

15
g_ g Peak-to-Peak (m)
[= |
Model - Passive | Skyhook | Grndhook | Hybrid
Q-car 0.22 0.12 0.96 0.18
H-car |Heave| Front] 0.162 0.13 0.544 0.162
H-car |Heave| Rear] 0.196 0.102 0.92 0.154
H-car | Pitch | Front] 0.326 0.154 1.411 0.25
% | H-car | Pitch | Rear 0.2 0.122 0.928 0.176
8 ["F-car |Heave|Front| 0262 | 0437 | 1176 | o0.08
€ | F-car |Heave| Rear] 0.146 0.106 0.57 0.136
F-car | Pitch | Front] 0.24 0.134 1.025 0.196
F-car | Pitch | Rear| 0.154 0.106 0.667 0.138
F-car Roll | Front 0.146 0.102 0.638 0.133
F-car Roll | Rear 0.147 0.102 0.638 0.132
Q-car 0.22 1.1 0.11 0.2
H-car |Heave| Front] 0.186 0.924 0.094 0.17
H-car |Heave| Rear] 0.148 0.696 0.076 0.134
H-car | Pitch | Front] 0.188 0.93 0.094 0.17
§ H-car | Pitch | Rear| o0.148 0.696 0.074 0.134
2| F-car |Heave| Front| 0.187 0.926 0.094 0.171
€ | F-car |Heave| Rear] 0.148 0.693 0.075 0.135
F-car | Pitch | Front] 0.187 0.925 0.094 0.171
F-car | Pitch | Rear| 0.148 0.693 0.075 0.135
F-car | Roll |Front] 0.186 0.914 0.094 0.172
F-car Roll | Rear 0.148 0.696 0.075 0.136

6.2.3 Tire Deflection
Figs. 6.4 — 6.6 show the summary of tire deflectiesponse in steady state for Q-car,
H-car and F-car, respectively and Table 6.2 sunmearfor all models. Generally,
skyhook control policy gives better responsaugi: = ans but the worse atan. =
omus. ON the other hand, groundhook control policyhis worst atm ..« = @, but the
best atan.: = ams. Hybrid control policy provides better responsertipassive in all
input frequencies. Comparing between the front r@ad tires, and between different
input type shows no significant difference.

Comparisons between models show &P values inms natural frequencies
vary in all models, locations and input types. Vh&ies inmy natural frequencies are

very similar for H-car and F-car models, while Q-calues are relatively higher.
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Fig. 6.7: Q-car steady state response — suspedsitaction.
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Fig. 6.8: H-car steady state response — tire dédlec
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Fig. 6.9: F-car steady state response — tire déeftec
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Table 6.3: All models time domain steady stateoasp — tire

deflection.
ER
;51 § Peak-to-Peak (m)
j= )
Model - Passive | Skyhook | Grndhook | Hybrid
Q-car 0.02 0.01 0.11 0.02
H-car |Heave| Front] 0.02 0.014 0.072 0.022
H-car |Heave| Rear] 0.024 0.01 0.104 0.022
H-car | Pitch | Front 0.04 0.018 0.168 0.032
§ H-car | Pitch | Rear| 0.022 0.012 0.102 0.022
2 | F-car |Heave| Front] 0.032 0.014 0.144 0.028
€ | F-car |Heave| Rear| 0.02 0.01 0.072 0.019
F-car | Pitch | Front] 0.03 0.014 0.126 0.026
F-car | Pitch | Rear| 0.022 0.01 0.081 0.02
F-car | Roll [Front] 0.021 0.01 0.086 0.02
F-car Roll | Rear 0.021 0.01 0.08 0.02
Q-car 0.24 1.1 0.15 0.22
H-car |Heave| Front] 0.216 0.924 0.14 0.202
H-car |Heave| Rear] 0.174 0.696 0.122 0.162
H-car | Pitch | Front] 0.216 0.928 0.14 0.202
§ H-car | Pitch | Rear| 0.174 0.7 0.122 0.162
2 | F-car |Heave|Front] 0.216 0.923 0.14 0.202
€ | F-car [Heave| Rear| 0.175 0.694 0.122 0.162
F-car | Pitch | Front] 0.216 0.923 0.14 0.202
F-car | Pitch | Rear| 0.175 0.694 0.122 0.162
F-car Roll | Front 0.218 0.916 0.14 0.202
F-car Roll | Rear 0.175 0.691 0.122 0.162

6.3 H-CAR AND F-CAR COMPARISON OF PITCH RESPONSE

The summary of results fons pitch angular acceleration responses is alreadwish

in Figs. 6.1 — 6.3 and Table 6.4 summarizes fomabels. Very similar response
trend as in vertical acceleration response is ebserthat is comparing to passive
system as reference, skyhook control policy givetselb response for cases whah.

= mms, but worse whem,,. = omis. On the other hand, response of groundhook
control policy is the worse overall for for caseBemn @« = @mns, but worse when
o = @is. Hybrid control policy provides significantly bettresponse than passive
in all input frequenciesGenerally heave and pitch input types give almasilar

response trends.
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Comparisons between models show that at bgndm,s natural frequencies,
values in H-car model are generally lower than inaFE Closer look at the values
indicate that ains natural frequencies, F-car values are about ttheevalues of H-car
model in heave input, while in pitch input the diffnce is slightly lower. A

natural frequencies, F-car values are twice theegbf H-car in both input types.

Table 6.4: H-car and F-car models time domain stetate
response A pitch angular acceleration.

E
é Peak-to-Peak (m/sz)
Model = Passive | Skyhook | Grndhook | Hybrid
« H-car | Heave 2.14 0.64 7.62 1.24
§ H-car Pitch 5.66 2.32 23.55 4
& F-car | Heave 4.14 1.01 16.31 2.08
F-car Pitch 7.43 3.33 17.12 5.03
~ H-car | Heave 6.02 13.46 0.66 1.38
§ H-car Pitch 19.24 19.54 2.58 4.62
g F-car | Heave 11.97 26.62 1.31 2.77
E F-car Pitch 38.48 38.72 5.18 9.23

6.4 CONCLUDING REMARK

With all steady state time-domain response obsenstit can be said that, generally
skyhook control policy significantly improves pemficgance of all responses ms
vertical accelerations, and suspension and tiréectefns when input frequency is
equivalent toms natural frequencies, while groundhook control plsignificantly
improves responses when input frequency is equivale my natural frequencies.
However, their improvements are at the expens@ebther responses. Responses in
skyhook control policy significantly increase relatto passive system whem,,, =
omus While similar case happened in groundhook comodky at @ = @ms. Hybrid
system can be considered as a compromise betwedwaohsemi-active systems, and

generally performs better than passive system.
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Comparing between front and rear system respossepdgnsion and tire deflection),
generally shows no significant difference. Compauiretween different input types,
generally vertical response is higher than pitcdpoase in heave input case, while
pitch response is higher in pitch input. Roll resg® is not significant at heave and
pitch inputs, while vertical and pitch responses aot significant at roll input.
Suspensions and tires responses in heave andipets are generally similar in all

input frequencies.
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CHAPTER SEVEN

RMSANALYSISOF H-CAR 2-DOF MODEL

7.1 INTRODUCTION

The work shown here is based on a H-car 2-DOF mddes is to some extent an
extension of the work done by Chalasani (1986a) Qocar passive and active
suspensions system, and Blanchard (2003) for @eraractive suspensions using the
skyhook, groundhook, and hybrid configurations.

The objective of this work is to study the root meguare responses (RMS) to
velocity and acceleration input for four state ables: the mvertical acceleration, the
ms pitch angular acceleration and the deflectionhef suspensions. The RMS values
for the first two variables can be used as a measfivibration isolations for g
vertical and pitch motion, and the third and fouath a measure of the rattle space
requirement. After deriving the expressions of resg the relationship between

vibration isolations and suspension deflectionssémdied and discussed.

7.2 MODEL FORMULATION
The model of passive system is shown in Fig. 7d semiactive system in Fig. 7.2.
The model of the semiactive system used in thidyaisais actually uses the actual
passive representation of the semiactive suspensiois is discussed in detail by
Goncalves (2001) for the skyhook, groundhook, aylatil configurations. The model
that is in use here is skyhook semiactive configomna

Comparing the two models, it is apparent that #sjye system model can be

thought as a simplification of the semiactive systeamodel, obtained by
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lettingC, =Cy, C» =Cqys C

3 o = Cqr, @NdC,, =C4,. The model consists of a single
ms free to move in the vertical direction and rotat®und its center of gravity,
connected to the input by suspension system botihanfront and the rear of the
sprung mass. The suspension system is modelediresaaspring of stiffnesks and
ke, and a linear damper with a damping coefficientgfand cyro. A linear damper
with a damping rate ofcf - Corr1) and €onz - Cofrz) CONNect the mat each ends to

some inertial reference in the sky. This configiorats typically called as a skyhook

semiactive system.

a(Con1 - Coff1)

Fig. 7.2: H-car 2-DOF semiactive model.

One apparent missing part in this model isrthewhich typically representing

tires in the actual vehicle. This is intentionalgmoved so as to have a H-car 2-DOF

model and as a result, making this analysis pléisibitial studies on H-car 4-DOF
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indicates that the order of the equation, in usirgResidue integration formula which

will be discussed later, is up to the power of hOthe numerator and 16 in the

denominator. An alternative solution to take intw@unt the unsprung masses is to
have the tire dynamics study be conducted sepgraiel its output is then feed into

the model presently analyzed.

The variables and inputs of the model are sumnaiizd able 7.1. The input
signal is modeled as a white noise input. This @ps$ion is reasonable since studies
on road irregularities have shown that the verttigblacement of road surfaces can
be reasonably well approximated by an integratedewioise input, except at very
low frequencies (Chalasani, 1986a). Furthermoreait also be thought that the input
signals in this model are the results of a trangigrction for the separate tire

dynamics analysis.

Table 7.1: H-car 2-DOF variables and inputs desorip

Symboal Description Units
X1 mg velocity m/s
X2 Pitch angular velocity rad/s
X3 Front suspension deflection m
X4 Rear suspension deflection m
Vit Front velocity input m/s
Vinz Rear velocity input m/s

7.3 MEAN SQUARE RESPONSES OF INTEREST

In ride quality study, the total response of thetigal and pitch angular motion ofsm
over all frequency range are particularly of ingtrélfhus, mean square values can
provide useful information. Mean square response loa obtained by using the

following relationship:
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o 2
E[y']=5] |H (o) do (7.1)
where§, is the spectral density of the white-noise inparid Hy(oa) is the transfer

function relating the response variable y to théevhoise input (Chalasani, 1986a).
The motion variables of interest in this analysise:athe ms vertical

accelerationx , thems pitch angular acceleratior,, and the front and rear deflection
of the suspensioxy and x,, respectively.
The equations of motion derived from the semiactinaelel are shown below:
M X, + K Xs + KX+ Ce Xa+Cp X+ a(Coy 7 Coe J(X 5V, )+
0(Cop ~ Ca 2) (X + Vi) = O (7.2)
| % —KgXd o +K X, —Cy XL +Cpe X}, —
a(Coy = Cyr ) (X3 + Vi )l +@(Cyy 0 Cr (X 4+ Vi, )l =0 (7.3)
where the state relation can further be related as:
X=X~ X, =V, (7.4)
X, =X+ X, =V, , (7.5)
The equations of motion for passive system candsélyeobtained from the
same figure by letting,, - C,, Cx, — C,,, anda =0. With these assumptions, the
following equations of motion are obtained:
mMX, + K X5 +K X, +C X;+C X ,=0 (7.6)
|, % —kgxd, +k xJ, —c . xl +c, x) =0 (7.7)
where the state relation remain the same as Ed4sarmd 7.5. Transforming these

equations of motion into the s domain using Laplé@@sform and rearrange the
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variables, transfer functions of interest can therobtained. The transfer functions of

interest areHxl(s):i(s), H, (s)==2(s), Hxs(s):v—x_?‘(s), andHX4(s):%(s).

n

5'<' |N><'

Two types of input velocity are used in this wofke first type is called heave
input signal, where/, =V, =V, , and the second type is pitch input signal, where

Vi, =V, Vi, =—V,,. The input is illustrated in Fig. 7.3.

in? Vi

v
Vin1= Vin Vin2 = Vin Vin1= Vin Vin2 = -Vin
(a) Heave Input (b) Pitch Input

Fig. 7.3: Types of input signals used.

MATHEMATICA symbolic computation package is used terive the
transfer functions and the results are summariadtie Appendix C. Note that these
transfer function is against the input acceleratign v, and are represented in the s-
domain. Replacings by jo in the equations yield the transfer functions e t
frequency domain.

Solution for Eq. 7.1 can be obtained by using #®due integration formula.

. 2 . . .
In order to use this formulé@Hy ((D)‘ which is the square of the transfer function must

be arranged in the following form, letting(o) as{Hy(oa)‘z

H 2 ()= a0’ +a,0'+am’+a, 78
H, @) =T() (0*~b,0?+b,) +(be*+bgw)’ (78)
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It should be noted thaﬁ T(») do is always defined whefi (w) has the form

shown in Eqg. 7.8 arlg) = 0. The expression in Eq. 7.8 can be expanded ane ss¢xd
as a function of its 4 pairs of complex conjugaddep (+ joi, £ w2, £ j w3, and * |
©4),

a0’ +an’+am’+a,
T(0)= 7.9
() (0 +jbe’~bw’~jow+b,)+(0’-jbp’~bp’+jbp+b,) (7.9)

The coefficients hb,, bs and k can be expressed as a function of the poles,

w1, ®2, ®3, andws. This is shown below,

b=0,+0,+0,+0, (7.10)
b, =0,0,+t00,+0O,+OH 40O +OQ . (7.11)
b, =0,0,0,+t000,+0OP +O O, (7.12)
b, =0,0,00, (7.13)

Substituting these relationships to Eq. 7.9 yields,

T(o)-—— A0 AAp A (7.14)
() (o+jo)(0-jo)(o+]o,)(o-jo,)(o+jo)(o-jo,)(o+jo,)(o-jo,)

Now, the integralj T(w) docan be expressed as a functionvef oy, w3, and
o4 by using the Residue integration formula.

[ T() do=2n] T Req TE)] (7.15)

where Rei T(o)] denotes a residue df(w) corresponding to a pole df(w) located

in the upper-half of the complex plane (Asami anghithara, 2002). Alsopi, 2, ®3,
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andw, are positive numbers because the coefficientsbb; and h that are obtained

when deriving Eq. 7.8 are always positive.
[ T(©) do=2rj > lim (0-io,) T() (7.16)
—» k=1

Applying the formula to Eg. 7.14 and rearranginge therm using
MATHEMATICA package, the mean square response efsdystem can be given as

the following relationship.

ab,(-bb+hbh)+a( b+ g bh+ 4 pb b
b, (b,b,b,~ 6,— 4 b) (717

TT((D) do=m7

where the coefficients;aa, a and a are the numerators of the square of the transfer
function as defined in Eq. 7.8, and by, b; and k are defined in Eqgs. 7.10 to 7.13.

Further substituting these coefficients with copagling algebraic expression yields:

IT(OJ) d(D: f (rns1|yy’ksl1k32 ’Con1’C0n21Coff 1’Coff ZJf lr) (718)

for semiactive system and for passive system,

TT(@) do=f(m, 1, .kgK,.C0C00 0 o) (7.19)

These mean square responses for each transferofuradt both passive and

semiactive systems are shown in Appendix D.

74 RELATIONSHIP BETWEEN THE VARIOUS STATE VARIABLES

Two different analyses are presented here, nanmgyttansfer function and RMS
analyses. Frequency response plots of the trafisfetions would provide a good
way to understand the characteristics of any pdaicsystem. This curve shows how

the state variable of interest responses to inmutas over frequency span. In this
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work, frequency responses on both accelerationvafatity heave and pitch input
signals are studied and discussed.

Each figure is presented with three damping caoefiicto show the effect of
the coefficient to the response. The damping caefit values are shown in Table

7.2. Semiactive damping coefficients are chosengufie relationships af, = 2.2c,

and c,, =0.2c, (Chalasani, 1986b). These relationships yielfo-c,, ) = 2c,. The

same model parameters are used for every configarakheir numerical values are

summarized in Table 7.3.

Table 7.2: Damping coefficient values relationships.

Damping case Pa&sive(N %1) Semiactive (N %1)

c,,=c¢C,,6=4312
Lightly damped suspension ¢, =c_, =196
C,, =C,,=39.2
Typical passenger car c —c —980 Co = Cpp = 2156
damping value s s c,, =¢,,=196
. c_ =c_=8624
Heavily dar_nped ¢, =c, =3920 ont — Zon2

suspension c, =c,, =784

Table 7.3: H-car 2-DOF Model Parameters.

Symboal Description Units
ms Sprung mass 730 Kg
ly, | Pitch Moment of Inertia 2460 Kgm
kst Front Stiffness coefficient 17500 N/m
ke Rear Stiffness coefficient 17500 N/m
P Longitudinal distance from gC.G. to the front axle 1.011m
I, Longitudinal distance from gC.G. to the rear axle 1.803 m
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Another approach worth in analyzing responses ied& &t the total response
over the frequency span. In this RMS analysis, fdifferent comparisons are made
between the RMS pitch angular velocity, RMS vertigglbcity, RMS rear suspension
deflection, and RMS front suspension deflection.

For each plot, the influence of the damping coéffit and the suspension’s
stiffness is displayed. The vehicle is assumedaieet at a constant speed on a random
road surface. The same model parameters were used able 7.3, except the spring
stiffness, which was varied. For the purpose of rggreng it as a spring ratio,, the
‘tire’ stiffness was taken as 175000 N/m. This values was varied from 5
representing soft spring to 20 representing spfing. For each value of, various
damping ratio{s were used, varies from 0.05 as a lightly damped &5 a heavily
damped system. For the case of semiactive sysigrandcy are related tas in the
passive system by, = 2.2¢;, andces = 0.2Cs. Thus,Con - Coit = 2Cs. The same values

of cs were then used.

7.4.1 Transfer Function Analysis

Since RMS front and rear suspension deflectionsdomiactive system is unable to be
obtained in the acceleration heave and pitch irguiglternative option is to have the
two systems be compared at the velocity heave @okl ipput. This would be able to

solve the non-converging values of the suspensiefteactions responses at low
frequencies, but at the same time will cause theegaof the vertical acceleration and
pitch angular acceleration responses to becomeumadeaal or non-converging. This is
simply because, having the input as velocity, thadfer function equations will have

both numerator and denominator having the sameehigioot. Thus as the frequency
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is approaching infinity, the transfer function valwill remain as a constant value of
the highest root.

To overcome this problem, vertical velocity andchitangular velocity
responses are used for this velocity input analygedocity output however, is not
commonly used or preferred in the study of vibmatidhis is due to the difficulty to
directly contemplate the results as oppose to #ieation output, which is nothing
but direct motion of an object and acceleratiorpatjtwhich can easily related to ride
comfort due to well establish works referring to ttype of output. Therefore, it is
very much generally acceptable that most work aqukes published in this area are
using deflection or acceleration output. Howevere tlu the constraint faced in this
analysis, velocity output could not be avoided.

Figs. 7.4 to 7.7 show in frequency domain, the atfeof varying damping
coefficients on thems velocity response, the pitch angular velocity, thent
suspension deflection and the rear suspensionctiefierespectively. For each figure,
response to heave velocity input and pitch veloeiyut signals are compared for
both passive and semiactive system

Fig. 7.4 shows that for all four cases (passive samiactive systems, heave
and pitch inputs), increasing the damping coefficieduces the value of the vertical
acceleration at the gmatural frequenciesn; (pitch natural frequency) anol, (heave
natural frequency). The value at; appears to be the peak value for the pitch input
cases. Similarly, the value ak,, is the peak value for the heave input cases. As th
frequency goes beyond the natural frequencies, rélsponses increase with the
increase of the damping coefficient. Thus, the ameder the curves does not

necessarily decrease with the decrease of the wda&s. Therefore, the measure of

the vibration levelE| x* |cannot be simply deduced by the peak value of tineec
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Comparing between the passive and semiactive systémgpeak values for
both heave and pitch inputs appears to be lowehensemiactive cases. The area
under the curves is also expected to be lower tharpéssive cases since relatively

smaller increase in responses at higher frequencies

H-car Passive 2-DOF Transmissibility ratio - Heave velocity input H-car Semi-active 2-DOF Transmissibility ratio — Heave velocity input
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H-car Passive 2-DOF Transmissibility ratio - Pitch velocity input H-car Semi-active 2-DOF Transmissibility ratio — Pitch velocity input
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Fig. 7.4: Transfer function af vertical velocity for various damping
coefficients.

Fig. 7.5 shows that for all four cases (passive samiactive systems, heave
and pitch inputs), increasing the damping coeffitieeduces the value of the pitch
angular acceleration at the natural frequencies,; (pitch natural frequency) angh;,
(heave natural frequency). The valuewat appears to be the peak value for both the

pitch input cases and the heave input cases.
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) H-car Passive 2-DOF Transmissibility ratio — Heave velocity input
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H-car Semi-active 2-DOF Transmissibility ratio - Heave velocity input
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Fig. 7.5: Transfer function af pitch angular velocity for various damping
coefficients.

As the frequency goes beyond the natural frequenttiesresponses increase
with the increase of the damping coefficient. Thhg, area under the curves does not

necessarily decrease with the decrease of the ywda&s. Therefore, the measure of
the pitch angular acceleration Ievlé[xzz]cannot be simply deduced by the peak

value of the curve.

Comparing between the passive and semiactive systémgpeak values for
both heave and pitch inputs appears to be lowehensemiactive cases. The area
under the curves is also expected to be lower tharpéssive cases since relatively

smaller increase in responses at higher frequencies
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H-car Passive 2-DOF Transmissibility ratio - Heave velocity input H-car Semi-active 2-DOF Transmissibility ratio - Heave velocity input
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Fig. 7.6: Transfer function of front suspensionleetfon for various damping
coefficients.

Fig. 7.6 shows that for all four cases (passive samiactive systems, heave
and pitch inputs), increasing the damping redubesvalue of the front suspension
deflection at the gnatural frequencie®n: (pitch natural frequency) and,, (heave
natural frequency). The value @t; appears to be the peak value for all cases. For the
semiactive system, the value seems to approacmstact value as the frequency
reduces. This constant tends to increase as tHiécem® increase and could exceed
the peak value at the natural frequencies. As tegu&ncy increases beyond the
natural frequencies, the responses seem to convewgeds the same point for all

damping coefficient for all passive and semiactases. Therefore, the measure of
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the front suspension deflectiovﬁ[xﬂ may be deduced by the peak value of the

curve in the case of passive system but not ircélse of semiactive system.

Comparing between the passive and semiactive systbmgpeak values for
both heave and pitch inputs appears to be sligbthyer in the semiactive cases.
However, the area under the curves apparently deaseath the decrease of the peak
values in the passive system case but increaste inase of semiactive due to the
higher curve at low frequencies. So, it is expedtet area under the curve of the
passive system would decrease as the coefficienéarsed, but semiactive would
increase.

Fig. 7.7 shows that for all four cases (passive samiactive systems, heave
and pitch inputs), increasing the damping redubesvalue of the rear suspension at
the m natural frequencieson, (pitch natural frequency) and,, (heave natural
frequency). The value ab,, appears to be the peak value for both passive and
semiactive systems with heave input — Figs. 7(d) &b), andw,; appears to be the
peak value for both passive and semiactive systeithspitch input — Figs. 7(c) and
7(d). For the semiactive system, the value seemapfroach a constant as the
frequency reduces. This constant tends to increaséhe coefficient increase and
could exceed the peak value at the natural freqegnés the frequency increases
beyond the natural frequencies, the responses $seeranverge towards the same

point for all damping coefficient for all passivacasemiactive cases. Therefore, the

measure of the front suspension deflecti&ﬁxﬁ] may be deduced by the peak value

of the curve in the case of passive system buinnthie case of semiactive system.
Comparing between the passive and semiactive systbmgeak values for

both heave and pitch inputs appears to be sligbther in the semiactive cases.
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However, the area under the curves apparently deaseath the decrease of the peak
values in the passive system case but increastge inase of semiactive due to the
higher curve at low frequencies. So, it is expedtet area under the curve of the

passive system would decrease as the coefficientased, but semiactive would
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Fig. 7.7: Transfer function of rear suspensionetgibn for various damping
coefficients.

7.4.2 RMSanalysis
The next analysis is to study the relationshipamit mean square (RMS) of the state
variables. Similar approach with to the one in ¢laglier case was employed, except

that this time the input is in velocity signals.
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Fig. 7.8 shows the relationship between RMS pitchukamgrelocity and RMS
vertical velocity for both passive and semiactiystems with the two types of input

signals.

H-car Passive 2-DOF Mean square responses — heave velocity input H-car Semi-active 2-DOF Mean square responses — heave velocity input
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Fig. 7.8: Relationship between RMS pitch angulaoe®y to RMS vertical
velocity.

Figs. 7.8(a) and 7.8(c) shows that for the passuspension system with
heave velocity input and pitch velocity input, ieasing the damping coefficient from
a low value to a midrange value causes to lower #& Ritch angular velocity and
RMS vertical velocity. Increasing the damping ferthiesults in a slight increase in
RMS pitch angular velocity, but more significanttigher RMS vertical velocity in

the heave velocity input case. The opposite trendbiserved in the pitch velocity
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input, whereby more significant increase occurs MSRpitch angular velocity and
only slight increase in RMS vertical velocity.

This influence of damping coefficient in the RMSu&acan be understood by
referring back to the frequency domain responsssudsed earlier. For the passive
systems, Fig. 7.4(a) and Fig. 7.4(c), increasiregdamping coefficient reduces the
peak values of vertical velocity at the naturalgfrencies, but at the same time
increases the values at higher frequencies. Inagathe damping coefficient
therefore, could initially reduce the RMS value tbe vertical velocity, as the
reduction in the peak values at the natural freqsnis more significant than the
increase values at higher frequencies. However, durtiicrease in the coefficient
would increase the RMS values as the increasingsadt higher frequencies become
relatively more significant. Similar argument is@lapplicable for the case of pitch
angular velocity curves in Figs. 7.5(a) and 7.5(c).

Also, comparing the heave velocity input and pitetoeity input responses of
the vertical velocity shown in Figs. 7.4(a) and @)4i is apparent that the increase of
values at high frequencies is more in the caseealvé input than the pitch input.
However, the case for pitch angular velocity, Fig®b(&) and 7.5(c) is not very
obvious to deduce directly from the curves.

For the semiactive system with heave velocity inget. 7.8(b) and Fig.
7.8(d), increasing the damping coefficient decred®MS pitch angular velocity as
well as RMS vertical velocity. As the coefficientfigther increased, the RMS values
are further decrease, with less rapidly for thetpangular velocity and more rapidly
for the vertical velocity in the case of heave inpithe opposite trend is observed in
the pitch input case — decrease more rapidly fergiich angular velocity and less

rapidly for the vertical velocity.
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Similar observations can be deduced from the frequelomain responses,
Figs. 7.4(b) and 7.4(d) and Figs. 7.5(b) and 7,5é8) in the passive system case
discussed above. Comparing the RMS values betwezmpdhksive and semiactive
responses, it is apparent that semiactive contt@re significantly reduces the RMS
values for all values of damping coefficient.

Finally, observing the curves, it can be conclutted for all cases, increasing
the spring ratio reduces the values of both RM$&hpangular velocity and RMS

vertical velocity. This is true for passive systaswell as semi-active.
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Fig. 7.9: Relationship between RMS rear suspenséfiaction to RMS front
suspension deflection.

Fig. 7.9 shows the relationship between RMS rearensspn deflection and

RMS front suspension deflection for both passiveé semiactive systems with the two
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types of input signals. Figs. 7.9(a) and 7.9(c)wshbat for the passive suspension
system, both heave velocity input and pitch veloaiput, increasing the damping

coefficient value lowers the RMS rear suspensiorededn as well as the front

suspension deflection. This is also similar toghe obtained in the acceleration input
case. This influence of damping coefficient in ®&IS value can be understood by
referring back to the frequency domain responsdsga. 7.6 and 7.7. In Fig. 7.6(a)
and Fig. 7.6(c), increasing the damping coefficimduces the peak values of front
suspension deflection at the natural frequencieslewie values at lower and higher
frequencies remain almost similar regardless ofcthefficient values. Increasing the
damping coefficient therefore, would obviously reglutie RMS front suspension
deflection value. Similar argument is also applieafor the case of rear suspension
deflection curves in Figs. 7.7(a) and 7.7(c).

Figs. 7.9(b) and 7.9(d) show that for the semiactiystem, increasing the
damping coefficient from a low value to a midrangdue significantly decreases both
RMS front suspension deflection and RMS rear suspandeflection. As the
coefficient is further increased, significant irese occur in both cases as well. This is
consistent with the observations discussed eanligne frequency domain responses,
Figs. 7.6(b) and 7.6(d) and Figs. 7.7(b) and 7.7(d)

Comparing the RMS values between the passive anths#ra responses,
semiactive control scheme significantly reducesRIMS values for a low value to a
midrange value of the damping coefficient. Howewes, the coefficient is further
increase, passive system performs better as the RiWl®s are further reduced while
the RMS for the semiactive system increased.

The increase in stiffness ratigy, increases both RMS rear suspension

deflection and RMS front suspension deflectiorhm passive and semiactive systems.
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Fig. 7.10 shows the relationship between RMS vertieldcity and RMS front

suspension deflection for passive system withwetypes of input signals.
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Fig. 7.10: Relationship between RMS vertical velptat RMS front
suspension deflection.

Fig. 7.10(a) shows that for the passive suspengisteis with heave velocity
input, increasing the damping coefficient from avlwalue to a midrange value
reduces the RMS vertical velocity and the RMS freugpension deflection. However,
while increasing the damping further results in aorease in the RMS vertical
velocity, the RMS front suspension deflection fertlreduces. In Fig. 7.10(b), the
pitch velocity input causes a slight increase ia RMS vertical velocity while the

RMS front suspension deflection further reducesisTih in agreement with the
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corresponding frequency domain responses for egafe wvariable as previously
discussed.

For the semiactive system, increasing the dampoefficient from a low
value to a midrange value reduces the RMS vertueddcity and the RMS front
suspension deflection. However, while increasing tamming further results in a
significant increase in the RMS front suspensioffedgon, the RMS vertical velocity
further decreases. Less significant decrease oRW& vertical velocity is observed
in the pitch velocity input than the heave veloditgut.

Comparing the RMS values between the passive anthsra responses,
semiactive control scheme significantly reducesRIMS values for a low value to a
midrange value of the damping coefficient. Howewes, the coefficient is further
increase, passive system performs better as the Ri®s are further reduced while
the RMS for the semiactive system increased.

The increase in stiffness ratio, decreases RMS vertical acceleration while
increases RMS front suspension deflection in aesa

Fig. 7.11 shows the relationship between RMS pitchukam velocity and
RMS front suspension deflection for passive systamhl the two types of input
signals. Fig. 7.11(a) shows that for the passivpesusion system with heave velocity
input, increasing the damping coefficient from @ lealue to a midrange significantly
reduces the RMS pitch angular velocity, and shghttduces the RMS front
suspension deflection. However, increasing the aoefft further results in a slight
increase in the RMS pitch angular velocity, whilee tRMS front suspension
deflection further reduces. Almost a similar scem&iobserved inn the pitch velocity

input in Fig. 7.11(b), but with a relatively moreysificant increase in the RMS pitch
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angular velocity. This is in agreement with the @reqcy domain responses for each

state variable as previously discussed.

H-car Passive 2-DOF Mean square responses — heave velocity input H-car Semi-active 2-DOF Mean square responses — heave velocity input
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Fig. 7.11: Relationship between RMS pitch anguldoaity to RMS front
suspension deflection for passive system.

For the semiactive system, increasing the dampoefficient from a low
value to a midrange value reduces the RMS pitclulangelocity and the RMS front
suspension deflection. However, while increasing tamming further results in a
significant increase in the RMS front suspensiofieddon, the RMS pitch angular
velocity further decreases. Less significant deswes the RMS pitch angular velocity

is observed in the heave velocity input than thehpvelocity input.
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Comparing the RMS values between the passive anthcra responses,
semiactive control scheme significantly reducesRIMS values for a low value to a
midrange value of the damping coefficient. Howewes, the coefficient is further
increase, passive system performs better as the Ril®s are further reduced while
the RMS for the semiactive system increased.

The increase in stiffness ratio, decreases RMS pitch angular acceleration

while increases RMS front suspension deflectiorllinases.

7.5 CONCLUDING REMARK

H-car 2-DOF models were presented and the equationmotibn were derived.
Residue integration formula for computing RMS vatighe transfer functions of the
states variables was discussed. Using the Residmeif@m, the root mean square of the
transfer functions were obtained and discussed. Eweungh the result can not be
directly compared against the work that was doneaf@-car 2-DOF by Blanchard
(2003), general trends in the RMS curves show ssiméarities.

Comparison between the RMS values of the passivesamiactive systems, it
can be concluded that semiactive system signifigzantproves the mresponses —
both vertical velocity and pitch angular velocitgr fboth heave and pitch input.
However, this improvement comes with a price to tispension deflections for high
values of damping coefficient. This problem is adifjuexpected since the model used
closely resembles a skyhook semiactive system.

A potential work as a continuation of this is to aepely look at and analyze
the tire dynamics model, and later combine theesydb the present work by feeding

the output of the tire dynamics as an input to it.
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CHAPTER EIGHT

CONCLUSION AND RECOMMENDATION

8.1 HIGHLIGHTSAND CONTRIBUTIONS OF THE STUDY

This work attempts to investigate and analyze setwi& characteristics particularly

involving ride quality analysis. Some of the maoghlights and contributions of this

study to this area of research are:

1.

Full-car 7-DOF model study on semiactive controliqges to verify the
commonly used quarter-car and half-car models.

Comprehensive analysis involving all frequency-domand both
transient and steady state, time-domain analysebdth passive system
and semiactive control policies. Most of the pregiovork concentrated
only on either frequency response or steady stsjgonse analysis. Only
recently researchers started looking at the trahsiesponse, such as
Baraket al (2004) on F-car 7-DOF passive system.

Extensive comparison on Q-car, H-car and F-car isookepassive and
semiactive. So far to the author’s knowledge, thexre been no attempt in
comparing responses of the different models pdatiuon the semiactive
system.

Analyzes the H-car 2-DOF model of semiactive systemRMS study.
This is a new extension to the one conducted beaforthe Q-car 2-DOF

model.

121



8.2 CONCLUSIONS

Several conclusions can be derived from the wornldaoted here:

1.

From all analyses presented in Chapters 4-6, skylaoal groundhook
control policies are advantageous at improving #iqudar aspect in
vehicle response @rand ms respectively) while compromising on the
other. Hybrid semiactive control policy, which iadically a combination
effect of both skyhook and groundhook controls tlenother hand shows
significant advantages to passive system in impigp¥he ride quality of
passenger vehicle without compromising the roadihglability.

There is no direct correlation in terms of respomsgnitude value in all
cases between Q-car, H-car and F-car model thateaterived. Thus
simply analyzing the Q-car model would not lead 4o accurate
conclusion to ride quality study. The response dsein comparing
between the passive system and the semiactiveotqulicies however
are almost similar in all models.

Furthermore simpler model lacks the ability to pdevcomprehensive
analysis. Q-car model for example would not be ablgive the effect of
pitch and roll angular acceleration responses dsasehe effect of pitch
and roll input signals to the system. H-car modelid enable either the
pitch or roll effect at a time, depending on thegnaeters defined. Thus,
F-car model analysis should be preferred as it dvgide a complete view
of the effect to real vehicle responses. Againgdinect correlation that can
be obtained in order to derive the pitch and/olr efiect from the simpler

models.
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For F-car model, the response for the left andtrayhe of vehicle fronts
and rears system (g acceleration, suspension deflection and tire
deflection) are identical, regardless of the inpyge. It is noted that
typical passenger vehicle would have the frontsesgparameters slightly
different than the rears. Thus analysis on only @irthe sides is necessary
in the future. 5.

In the H-car 2-DOF analysis, presented in Chapteatr @&n be concluded
that semiactive system significantly improves the rasponses — both
vertical acceleration and pitch angular accelenafmr both heave and
pitch input. However, this improvement comes withpace to the
suspension deflections for high values of dampimgffecient. This
problem is expected since the model used closelgmbles a skyhook

semiactive system.

8.3 RECOMMENDATIONS FOR FUTURE STUDIES

Several potential studies can be conducted fugb@ontinuation of this work:

1.

Since this study focuses only on the effect onpactl passenger car, the
parameters used were all consistent through ousttigy. In the future, it
is possible to study the effect of changing thes@cle parameters to ride
quality and vehicle dynamics, and possibly come with optimized
parametric relationship.

An immediate extension of this work is to study paossibility of
estimating F-car or H-car responses using Q-cartsesSince there is no
direct correlation between the results, in termsmafgnitude, one may

want to attempt finding ways for correlation. Shbtihis attempt proved
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fruitful, it would tremendously simplify any futureehicle dynamic
analysis since the complexity in higher order msedgincrease by several
orders of magnitude.

Another interesting extension from this work is find the effect in
incorporate engine vibration input to the model.isTis particularly
important when RMS analysis is conducted since igdligevibration
generated from engine is in the range of 25Hz, Wwhg considered
beyond the crucial range of ride quality (0 — 25 K&araket al, 2004).
Other source of disturbance to vehicle could alkarnigorporated in the
future analysis. Even though individually, they nmrat posses significant
effect, collectively there could be some promineifiéct to ride quality of
the vehicle.

Since the RMS study in Chapter 8 only modeled \letas a single mass
system, a natural extension of the work is to irdegthe unsprung mass,
thus to have a 4-DOF model and subsequently toyaadbr F-car model.
However, major obstacle in terms of the limitatafrthe formulation used

must first be overcome.
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APPENDIX A

SAMPLESOF MATLAB CODES

A.1 Q-CAR 2-DOF FREQUENCY RESPONSE CODE

% FILENAME: Q2DOF_TF_convway.m

% This program is to get the frequency domain respo nse of the model

% This program will plot all systems in one single plot for various

% variable.

% Note: The program is based on model derived for t he following state % space
representation:

% x1 = sprung mass vertical deflection
% x2 = unsprung mass deflection

% x3 = sprung mass vertical velocity
% x4 = unsprung mass velocity

clear all
figplot=1; % O if do not want to plot the resu It, 1 if otherwise

% Our parameter values

cs = 980;

ms = 240;

ks = 16000;

mu = 36;

kt = 160000;

D = 0; % Will be used when we write 'sys1 =ss(A,L ,C,D)

for system=1:4;
if (system == 1)% this is for the passive case
cof = cs; con =cs;

alp=1;

end

if (system == 2)% this is for the groundhook semi a ctive case
cof = 0.2*cs; con = 2*cs;
alp=0;

end

if (system == 3)% this is for the hybrid semi activ e case
cof = 0.2*cs; con = 2*cs;
alp = 0.5;

end

if (system == 4)% this is for the skyhook semi acti ve casee
cof = 0.2*cs; con = 2*cs;
alp=1;

end

% My A matrices
A=[0010; 000 1; -ks/ms ks/ms -(cof+alp*(con- cof))/ms cof/ms;...
ks/mu -(ks+kt)/mu cof/mu -(cof+(1-alp)*(con-cof ))/mul;

% My B matrix
B =[0; 0O; O; kt/muy;

w = logspace(-1, log10(1000), 100); % w is in rad Is
ymax = zeros(length(w),4);

for k=1:length(w)

tstep = 0.001;
tmax = 100;
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tss = 50; % time after which we say it's steady s tate
t = O:tstep:tmax;

xin = 0.05*sin(w(k)*t); % amplitude is 0.05m
input = [xin];

%%%6%%%6%6% %% %% %%%% %% %% %% %% %% %% %% %%
% For sprung mass responses
C1 = [-ks/ms ks/ms -(cof+alp*(con-cof))/ms cof/ ms];
D1=0;
sysl = ss(A,B,C1,D1);
[yss1,t] = Isim(sys1,input,t);

% for unsprung mass acceleration
C2 = [ks/mu -(ks+kt)/mu cof/mu -(cof+(1-alp)*(c on-cof))/mul];
D2 = kt/mu;
sys2 = ss(A,B,C2,D2);
[yss2,t] = Isim(sys2,input,t);

% For suspension systems responses
C3=[1-100];
D3 =0;
sys3 = ss(A,B,C3,D3);
[yss3,t] = Isim(sys3,input,t);

% For tire responses
C4=[0100];
D4 = -1,
sys4 = ss(A,B,C4,D4);
[yss4,t] = Isim(sys4,input,t);

for i=(tss/tstep):max(length(t)) % we start the reading after the system
reach steady state
if (abs(yss1(i)) > ymax(k,1))
ymax(k,1) = abs(yss1(i));
end
if (abs(yss2(i)) > ymax(k,2))
ymax(k,2) = abs(yss2(i));
end
if (abs(yss3(i)) > ymax(k,3))
ymax(k,3) = abs(yss3(i));
end
if (abs(yss4(i)) > ymax(k,4))
ymax(k,4) = abs(yss4(i));
end
end % for i
end % fork

figure(1);loglog(w,ymax(:,1))
hold on
figure(2);loglog(w,ymax(:,2))
hold on
figure(3);loglog(w,ymax(:,3))
hold on
figure(4);loglog(w,ymax(:,4))
hold on
end % for system

131



A.2 H-CAR 4-DOF STEADY STATE TIME-DOMAIN RESPONSE CODE

% FILENAME: H4DOF_t_ss_convway.m

% This program is to get the time domain steady sta
% model. The equations of motion were derived using
% the Chalasani's approach

% Note: The program is based on model derived for t
% space representation:

% x1 = sprung mass vertical deflection

% x2 = sprung mass pitch angular deflection

% x3 = front unsprung mass deflection

% x4 = rear unsprung mass deflection

clear all

inputtype = 2; % 1 for heave, 2 for pitch
system = 4; % 1 for passive, 2 for groundhook, 3 fo
figplot=1; % 0 if do not want to plot the resul

ylmax=0; y2max=0; y3max=0; ydmax=0; ySmax=0; y6max=
y1min=0; y2min=0; y3min=0; y4min=0; y5min=0; yémin=

% Our parameter values

ms = 730; % for half car

lyy = 2460; % for pitch

ksl = 19960; ks2 = 17500; % front and rear suspensi
csl =1290; cs2 = 1620; % front and rear suspen
mul = 40; mu2 = 35.5; % front and rear unsprung m
ktl = 175500; kt2 = 175500; % front and rear tire s
If=1.011; Ir = 1.803; % for pitch

% Based on the parameters above, we found the natur

if (system == 1) % natural frequencies for passi
wn1=5.0955; wn2=7.1128; wn3=69.4906; wn4=72.5727;
end

if (system == 2) % natural frequencies for groun
wn1=5.0482; wn2=7.0193; wn3=69.9297; wn4=73.7622;
end

if (system == 3) % natural frequencies for hybri
wnl1=5.0731; wn2=6.987; wn3=69.9247; wn4=73.7458;
end

if (system ==4) % natural frequencies for skyho
wnl1=5.1173; wn2=6.9317; wn3=69.9092; wn4=73.7083;
end

w =wn4

% con and coff for semicative
cofl = 0.2*cs1; conl = 2*csl;
cof2 = 0.2*cs2; con2 = 2*cs2;

if (system == 1)% this is for the passive case
cofl = csl; conl = csl;
cof2 = ¢s2; con2 = ¢cs2;

alp=1;

end

if (system == 2)% this is for the groundhook semi a
alp=0;

end

if (system == 3)% this is for the hybrid semi activ
alp = 0.5;

end

if (system == 4)% this is for the skyhook semi acti
alp=1;
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end
% My A matrices

a51 = -(ks1 + ks2)/ms; a52 = (ks1*If - ks2*Ir)/ms;
ks2/ms; a55 = -(cofl + alp*(conl - cofl) + cof2 + a
= ((cofl + alp*(conl - cofl))*If - (cof2 + alp*(con
cofl/ms; a58 = cof2/ms;

a6l = (ks1*If - ks2*Ir)/lyy; a62 = -(ks1*lf*2 + ks2
ks1*If/lyy; a64 = ks2*Ir/lyy; a65 = ((cofl + alp*(c
alp*(con2 - cof2))*Ir)/lyy; a66 = -((cofl + alp*(co
alp*(con2 - cof2))*Ir"2)/lyy; a67 = -cof1*lf/lyy; a

a7l =ks1l/mul; a72 = -ks1*lf/mul; a73 = -(ks1 + kt1
cofl/mul;a76 = -cof1*lf/mul; a77 = -(cofl + (1 - al
=0;

a8l = ks2/mu2; a82 = ks2*Ir/mu2; a83 = 0; a84 = -(k
cof2/mu2;a86 = cof2*Ir/mu2; a87 = 0; a88 = -(cof2 +
cof2))/mu2;

A1=[00001000];
A2=[00000100];
A3=[00000010]
A4=[00000001];

A5 = [a51 ab2 a53 a54 a55 ab6 a57 ab8];
A6 = [a61 ab62 a63 a64 a65 a66 a67 a68];
A7 =[a71l a72 a73 a74 a75 a76 a77 a78];
A8 = [a81 a82 a83 a84 a85 a86 a87 a88];
A =[Al; A2; A3; A4d; A5; A6; A7; Ag];

% My B matrix
B=[00;00;00;00;00;00; ktl/mul 0; 0 kt2

tstep = 0.01;
tmax = 30;
t = O:tstep:tmax;

if (inputtype == 1) % Heave input

% xinl = -(L/w)*cos(w*t); xin2 = -(1/w)*cos(w*t);
xinl = 0.05*sin(w*t); xin2 = 0.05*sin(w*t); % a

end

if (inputtype == 2) % Pitch input

% xinl = -(L/w)*cos(w*t); xin2 = +(1/w)*cos(w*t);
xinl = 0.05*sin(w*t); xin2 = -0.05*sin(w*t); %

end

input = [xin1; xin2];

%9%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %%

% For sprung mass responses
C1 =[a51 a52 a53 a54 a55 ab6 a57 a58];
C2 =[abl ab2 a63 a64 a65 a66 ab7 a68];
D1=0;
D2 =0;
sysl =ss(A,B,C1,D1);
sys2 = ss(A,B,C2,D2);
[yss1,t1] = Isim(sys1,input,t);% sprung mass he
[yss2,t2] = Isim(sys2,input,t);% sprung mass pi

% For suspension systems responses
C3=[1-f-100000j;
C4=[1Ir0-10000];

D3 =0;

D4 =0;

sys3 = ss(A,B,C3,D3);

sys4 = ss(A,B,C4,D4);

[yss3,t3] = Isim(sys3,input,t); % front suspens

133

ab3 = ksl/ms; ab4 =
Ip*(con2 - cof2))/ms; a56
2 - cof2))*Ir)/ms; a57 =

*r"2)/lyy; a63 = -

onl - cofl))*If - (cof2 +

nl - cofl))*If"2 + (cof2 +
68 = cof2*Ir/lyy;

)Ymul; a74 =0; a75 =
p)*(conl - cofl))/mul; a78

s2 + kt2)/mu2; a85 =
(1 - alp)*(con2 -

/muZ2];

% amplitude 1 m/s
mplitude is 0.05m

% amplitude 1 m/s
amplitude is 0.05m

ave acceleration
tch angular accel.

ion deflection



[yss4,t4] = Isim(sys4,input,t); % rear suspensi on deflection

C5=[00100000];

C6=[00010000];

D5 =[-10];

D6 =0 -1];

sysb = ss(A,B,C5,D5);

sys6 = ss(A,B,C6,D6);

[yss5,t5] = Isim(sys5,input,t); % front tire de flection
[yss6,t6] = Isim(sys6,input,t); % rear tire def lection

C7 =[a7l a72 a73 a74 a75 a76 a77 a78];
C8 = [a81 aB82 a83 a84 a85 a86 a87 a88§];
D7 = [kt1/mul O];

D8 = [0 kt2/muZ2];

sys7 = ss(A,B,C7,D7);

sys8 = ss(A,B,C8,D8);

[yss7,t7] = Isim(sys7,input,t);% front unsprung mass vert. accel.
[yss8,t8] = Isim(sys8,input,t);% rear unsprung mass vert. accel.

% *** Now to get the min and max steady state value s
for i=1500:3001 % we start the reading after th e system reach steady

state +- after 15 secs

if (yss1(i) > ylmax)
ylmax = yssi(i);

end

if (yss2(i) > y2max)
y2max = yss2(i);

end

if (yss3(i) > y3max)
y3max = yss3(i);

end

if (yss4(i) > y4max)
ydmax = yss4(i);

end

if (yss5(i) > ysmax)
y5max = yss5(i);

end

if (yss6(i) > yémax)
y6max = yss6(i);

end

if (yss7(i) > y7max)
y7max = yss7(i);

end

if (yss8(i) > y8max)
y8max = yss8(i);

end

if (yss1(i) < ylmin)
ylmin = yssi(i);

end

if (yss2(i) < y2min)
y2min = yss2(i);

end

if (yss3(i) < y3min)
y3min = yss3(i);

end

if (yss4(i) < y4min)
yamin = yss4(i);

end

if (yss5(i) < y5min)
y5min = yss5(i);

end

if (yss6(i) < y6min)
y6min = yss6(i);

end

if (yss7(i) < y7min)
y7min = yss7(i);
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end
if (yss8(i) < y8min)
y8min = yss8(i);
end
end

if (figplot == 1) % if we want to plot the re

sults

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

% Now, to plot the results

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

Yp*+**rrkiik Passive case

if (system == 1)
figure(11); plot(t1,yss1)% steady state sprung
figure(12); plot(t2,yss2)% steady state sprung
figure(13); plot(t3,yss3)% steady state suspens
figure(14); plot(t4,yss4)% steady state suspens
figure(15); plot(t5,yss5)% steady state tire de
figure(16); plot(t6,yss6)% steady state tire de
figure(17); plot(t7,yss7)% for front unsprung m
figure(18); plot(t8,yss8)% for rear unsprung ma

end % for passive plots

Ypr+*+*+xxrik Groundhook case

if (system == 2)
figure(21); plot(tl,yss1) % steady state sprun
figure(22); plot(t2,yss2)% steady state sprung
figure(23); plot(t3,yss3)% steady state suspens
figure(24); plot(t4,yss4)% steady state suspens
figure(25); plot(t5,yss5)% steady state tire de
figure(26); plot(t6,yss6)% steady state tire de
figure(27); plot(t7,yss7)% steady state front u
figure(28); plot(t8,yss8)% steady state rear un

end % for groundhook plots

%*********** Hybrld case

if (system == 3)
figure(31); plot(tl,yss1)% steady state sprung
figure(32); plot(t2,yss2)% steady state sprung
figure(33); plot(t3,yss3)% steady state suspens
figure(34); plot(t4,yss4)% steady state suspens
figure(35); plot(t5,yss5)% steady state tire de
figure(36); plot(t6,yss6)% steady state tire de
figure(37); plot(t7,yss7)% steady state front u
figure(38); plot(t8,yss8)% steady state rear un

end % for hybrid plots

Qprrxrrriiik Slyhook case

if (system == 4)
figure(41); plot(tl,yss1)% steady state sprung
figure(42); plot(t2,yss2)% steady state sprung
figure(43); plot(t3,yss3)% steady state suspens
figure(44); plot(t4,yss4)% steady state suspens
figure(45); plot(t5,yss5)% steady state tire de
figure(46); plot(t6,yss6)% steady state tire de
figure(47); plot(t7,yss7)% steady state front u
figure(48); plot(t8,yss8)% steady state rear

end % for skyhook plots

end % for if plot
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A.3 F-CAR 7-DOF TRANSIENT STATE TIME-DOMAIN RESPONSE CODE

% FILENAME: F7DOF _t_tr_convway.m
% This program is to get the time domain transient state response of the
model to various input.

clear all

inputtype = 1; % the type of input 1 = heave, 2 =p itch, 3 =roll
system = 1; % 1 = passive, 2 = groundhook, 3 = hybr id and 4 = skyhook
figplot=1; % O if do not want to plot the resu It, 1 if otherwise

% Our numerical values

ms = 1460; % for full car

lyy = 2460; Ixx = 460; % for pitch and roll

k1 =19960; k4 = 19960; % front left and right susp stiffness

k2 = 17500; k3 = 17500; % rear left and right susp stiffness

csl = 1290; cs4 = 1290; % front left and right susp damping coeff
cs2 = 1620; cs3 = 1620; % rear left and right susp damping coeff
mul=40;mu4=40;mu2= 35.5;mu3= 35.5; % front and rear unsprung masses
kt1=175500:;kt2=175500;kt3=175500:kt4=175500; % tire s' stiffness

If =1.011;Ir = 1.803; % side dist from front and r ear susp to CG
tf = 1.522;tr = 1.51; % frontal dist from right and left susp to CG
kf =0; kr=0; % front and rear anti roll ba r stiffness

alf = tf/2; alr = tr/2; arr = tr/2; arf = tf/2;

% con and coff for semiactive
cofl = 0.2*cs1; cof2 = 0.2*cs2; cof3 = 0.2*cs3; cof 4 =0.2*cs4;
conl = 2*csl; con2 = 2*cs2; con3 = 2*cs3; con4 = 2* cs4;

if (system == 1)% this is for the passive case
cofl = c¢sl; conl = csl;
cof2 = ¢s2; con2 = cs2;
cof3 = ¢s3; con3 = ¢s3;
cof4 = cs4; cond = cs4;
alp=1;

end

if (system == 2)% this is for the groundhook semi a ctive case
alp=0;

end

if (system == 3)% this is for the hybrid semi activ e case
alp = 0.5;

end

if (system == 4)% this is for the skyhook semi acti ve casee
alp=1;

end

% My matrices

a0101= 0;a0102 = 0;a0103 = 0;a0104 = 0;a0105 = 0;a0 106 = 0;a0107 = 0O;
a0108= 1;a0109 = 0;a0110 = 0;a0111 = 0;a0112 = 0;a0 113 = 0;a0114 = 0O;
a0201= 0;a0202 = 0;a0203 = 0;a0204 = 0;a0205 = 0;a0 206 = 0;a0207 = 0O;
a0208= 0;a0209 = 1;a0210 = 0;a0211 = 0;a0212 = 0;a0 213 =0;a0214 = 0;
a0301= 0;a0302 = 0;a0303 = 0;a0304 = 0;a0305 = 0;a0 306 = 0;a0307 = 0O;
a0308= 0;a0309 = 0;a0310 = 1;a0311 = 0;a0312 = 0;a0 313 =0;a0314 = 0;
a0401= 0;a0402 = 0;a0403 = 0;a0404 = 0;a0405 = 0;a0 406 = 0;a0407 = 0;
a0408= 0;a0409 = 0;a0410 = 0;a0411 = 1;a0412 = 0;a0 413 =0;a0414 = 0;
a0501= 0;a0502 = 0;a0503 = 0;a0504 = 0;a0505 = 0;a0 506 = 0;a0507 = 0O;
a0508= 0;a0509 = 0;a0510 = 0;a0511 = 0;a0512 = 1;a0 513 = 0;a0514 = 0O;
a0601= 0;a0602 = 0;a0603 = 0;a0604 = 0;a0605 = 0;a0 606 = 0;a0607 = 0O;
a0608 = 0;a0609 = 0;a0610 = 0;a0611 = 0;a0612 = 0;a 0613= 1;a0614= 0;
a0701= 0;a0702 = 0;a0703 = 0;a0704 = 0;a0705 = 0;a0 706 = 0;a0707 = 0;
a0708= 0;a0709 = 0;a0710 = 0;a0711 = 0;a0712 = 0;a0 713 =0;a0714 = 1;
a0801=-(k1+k2+k3+k4)/ms;a0802=(-k1*If + k2*Ir + k3* Ir - k4*If)/ms;
a0803 = (-k1*alf - k2*alr + k3*arr + k4*arf)/ms;

a0804 = k1/ms; a0805 = k2/ms; a0806 = k3/ms; a0807 = k4/ms;
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a0808 = -(cofl + alp*(conl-cofl) + cof2 + alp*(con2
cof3) + cof4 + alp*(con4-cofd))/ms;

a0809 = (-(cofl + alp*(conl-cofl))*If + (cof2 + alp
alp*(con3-cof3))*Ir - (cof4 + alp*(con4-cofd))*If)/
a0810 = (-(cofl + alp*(conl-cofl))*alf - (cof2 + al

+ alp*(con3-cof3))*arr + (cof4 + alp*(con4-cof4))*a
a0811 = cofl/ms; a0812 = cof2/ms; a0813 = cof3/ms;

a0901 = (-k1#If + k2*Ir + k3*Ir - k4*If)/lyy; a0902
k3*r2 + k4*1f2)/lyy;

a0903 = (-k1*If*alf + k2*Ir*alr - k3*Ir*arr + k4*If
a0904=k1*f/lyy;a0905=-k2*Ir/lyy;a0906=-k3*Ir/lyy;a
a0908 = (-(cofl + alp*(conl-cofl))*If + (cof2 + alp
alp*(con3-cof3))*Ir - (cof4 + alp*(con4-cofd))*If)/

a0909 = -((cofl + alp*(conl-cofl))*If*2 + (cof2 + a
(cof3 + alp*(con3-cof3))*Ir2 + (cof4 + alp*(con4d-c
a0910 = (-(cofl + alp*(conl-cofl))*If*alf + (cof2 +
(cof3 + alp*(con3-cof3))*Ir*arr + (cof4 + alp*(con4
a0911 = cofl*lf/lyy; a0912 = -cof2*Ir/lyy; a0913 =
cofa*lf/lyy; %%

al001 = (-k1*alf - k2*alr + k3*arr + k4*arf)/Ixx;

al002 = (-k1*If*alf + k2*Ir*alr - k3*Ir*arr + k4*If

al003 = -(k1*alf*2 + k2*alr*2 + k3*arr*2 + kd*arf*
al1004 = k1*alf/Ixx; a1005 = k2*alr/Ixx; a1006 = -k3
kd*arf/Ixx;

al008 = (-(cofl + alp*(conl-cofl))*alf - (cof2 + al

+ alp*(con3-cof3))*arr + (cof4 + alp*(con4-cof4))*a
al009 = (-(cofl + alp*(conl-cofl))*If*alf + (cof2 +
(cof3 + alp*(con3-cof3))*Ir*arr + (cof4 + alp*(con4
al1l010 = -((cofl + alp*(conl-cofl))*alf*2 + (cof2 +
+(cof3 + alp*(con3-cof3))*arr2 + (cof4 + alp*(con4
al011 = cofl*alf/Ixx; a1012 = cof2*alr/Ixx; a1013 =
cofd*arf/Ixx; %%
al101=k1/mul;a1102=k1*lf/mul;al103=k1*alf/mul;al104
al1105=0; a1106=0; a1107=0; a1108=cofl/mul; a1109=co
all110 = cofl*alf/mul; a1111 = -(cofl + (1-alp)*(con
alll2 =0;al1113=0; al1l14 = 0; %%

al1201 = k2/mu2; a1202 = -k2*Ir/mu2; a1203 = k2*alr/
al205 = -(k2 + kt2)/mu2; a1206 = 0; a1207 = 0;

al1208 = cof2/mu2; a1209= -cof2*Ir/mu2; a1210= cof2*
al212 = -(cof2 + (1-alp)*(con2-cof2))/mu2; a1213 =
al301 = k3/mu3; a1302 = -k3*Ir/mu3; a1303 = -k3*arr
al305 = 0; a1306 = -(k3 + kt3)/mu3; a1307 = 0;
a1308= cof3/mu3; al1309= -cof3*Ir/mu3; a1310= -cof3*
al312 =0; al313 = -(cof3 + (1-alp)*(con3-cof3))/mu
al401 = k4/mu4; al402 = k4*If/mu4; a1403 = -k4*arf/
al405 = 0; a1406 = 0; a1407 = -(k4 + kt4)/mu4;
al1408= cof4/mu4; al1409= cof4*lf/mu4; al410= -cofd*a
al4l2 = 0; al413 = 0; al414 = -(cof4 + (1-alp)*(con

A =[a0101 a0102 a0103 a0104 a0105 a0106 a0107 a010
a0113 a0114; ...

a0201 a0202 a0203 a0204 a0205 a0206 a0207 a0208
a0213 a0214;...

a0301 a0302 a0303 a0304 a0305 a0306 a0307 a0308
a0313 a0314;...

a0401 a0402 a0403 a0404 a0405 a0406 a0407 a0408
a0413 a0414;...

a0501 a0502 a0503 a0504 a0505 a0506 a0507 a0508
a0513 a0514;...

a0601 a0602 a0603 a0604 a0605 a0606 a0607 a0608
a0613 a0614;...

a0701 a0702 a0703 a0704 a0705 a0706 a0707 a0708
a0713 a0714;...

a0801 a0802 a0803 a0804 a0805 a0806 a0807 a0808
a0813 a0814;...
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-cof2) + cof3 + alp*(con3-

*(con2-cof2))*Ir + (cof3 +
ms;

p*(con2-cof2))*alr + (cof3
f)/ms;

a0814 = cof4/ms;

= -(K1*If"2 + k2*Ir~2 +

“arf)/lyy;

0907=k4*If/lyy;
*(con2-cof2))*Ir + (cof3 +
lyy;

Ip*(con2-cof2))*Ir2 +
ofd))*If~2)/lyy;
alp*(con2-cof2))*Ir*alr -
-cofd))*If*arf)/lyy;
-cof3*Ir/lyy; a0914 =

*arf)/Ixx;
2)/1xx;
*arr/Ixx; al007 = -

p*(con2-cof2))*alr +(cof3
f)/IXx;
alp*(con2-cof2))*Ir*alr -
-cofd))*If*arf)/Ixx;
alp*(con2-cof2))*alr"2
-cofd))*arfr2)/1xx;
-cof3*arr/Ixx; al014 = -
=-(k1 + kt1)/mul;
f1*f/mul;

1-cofl))/mul;

mu2; al204 = 0;
alr/mu2; al211=0;

0; 21214 = 0; %%
/mu3; al304 = 0;
arr/mu3; al311=0;
3;al314 = 0; %%

mu4; al404 = 0;

rfimu4; al1411= 0;
4-cofd))/mud; %%

8 a0109 a0110 a0111 a0112
a0209 a0210 a0211 a0212
a0309 a0310 a0311 a0312
a0409 a0410 a0411 a0412
a0509 a0510 a0511 a0512
a0609 a0610 a0611 a0612
a0709 a0710 a0711 a0712

a0809 a0810 a0811 a0812



a0901 a0902 a0903 a0904 a0905 a0906 a0907 a0908
a0913 a0914;...

al1001 a1002 a1003 a1004 a1005 a1006 a1007 a1008
al013 al1014;...

al1101 al1102 a1103 a1104 a1105 a1106 a1107 a1108
alll3 alli4;...

al1201 al1202 a1203 a1204 al1205 al1206 a1207 a1208
al213 al214;...

al1301 a1302 a1303 a1304 a1305 a1306 a1307 a1308
al313 al314;...

al1401 al402 a1403 al1404 al1405 al406 a1407 a1408
al413 al4i4;

% My B (input) matrix
if (inputtype == 1) % Heave input

B =[0; 0; 0; 0; 0; O; O; 0; 0; O; +1*kt1/mul;
+1*kt4/mud];

D8 = ktl/muil;

D9 = kt2/mu2;

D10 = kt3/mu3;

D11 = kt4/mu4;

D12 =-1;

D13 =-1;

D14 =-1;

D15 =-1;
end

if (inputtype == 2) % Pitch input
B =[0; 0; 0; 0; 0; O; O; 0; 0; O; +1*kt1/mul;
+1*kt4/mud];
D8 = ktl/mul;
D9 = -kt2/mu2;
D10 = -kt3/mu3;
D11 = kt4/mu4;
D12 =-1;
D13 =1;
D14 =1;
D15 =-1;
end

if (inputtype == 3) % Roll input
B =[0; 0; 0; 0; 0; O; O; 0; 0; O; +1*kt1/mul;
1*kt4/mudy;
D8 = ktl/mul;
D9 = kt2/mu2;
D10 = -kt3/mu3;
D11 = -kt4/mu4;
D12 =-1;
D13 =-1;
D14 =1;
D15=1;
end

%9%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %%

% For sprung mass responses

C1 =[a0801 a0802 a0803 a0804 a0805 a0806 a0807
a0812 a0813 a0814];

C2 =[a0901 a0902 a0903 a0904 a0905 a0906 a0907
a0912 a0913 a0914j;

C3 =[al1001 al1l002 a1003 a1l004 a1005 al006 a1007
al012 a1013 a1014j;

D1=0;

sysl = ss(A,B,C1,D1); % For sprung mass heave a

sys2 = ss(A,B,C2,D1); % for sprung mass pitch a

sys3 = ss(A,B,C3,D1); % for sprung mass roll an
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a0909 a0910 a0911 a0912
al1009 a1010 a1011 al012
al109 a1110 a1111 al112
al209 a1210 al211 al212
al309 a1310 al311 al312

al409 al1410 al411 al412

+1*kt2/mu2; +1*kt3/mu3;

-1*kt2/mu2; -1*kt3/mu3;

+1*kt2/mu2; -1*kt3/mu3; -

a0808 a0809 a0810 a0811
a0908 a0909 a0910 a0911
al008 a1009 a1l010 a1011
cceleration

ngular accel
gular accel



% For suspension systems responses

C4=[1Ifalf-10000000000];
C5=[1-ralr0-1000000000];
C6=[1-lr-ar00-100000000];
C7=[1If-arf000-10000000];

D2=0;

sys4 = ss(A,B,C4,D2); % for front-left suspensi
sysb = ss(A,B,C5,D2); % for rear-right suspensi
sys6 = ss(A,B,C6,D2); % for rear-left suspensio
sys7 = ss(A,B,C7,D2); % for front-right suspens

% For unsprung mass responses

C8=[al1l01 a1102 a1103 a1104 a1105 a1106 a1107
alll2 al113 al114j;

C9 =[al1201 al1202 a1203 al204 a1205 al206 al207
al212 al213 al214j;

C10 = [al301 a1302 a1303 a1304 a1305 a1306 a130
al312 al1313 al1314j;

C11 =[al401 a1402 al1403 al404 al405 al406 al40
al4l2 al413 al414j;

sys8 = ss(A,B,C8,D8); % for FL unsprung mass

sys9 = ss(A,B,C9,D9); % for RL unsprung mass

sys10 = ss(A,B,C10,D10); % for RR unsprung mass

sysll = ss(A,B,C11,D11); % for FR unsprung mass

C12=[00010000000000];
C13=[00001000000000];
Cl14=[00000100000000];
C15=[00000010000000];
sys12 = ss(A,B,C12,D12); % for F-L tire deflect
sys13 = ss(A,B,C13,D13); % for R-L tire deflect
sysl4 = ss(A,B,C14,D14); % for R-R tire deflect
sys15 = ss(A,B,C15,D15); % for F-R tire deflect

if (figplot == 1) % if we want to plot the re

on deflection, x4
on deflection, x6
n deflection, x5

ion deflection, x7

al108 a1109 a1110 al111
al208 a1209 a1210 al211
7 al308 a1309 a1310 a1311
7 a1408 a1409 al1410 a1411
accel, x4ddot

accel, x5ddot

accel, x6ddot
accel, x7ddot

jon, x12
jon, x13
ion, x14
ion, x15

sults

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

% Now, to plot the results

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

QpFrrrriiiix Passive case

if (system == 1)
figure(11); step(sysl) % sprung mass heave acce
figure(12); step(sys2) % sprung mass pitch angu
figure(13); step(sys3) % sprung mass roll angul
figure(14); step(sys4) % F-L suspension deflect
figure(15); step(sys5) % R-L suspension deflect
figure(16); step(sys6) % R-R suspension deflect
figure(17); step(sys7) % F-R suspension deflect
figure(18); step(sys8) % F-L unsprung mass acce
figure(19); step(sys9) % R-L unsprung mass acce
figure(110); step(sys10) % R-R unsprung mass ac
figure(111); step(sys1l) % F-R unsprung mass ac
figure(112); step(sys12) % F-L tire deflection
figure(113); step(sys13) % R-L tire deflection
figure(114); step(sysl4) % R-R tire deflection
figure(115); step(sys15) % F-R tire deflection

end % for if system = 1 (passive plot)

Yp*+*+*+xxrrk Groundhook case

if (system == 2)
figure(21); step(sysl) % sprung mass heave acce
figure(22); step(sys2) % sprung mass pitch angu
figure(23); step(sys3) % sprung mass roll angul
figure(24); step(sys4) % F-L suspension deflect
figure(25); step(sys5) % R-L suspension deflect
figure(26); step(sys6) % R-R suspension deflect
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| response

lar accel response
ar accel response
ion response

ion response

ion response

ion response
leration response
leration response
cel response

cel response
response
response
response
response

| response

lar accel response
ar accel response
ion response

ion response

ion response



figure(27); step(sys7) % F-R suspension deflect

figure(28); step(sys8) % F-L unsprung mass acce
figure(29); step(sys9) % R-L unsprung mass acce
figure(210); step(sys10) % R-R unsprung mass ac
figure(211); step(sys1l) % F-R unsprung mass ac

ion response
leration response
leration response
cel response
cel response

figure(212); step(sys12) % F-L tire deflection response
figure(213); step(sys13) % R-L tire deflection response
figure(214); step(sysl4) % R-R tire deflection response
figure(215); step(sys15) % F-R tire deflection response
end % for groundhook plot
%*********** Hybrld case
if (system == 3)
figure(31); step(sysl) % sprung mass heave acce | response

figure(32); step(sys2) % sprung mass pitch angu
figure(33); step(sys3) % sprung mass roll angul
figure(34); step(sys4) % F-L suspension deflect
figure(35); step(sys5) % R-L suspension deflect
figure(36); step(sys6) % R-R suspension deflect
figure(37); step(sys7) % F-R suspension deflect
figure(38); step(sys8) % F-L unsprung mass acce
figure(39); step(sys9) % R-L unsprung mass acce
figure(310); step(sys10) % R-R unsprung mass ac
figure(311); step(sys1l) % F-R unsprung mass ac

lar accel response
ar accel response
ion response

ion response

ion response

ion response
leration response
leration response
cel response

cel response

figure(312); step(sys12) % F-L tire deflection response
figure(313); step(sys13) % R-L tire deflection response
figure(314); step(sysl4) % R-R tire deflection response
figure(315); step(sys15) % F-R tire deflection response
end % hybrid plot
Qprrrrrriiik Slyhook case
if (system == 4)
figure(41); step(sysl) % sprung mass heave acce | response

figure(42); step(sys2) % sprung mass pitch angu
figure(43); step(sys3) % sprung mass roll angul
figure(44); step(sys4) % F-L suspension deflect
figure(45); step(sys5) % R-L suspension deflect
figure(46); step(sys6) % R-R suspension deflect
figure(47); step(sys7) % F-R suspension deflect
figure(48); step(sys8) % F-L unsprung mass acce
figure(49); step(sys9) % R-L unsprung mass acce
figure(410); step(sys10) % R-R unsprung mass ac
figure(411); step(sys1l) % F-R unsprung mass ac
figure(412); step(sys12) % F-L tire deflection
figure(413); step(sys13) % R-L tire deflection
figure(414); step(sysl4) % R-R tire deflection
figure(415); step(sys15) % F-R tire deflection

end % skyhook plot

end % if figplot
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APPENDIX B

H-CAR 2-DOF TRANSFER FUNCTIONS

B.1 PASSIVE SYSTEM TRANSFER FUNCTIONS.

All of the transfer functions for passive system are having a common denominator
regardless of input type (pitch or heave input), and given as below.

Denom=d,s" +d.s*+d,s* +d;s+d,

where

d,=1,mg

d; =cgl,, +Cgl,, +Cyl M, +Cgl °m,

2 2 2
d, =Kyl +Kgly, +CCo Iy +1,) +kyl ", + K], °m,

d, = (Cukg +Coky) (I +1, )
dy = kakg (I, +1, )

The numerators are given below, according to input signal.

B.1.1 Heavelnput Signal

The transfer function for the vertical acceleration of the sprung massis:

H. (S):L: S X4 _ 61383-1-6\12524-61184-610
" SV, Denom

where
a;=(Cy+Cu)l,,
8, = Kaly, +Koly +CaCo (I +1,)
2
a; = (Cslksl+cszk32)(|f +Ir)
2
= KakKg (If +Ir)
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The transfer function for the pitch angular acceleration of the sprung massis:

X, S'X, &S +8,S +a,5+ay
vV, SV, Denom

n

H,, (s)=
where

A3 = _(Csllf +C32|r)ms

2 :_(ksllf _kszlr)ms

The transfer function for the front suspension deflection of the sprung massis:

U X3 Xy 85 +8,S +8yS+8y

H, (s)=—2=
? Vin S-Vi, Denom
where
8, =0
A, = _Iyyms

a?;l:_cszlr (If +Ir)ms
aSO:_kszlr(If +Ir)ms

The transfer function for the rear suspension deflection of the sprung mass is:

H, (s)= X, X, 8,8 +a,5 +3,5+3a,
N vV, SV, Denom

where

8,3 =0

a, =1, m
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B.1.2 Pitch Input Signal

The transfer function for the vertical acceleration of the sprung massis:

. 3
ﬁ_ S- X4 _ 35S +a1252+a115+a10

H_ = =

(9 vV, SV, Denom
where
a3 :(Csl_csz)lyy

a, =kgl,, —Keol,, —CyCol* +CyCyl,”
&, = —(Cokg +Cako) (1, = 1) (1 +1,)
o = _kslksz(lf _Ir)(lf +Ir)

The transfer function for the pitch angular acceleration of the sprung massis:

X, S'X, 88 +a,5 +a,5+ay
vV, SV, Denom

n

H,, (s)=
where

B3 = _(Csllf +C32|r)ms

8,, = —2C4Cyl; ——2¢,Cl, — Kyl m -kl mg
2, =—2(Coky +Ceko)(I; +1,)

2 =—2KgKg (I, +1,)

The transfer function for the front suspension deflection of the sprung massis:

Xy Xy 855 +8,S +8yS+8y

H =

(9 v, SV, Denom
where

a; =0

6\32:—|me
a31:—csz(2IW—IflrmS+lr2mS)

3 =Ko (21, 1l m,+1,°m,)

The transfer function for the rear suspension deflection of the sprung mass is:
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X, 3,5 +8,5 +8,5+3,

_ 4 _
HX4(S)—_ = 5
vV, SV, enom
where
anszo
a42:|yyms
3, =Cy(2l,, +1,’m 11 m,)

£
[}

2
a(21,, +12m =11, m,)

B.2 SEMI-ACTIVE SYSTEM TRANSFER FUNCTIONS.

Similarly, the transfer functions for semi-active system are having a common

denominator regardless of input type, however the ones for H, and H, are having

different root order compared to for H, and H, . They are given as below. Note that

the results are taken from Mathematica notebook file due to its lengthy terms.
Denom=d.s’ +d,s* +d.,s* +d,s* +d;s+d,

where

ww ww ww denominators for HxldotH and Hx?dotH only

dd = Iyy ms

d3 =coflIyy+cof2Iyy +cofl 1f° ms + cof?2 1r° ms - coflTyyao-cof2 Iyya+conlIyya +
con? Iyya-cofl 1f° ms o+ conllf’ ms a - cof? 1r° ms a + con? 1r° ms a

d? - Iyyksl+ Iyyks? + coflcof? 1f° + 2 coflcof? 1f1r +coflcof? 1r° + ks11f ms +
ks21r'ms - 2 coflcof21f° a+cof2 conl1f’ a+coflcon21f e -4coflcof2 1f1ra+
2cof?conllflr a+ 2 coflcon? 1f1r a- 2 coflcof? 1r® a + cof2 conllr® a + coflcon? 1r” a+
coflcof21f° o - cof? con11f® o - coflcon2 1’ o +conlcon2 1£° of + 2 coflcof21f1r o -
2cof2 conllflr o’ - 2coflcon21f1r o + 2 conlcon2 1£ 1r o + coflcof2 1r’ of -
cof? conl1r’ o - coflcon? 1r° o + conlcon? 1r° of

dl = -{1f + 1r]||2 {-cof2 ksl -coflks? +cof?ksla-con?2ksla+coflk=s2a-conlks?2 a)

d0 = ks1ks2 (1f + 1r)°
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w# ww ww denominators for Hx3H and HxdH only

did = Iyy ms

dd =cofl1Tyy+cof2Iyy + cOoEl 1f° ms + cof2 1r° ms - CoE1Tyya-cof2Iyya+conlIyya +
con? Iyya-cofl 1f° ms o+ conllf’ ms a - cof? 1r° ms a + con? 1r° ms a

d3 = Iyrksl+Iyyks? + coflcof? 1f° + 2 coflcof? 1f1r +coflcof? 1r° + ksl1f ms +
ks21r°ms - 2 coflcof2 1f° & + cof2 conl1f a + coflcon2 1f & - 4 coflcof2 1f1lr a +
2cof?conllflr a+ 2 coflcon? 1f1r a- 2 coflcof? 1r® a + cof2 conllr® a + coflcon? 1r” a+
coflcof21f° o - cof? con11f® o - coflcon2 1’ o +conlcon2 1£° of + 2 coflcof21f1r o -
2cof2 conllflr o’ - 2coflcon21f1r o + 2 conlcon2 1£ 1r o + coflcof2 1r’ of -
cof? conllr’ o® - coflcon? 1r° o + conlcon? 1r” o

d? - —{1f + 1r]||2 {-cof?ksl -coflks? . cof?ksla-con?ksla+coflk=s2a-conlks? a)

dl - kslks2 (1f+ 1r)°

do =10

B.21 Heavelnput Signal

The transfer function for the vertical acceleration of the sprung massis:

. 3
ﬁ: S X4 _ a5 +a1252+a113+a10
\Y SV, Denom

H, (s)=

in
where

#% #®+ wv Numerator for HxldotH

nld =0

nl3j = -Iyy {-cofl-cof?+ 2cofla+2cof?2a-2conla - 2con o)

ni? = Tyyks1+ Tyy ks? + coflcof? 1f° + 2 coflcof2 1 1r + coflcof? 1r° - 3coflcof? 1f° a+
cof2 conllf’a+ 2 coflcon? 1£° a- 6 coflcof21flr a+3 cof? conllflra +
3coflcon? 1flra- 3coflcof? 1r° a+ 2 cof? conl1r® a +coflcon? 1r® a + 2 coflcof? 1£° o -
2cof2conllf’o” - 2coflcon21f° o + 2conlcon2 1£° of +4coflcof21flr o -
4cof? conllflr o’ - 4coflcon? 1f1r o’ + 4 conlcon? 1f 1r o + 2 coflcof? 1r of -
2 cof? conllr” o - 2 coflcon? 1r” o + 2 conl con? 1r® of

nll -

-{1f +1r) {(-cof2ks11f-Ccoflks21f -cof?2ksllr -coflks21r + 2Ccof2 ks11f o -
2con?k=11fa+coflk=21fa-conlk=s21fa+cof2k=llra-con?k=sllra+
2coflks?21lra-2conlks?1r a)

nl0 = ks1ks? {1f+1r)°

The transfer function for the pitch angular acceleration of the sprung massis:

X, S'X, &S +a,5 +a,5+ay,
vV, SV, Denom

H,, (s)=

in
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#x wx »x NuUmerator for Hx2dotH

n2d =10
n2i=ms (-cofllf +cof2lr +2cofllfa-2conllfa-2cof?2lra+2con?lr a)

n2? = -kzxllfms + k2 lrms -cof?conllfa+coflcon? 1fa-cof?conllr o +coflcon? 1r a

n?l=-{cof?2k=sl-con?2ksl-coflk=s? +conlks2) {(1f + 1r) «

n2d =10

The transfer function for the front suspension deflection of the sprung massis:

H (s):ﬁ: X, :a3353+a3252+a315+a30
@ vV, SV, Denom

where

wx ww ww Numerator for Hx3H
nit =10

ni3 = -Tyyms
n3? = cof?1f1r ms - cof? 1r° ms - coflTyya-cof?2 Iyya+conlIyya+con? Iyya-

cofllfmsa+conllfmsa+ 2cof21flrmsa -2 con? 1f 1r ms a + cof2 1r” ms o - con? 1r° ms o

nil =
-{1f +1r) |:k32 lrms +coflcof? 1fa-cof2conllfa+coflcof?2lro-cof? conllr o -

coflcof? 1f o + cof? conllfa’ + coflcon? 1f & - conlcon? 1f o - cofloof? 1r o +
cof? conllr of + coflcon? 1r & - conlcon? 1r -.'x2]
n30 = -{cofl - conl) k=2 {1f +11:'f_i2 o

The transfer function for the rear suspension deflection of the sprung mass is:

3 2
H, (s)= 24— X, _ 88 +8,8 +3,5+8,
X V. SV Denom

where

®x ww ww Numerator for HxdH
nid = 0

nd3 = -Tyyms
1?2 = cofllf’ms -cofllflr ms - coflTyya-cof?2 Iyya+conlIyya+con? Iyya+

cofllfmsa-conllfmsa+ 2 cofllflrmsa -2 conllf lr ms a - co£2 1r” ms a + con? 1r° ms o

ndl -
-{1f +1r) (ksl 1fms +coflcof?1fa-coflcon? 1fa+coflcof?2lr a-coflcon? 1r o -

coflcof? 1f o + cof? conllfa’ + coflcon? 1f & - conlcon? 1f o - cofloof? 1r o +
cof? conllr of + coflcon? 1r & - conlcon? 1r -.'x2]
nd0 = -{cof? - con?) k=1 {1f +11:'f_i2 o

B.2.2 Pitch Input Signal

The transfer function for the vertical acceleration of the sprung massis:
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H. (S):L: S-X — a1353+a1252+a11$+a10
" vV, SV, Denom

where

wx ww ww numerator for HxldotP

nli =10
nl3=-Iyy {-cofl +cof2+ 2cofla-2cof?a-2conla+ 2 con? )

n1? = Tyyksl- Iyy ks? - coflcof? 1f° + coflcof? 1r” + 3 coflcof? 1£° a- cof? conl1f a-
2coflcon? 1152 a+cof2conllflra-coflcon?lflra- 3coflcof? 1r2 o+ 2cof?conl 1r2 o+
coflcon? 1r° a - 2 coflcof? 15 o + 2 cof? conllf® of + 2 coflcon? 1 o° - 2 conlcon? 1£° o +

2coflcof?1r’ of - 2 cof? conllr® of - 2 coflcon? 1r° o +2 conlcon? 1r° of

nll =
{(1f+1r) {-cof2k=s11f -coflks21f +cof2ksl1ly +coflk=s21ry +2cof2 ks11f o -

2eon? k=llfa+coflks?21foa-conlks?21fa-cof?ksllra+con?ksllr o -

2coflks?1ra+ 2conlks? 1r a)
nlld = -ks1ks2 {1f -1r) (1£f +1r)

The transfer function for the pitch angular acceleration of the sprung massis:

X, S'X, 88 +a,S +a,S+ay,

H. -2
. (%) vV, SV, Denom

where

*% wx ww Numerator for Hx2dotP

n2i =10
n23=-ms (-cofl1f -cof?2lr +2cofllfa-2conllfa+2cof2lra-2con?lra)

n?2 = -2coflcof?2l1f - 2coflcof?2lr -ksllfms -ks21lrms + 6coflcof?2 1f o -
Jocof2conllfa-3Jcoflcon?2lfa+ 6coflcof2lra-3cof2conllra- Jcoflcon?lra-
4coflcof?1fo’ +4cof?conllfo’ +4coflcon?lfo’ —4conlcon?1fo’ -4 coflcof? 1r of +

4cof? conllr of + 4 coflcon? 1r o - 4 conl con? 1r o
n2l={1f+1r) (-2cof2ks1-2coflks? + Jcof2ksla-3Jcon?2ksla+3coflk=s?2a- Joconlks2 a)

n20 = -2ks1ks? (1f + 1r)
The transfer function for the front suspension deflection of the sprung massis:

H (s)—ﬁ: Xy _ 855 +8,S +8yS+8y,
N VSV, Denom

where
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w# ww wx Numerator for Hx3IP

nid =10

nii = -Iyrms
n32 = -2 cof? Iyy +cof?21flr ms -cof2 1r® ms - cofl Iyya+3cof2Iyyoa+conlIyya-

SCDn2IHa—CDf11f2]TBO:+CD]111f2 mea-2cof21flrmea+ 2con2l1flrms o+

cof?1r’ ms a—con? 1r’ ms a
nil=-2Iyyks? + ks21f1rms -ks2 1r° ms - cof1cof2 1£° a + cof2 conl 11 a -
?coflcof?lflra+ 2cof? conllflr o - coflcof? 1r’ a + cof? conlly® @ + coflcof? 1£° of -

cof? conl1f2 o’ - coflcon? 1£2 o + conlcon? 1£5 o + 2 coflcof? 1f1r o - 2 cof? conllflr o -
2coflcon? 1f1rxr a2 +2conlcon?1flr az +coflcof? 11:'2 a2 -cof? rl::rl:mlll:'2 a2 -

coflcon? 1r” o° + conlcon? 1r° o

nil = -{cofl - conl) ks (1f +1r}2 a

The transfer function for the rear suspension deflection of the sprung mass is:

3 2
H (S):x__ X, _ 88 +8,8 +3,5+8,
X y V, Denom

where

®% wxw *w numerator for HxdP

nid =0

nd3 = Iyyms
nd? = 2EDf11H+EDf11f2 nmE-cofllflrms - 3coflTyya+cof2 Iyya+ 3conlIyya -

con? IHG—EDf11f2 msa+conllf msa+2cofllflrmsa- 2conllflr ms o +

cof? 1r2 ms & — Con? lr2 ms o
n11l-2Tyyksl+ks1lf  ms - ks11lflr ms + coflcof? 1f° o - coflcon? 1f° a+ 2 coflcof? 1f1r a -

2 coflcon? 1f1r a+ coflcof? 1r® a— coflcon? 1r’ & - coflcof? 1f° & + cof? conllf” & +
coflcon? 1£2 o - conlcon? 1£2 o - 2 coflcof21f1r o + 2 cof? conllf 1r o +
2coflcon?lflr o’ - 2conlcon? 1f1r of - coflcof? 1r’ o +cof? conllr® of +

coflcon? 1rf of - conlcon? 1r° of
nd0 = {(cof? - con?}) k=1 {1f + 11'}2 o
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APPENDIX C

H-CAR 2-DOF MEAN SQUARE VALUES

C.1 PASSIVE SYSTEM.

C.1.1 Heave Veocity Input Signal

Mean square of vertical velocity of sprung mass, E| x? |=

~{{-(cs2ksl+calksz) (1£+1r)° ms (2 (esl+ cs2) Iyy (coZksl + cslks2) (LE+1r)° -

(Iyy (£s5l+k352) + o5l 032 (1F « 1e) 5% + Iy ksl ksz (1F + 1r)*ms) + (-(csl+052)° Iyykalks2 (1E+ 10" +
((c32ksl+calkaz)® (1E+ 1r1% - 2kslkaz (1f + 1r) % (Iyy (ksl+ks2) +cslcs2 (1f +11)°)) ma)

(cal (Iyy+ 165 ma) + 032 (Tyy + 1r'ms1) + (Lf + 1r1°

(Iyy (kal+ks2) + cales2 (1E +1r)° + (ksl 1£% + k=2 1r%) na)

((cal+cs2)® Iyy (oa2ksl+cslks2) +kslka2us (osl (Iyy + 1E9ma) + cs2 (Iyy+ 1r' ma)))) rs0) /

{(1£+1x)" ms (Tyy (ca2ksl+ calks2)® (1£ +1r) " no - (co2ksl+ colks2)
(Iyy (k2l+ks2) + calea2 (Lf +1r)° + (ksl 1£% + ka2 L1r) ma) (csl (Ivv + 1fima) + cs2 (Ivy+ lrims)) +
kslksZ (csl (Tyy+ 1E° ms) + o2 (Iyy + 1’ ms))z))

Mean square of pitch angular velocity of sprung mass, E[ x,” | =
-(ns (Iyy (ce2 ksl + csl k=2) (ksl 1f -ks2 1) fas+
(c32ksl+calksz) (cal 1E - 032 1r) Y (Iyy (ksl + k32) + cal 52 (1E+ 1)+ (kal LEf +kaz 1rf) ma) -
kslks2 (osl 1f-cs2 1r)° (o5l (Iyy+ 1E° ms) + 052 (Iyy+ 1r' ms))) 750/
(Tyy (Tyy (cs2ksl+ oslks2)® (1f+ 1r)' ns - (cs2ksl+ cslks2)
[Iwy (ksl+ks2) +cal a2 (1E +1r)% + (kal 1f% + kaz 1r¥) ma) (osl (Ivv + LEima) + co2 (Iyy+ lrims)) +
kslka2 (csl (Iyy+ LEfma) + ca2 (Ivy + lrims)) *))

Mean square of front suspension deflection, E| x,” |=

-(ms ((cs2ksl + c3lks2) 1r (1f +1x) (-2 Ivvks2 + cszt 1r (1f + 1r)) s +
Iyy (c32ksl+ cslks2) (Iyy (ksl +ks2) +cslcs2 (1f + 1r) % + (ksl 1} + ks2 1) na)
ks2 (-Iyyksl + k2 1r'ns) (o3l (Iyy + L ms) + 032 (Iyy + lr'ns))) w80y [/
(Iyy (cs2ksl+calks2)® (1£+1r)” ms - (cs2ksl + cslksz)
(Iy (k3l+ k321 +calcsz (1E 101" + (kal 1£f +ks2 1r%) me) (o=l (Ivy + L me) + 052 (Iyy+ lrims)) +
kslksZ (csl (Iyy+ 1 ms) + ca2 (Iyy + lrtms)ng

Mean square of rear suspension deflection, E[ x,” | =

-(ns ((cs2ksl +c3lks2) 1E (1f +1x) (-2 Ivv ksl + csl1f (1f + 1r)) s +
Iyy (c32ksl+ cslks2) (Iyy (ksl +ks2) +cslcs2 (1f + 1r) % + (ksl 1} + ks2 1) na)
ksl (-Iyyksz + ksl 1£' na) (o3l (Iyy + L ms) + 032 (Iyy + lr'ms))) w80y [/
(Iyy (cs2ksl+calks2)® (1£+1r)” ms - (cs2ksl + cslksz)
(Iy (k3l+ k321 +calcsz (1E 101" + (kal 1£f +ks2 1r%) me) (o=l (Ivy + L me) + 052 (Iyy+ lrims)) +
kslksZ (csl (Iyy+ 1 ms) + ca2 (Iyy + lrtms)ng
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C.1.2 Pitch Veocity Input Signal

Mean square of vertical velocity of sprung mass, E| x? |=
-((-(cs2ksl+ cslks2) (1f+1r) fus
(—2 (csl - c32) Iyy (cs2 ksl +cslks2) (1E - 1r) (1f + 1r) - (Iyy (ksl - ksZ) + csl cs2 lj—lf2 + lri) 1 £ +
Iyykslks2 (1f - l]:j2 ms:] + [1f + 1r) (- (csl- u:st2 Tyvkslks2 (1£f + 110 +
(1f-1r) (2 Iyvksl (ksl -ks2) kaZ + (cs2® kalf + calf ka2hy (1 - 1efy) na)
(oal (Iyy+ 18 ma) + ca2 (Iyv + lr¥ma)) + (Ivy (ksl + ka2) + o5l es2 (1E+ 1r) % + (kal 1f5 + ka2 118y ma)
(foal-cs2)” Tyy (ca2ksl+oslks2) (1f + 1r)% +
kalks2 (1£- 1r)° ms (oal (Iyy+ L' ma) +e32 (Tyy+ lr'wa)))) m50) /
((1£+1r)" ms (Iyy (caZksl+ calkaz)® (1f+1r)' ns - (ca2ksl+ cslksz)
(Tyy (ksl+ka2) + caleaz (1E+1r1° + (ksl 1£% + kaZ 1r') ma) (o=l ¢Iyy+ 1£5ma) + ca2 (Iyy+ lrima)) «
k3lksz (osl (Tyy+ 1£° us) + os2 (Iyy + 1rfms)) ')

Mean square of pitch angular velocity of sprung mass, E[ x,” | =

-([-Iyv (c32ksl+cslks2) (1f+ l]:)2 (dIyvykslksZus+
4 (c32ksl+cslks2) (LE+1r) (csllf +csZ2lrims - (2cslcs2 (1€ + 1x) + (ksl 1f + ks2 1r) ws) 2) +
(Iyy (ksl+ ksZ) + cal s (1E + 1118 + (ksl 1£% + ks2z 1r¥) ms) ((csZksl + cslks2)
[1f+ 11" (csllf+cazlr)ins+ 4 Tyvkslks2 (cal (Iyy + Lff ma) + o352 (Iyv+ lrims))) +
(L1f+1r) (esl (Iyv+ 1fima) + 032 (Iyv+ lrims)) (-kalksZ (LE+1r) (csl 1f + cs2 1r) us +
4 Ty (u:sziksl2 (lE+1r) + ks2 [csliksz [(LE+1r) -kzl (ksl lf+ks2 el ms)))) ;rSD)f
{Iyy (1€+1r)" {Iyy (cs2ksl+calks2)® (1€ +1r)° ws - (cs2ksl+ calksz)
(Iv (kal+ ks2) +c3lesz (1 + 1) % + (kal 1£5 + ka2 1xh) m
(csl (Tyy+ 15 ms) + 052 (Tyy+ 1r'ms)) + kslks2 (csl (Iyy + 1£%ms) + cs2 (Iyy +1r' ms))’))

Mean square of front suspension deflection, E| x,” |=

—((Iyy (ca2ksl + calks2) (1f + 1) ms (Iyy (ksl +ka2) + csl ca2 (Lf + 1)t + (ksl 1E% + k=2 1r%) ma) +
(ca2ksl+ cslkszZ) (1E+ l]:)2 (2Iyy+ 1lr (-1f+1lrimzs) (-2 IyyksZ2ms + caszt (2Iyy+1lr (-1f +1lrim=s)) +
k=2 (cal (Iyy+ LE  ms) + 32 (Iyy+ lrim=)) (- Iyyksl (1f+ 1r)ims + ka2 (2 Ivy + 1r (—1f + 1r) ms1%))

730/ ((1E+1r)* (Iyy (es2 kel + calks2)® (1f + 1) ma -
fcaZksl+ calksz) (Iyy (ksl + k32) +calca? (1f + L)t + (ksl 1Ef + ka2 1r%) ma)
ezl (Iyy+ LE ms) + c32 (Iyy+ lr'm=)) +kalksz (ool (Iyy + 1£ime) + o2 (Iyy + 1rf ms)) 2))

Mean square of rear suspension deflection, E[ x,” | =

—((Iyy (cs2ksl + calksz) (1 + 1) ms (Iyy (ksl + ks2) + cal c32 (1f + 1r) % + (kal LEf + ka2 1r¥y ma) +
(ez2ksl+c2lks2) (1 + 1x) : [(2Ivy+ 1lf (1E-1r) m3) (-2 Ivvkslns + cslt (2Iyy+ 1E (1£ - 1r) m3)) +
ksl (-IyyksZ (LE+ lr)ims +ksl (2 Iyy + 1f (Lf - 1r) ms)) (osl (Iyy + 1E5 ms) + 082 (Iyy + lrims11)

A50) / ((LE +1)" (I¥y (cs2ksl+ calks2)® (1E+ 1r) ms -
fosZkal + o2l ka2) (Iwy (kal «+kaZ) +osl 02 (1E+ 1r)t + (kal 1£% + ka2 1rh) ma)
(csl (Iyy+ 1" ms) + 52 (Iyy+ 1r'ms)) +kslks2 (csl (Iyy+ 19 ms) + o52 (Tyy +1r' ms)) "))
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C.2 SEMI-ACTIVE SYSTEM.

C.2.1 Heave Veocity Input Signal

Mean square of vertical velocity of sprung mass, E| x? |=

~{m 50 ((Iyy (sl +X%=2) +ksl 1£' w= + ka2 1r' me + cof2 conl 165w + 2 cofZ conl 1F lre + cof2 conl 1r' o - cof2 conl 168 e’ +
conl con2 18’ - 2 cofz conl 1 lra’ + 2 conl conz 1f 1ra® - cof2 conl 1r® o + conl conz 1r" o’ +
cofl [(1f + J.J:Jz (-1 +a) (cofZ (-1l+a) -conz2a)) (-Iyy (cofl+cofed-2cofla-2cofda +2 (conl + conad) u:.\t)2
(cofZksl (-1l+a) +c0flks2 (-1l +a) - (con2ksl + conlks2) o) + kslksZns (-cofl (Ivy + lfzmsj [-1l+x) -
cofZ (Ivy+ 1r? ws) (-1 +a) + (conl Iyy+ conZ Iyvy + conl 1f'ms + conz 11t ms) o)) +
m3 (cof2ksl (-1 +a) +coflks2 (-1 +a) - (conZksal + conl k32) &) (Iwksl k32 (1f + lr)zms + 2 Iyy (1f + 1)
(-2 (conl + conZ2) o +cofl (-1+2a) +cofZ (-1 +2a)) (-(conZksl (21 + 1) +conlks2 (LE+2 1)) o+
cof2ksl (1r (-1 +o) +1F (-1 +20)) +00f1l k52 (1€ (-1l+a) +1r (-1 +2a))) -
(ITyy (ksl+ks2) + (1E+1r) (conla (2con2 (lf+lr)a+cof2 (If+21lr-Z21fa-21lra)) +
cofl (conZ2o (21f+1lr-21fa -2 1lra) +cofl (1£ + 1) (l—3cx+20:2))jj|2:| +
[-cofl (Ivy + lfzmsJ [-1l+a) -cof2 (Iyvy + lrzmsJ [-1+a@) + (conl Iyy + conZ Iyy + conl 1£5 s + conz 17} m3) o)
(-Iyvkalks2 (cofl + cofZ2 -2 cofla-2cofia+ 2 (conl + con2) o) iy
ws [((-({conZksl (21f+1e) +conlksZ (LE+21lr)) o+
cof2kal (1r (-1 +a) +1F (-1 + 2a)) +coflks2 (1f (-l+a) +1r (-l +2a171)% -
2kslks2 (Ivy (ksl+ks2) + (1£ +1r) (conla (2con2 (If+ lr)a+cofd (lf+21lr-21fa-21ra)) +
cofl (conZe (Z1f+lr-21lfu-2Zlre) +cof2 (1£+1r) (l-3a+2a3)000)) /
[ms (Iw [1f + ll:j2 w3 (cofZksl (-1l+a) +coflks2 (-1 +a) - (conZ ksl + conl ks2) u::t)2 +kslks2
(cofl (ITyv+ 1£t ns) (-1 +a) +cof (Iyy+ 1rf ns) (-1 +a) - (conl Iyy+ con Iyy + conl 1f%ms 4+ conz 11t ms) o) ¢ +
[cof2ksl (-1 +a) +co0fl k32 (-1 +a) - (con2 ksl + conl ks2) o)
[-cofl (Iyy + lfzmsJ (-1 +a) -cofd (Iyy + lrimsJ (-1 +a) + (conl Iyy + cong Iyy + conl 1£¥ ns + conz lrtms) o)
(Iyv (ksl+ks2) + ksl 1£% ws + ks2 1r' ws + cofZ conl 1% e+ 2 cof2 conl 1f lro+
cofz conl 1r¥a - cofZ conl 1£5 ¢ + conl conz 1£° a* - 2 cof2 conl 1f lra® + 2 conl conZ L lra’ -

cofz conl 1r¥ ol + conl conz 1r® a + cofl [1f +1r) £ [-l+c) (cof2 (-1+a) -conZa)) :|:|

Mean square of pitch angular velocity of sprung mass, E[ x,” | =

(a0 (-ns (cofd ksl (-1l+a) + coflks2 (-1l+a) - (cond ksl +conl ks2) @) (Iyy (k3l + k52) + ksl 188 ms +ksz Ir'us +
cofz conl 1fia + 2 cof2 conl 1 Ir o+ cof2 conl 1r' @ - cofZ conl 165 o’ + conl com2 1£% ¢ - 2 cofz conl 1€ 1raf +
2 conl conZ 1f 1r o’ - cof2 conl 1rfa’ + conl conz 1rf o + cofl [1f + lx:j2 (-1 +a) (cofa (-1 +a) - con2a))
[-2conl 1fa+ 2cond lra +cofl 1F (-1 + 2a) +cofa (lr—erot)Jz—
Iyvy (cof2ksl (-1 +a) +cofl ks (-1 +a) - (con2 ksl + conl ks2) o)
[(ksl 1fws - ka2 lr w5 + (cofZ conl -cofl cona) (1€ + 1r) @) iz (cof2ksl - cond ksl + (—cofl + conl) ks2)
(If+lrymsa (2 (conl 1f - cond 1r) @ +cof2 1y (-1 + 2a) +cofl (1E-21Ea))) +
[—cofl (Iyy + lfzmsJ (-1 +a) - cof2 (Iyy + lrzmsj (-1 +a) + (conl Iyy + conz Iyy + conl 15 ms + conz lrzmsj =3
(Iyy (cof2ksl- conZ ksl + (—cofl + conll ks21 af -
kslkszns (-Z2conl Ifa+2conZ2lra+cofl 1f (-1 + 2@) +cof2 (1lr-2 lrot))tJJJ/
(Iyy [Iyy [1f + l]:)2 ws (cofZksl (-1 +a) +coflks2 (-1 +a) - (conZksl+ conl ks2) o) fikslksz
[cofl (Iyy+ 1£ s3] (-1 + @) + cof2 (Iyy+ 1rt s3] (-1 +a) - (conl Iyy + cohz Iyy + conl 1 s + conz 1rt ns) o) : +
(cof2ksl (-1 +a) +coflks2 (-1 +a) - (con2 ksl + conl ks2) @)
[-cofl (Ivy + lfzmsJ (-1 +a) -cof2d (I¥y + lrims) [-1+a) + (conl Iyy + cons Iyy + conl 188 ms + con2 lrzmsj =3
(Iyy (k51 +ks2) +ksl 1f ms + k2 1r'ms +« cof2 conl 1£ o+ 2 cof2 conl 1 lr o +
cofz conl 1t e - cofz conl 1f! & + conl conz 1£% o - 2 cofZ conl 1 1r o + 2 conl cona 1f lra’ -

cof2 conl 1rfa? + conl conz 1rf o’ + cofl [1f +1r) t [-l+a) (cofz (-1 +a) - cong a)):l:l

Mean square of front suspension deflection, E| x,” |=
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~{m 30 ((Iyv (ksl+ks2) +ksllf' na+kez lr'ns + cofz conl 1%+ Zcof2 conl 16 lra +
cofz conl 1r'a - cof2 conl LE ' + conl conz 167 o - 2 cof2 conl 1f lra® + 2 conl con2 1f lra® -
cofZ conl 1l a’ + conl conz 1rf o + cofl [1f +1r) t [-1+a) (cofZ (-1 +a) -conda))
[-Iyvkslns (cofZksl (-1 +o) +coflkss (-1 +a) - (con2ksl + conlks2) o) + (cofl - conl)zksz ot [-cofl
(Iyv + 1£2 wm3s) (-1 +o) -cofs (Iyy+ 1r? ws) (-1 +a) + (conl Iyy+con Iyy + conl 1f' ws + conz 11t ms) o)) o+
ksl (-cofl (Iyy + lftms) (-1 +a) -cofz (Iyy + lrimsJ (-1 +a@) + (conl Iyy + cona Iyy + conl 185 s + conz lrzms) =3
[-IyvkslksZus + (ks2 lrws - (cofl - conl) (1 + lr) o (cof2 (-1 + o) - cond n::c)j2 -
2 (cofl -conl) ksZa ((cofl (Ivy+ 1£2 ws) - conl (Ivy + lfzms) —conZ (Iyy-1lr (21f + 1r) m=)) o+
cofZ (1f lrms (1- 2a) +Iwa+lrz (M3 -w3a1))) +
(cof2ksl (-l +a) +coflks2 (-1+a) - (conZ ksl + conlk=2) a) | (eofl - conl)® Tyvke2 (1€ + 1) maa’ -
ksl |:2 Iyy (1f+ 1r) ms (-k32 1rms + (cofl - conl) (1f + 1r) @ (cof2 (-1 +a) - con2a)) +
[(-cofl (Iyy + 1£f ns) + conl (Iyy + 1£f =) + conZ (Iyy-1lr (21f + lr) ms)) o+
cofz (lr'ma (-14+a) - Iyya + 1E lrma (-1+2a)n*]]]) !
[ksl (Iyy (1f + lx:)z ns (cof2ksl (-1l +a) +coflksZ (-1 +a) - (conZksl+conl ks2) ot)I +kslksZ
[cofl (Ivv+ 1£f wz) (-1 +a) +cof2 (Iyy+ 1t w=) (-1 +a) - (conl Iyy+ cond Iyy + conl 1t¥ns + conz 1r? ns) ocj2 +
[cofZ2ksl (-1 +a) +coflks2 (-1 +a) - (conZksl + conl ks2) o)
[-cofl (Iyy + 1£! 3] (-1 +a) -cofs (Iyy + 1t s3] (-1 +a) + (conl Iyy + conz Iyy + conl 1 w3 + conz 1rf m3) o)
(Tyy (ksl+ks2) +kal 1  ns + ksZ 1rf ns + cof2 conl 1£% o+ 2 cofZ conl 1f lr o +
cofz conl 1r' o - cofZ conl 1% e’ + conl conZ 1£° of - 2 cofZ conl 1f lr o' + 2 conl conZ 1f Lo’ -
cofz conl 1rf o + conl conz 1r’ o' + cofl [1f +1r) : [-1l+a) [cofZ (-1 +a) -conzal) j)

Mean square of rear suspension deflection, E[ x,” | =

~{m 30 ((Iyv (ksl+ks2) +ksllf' na+kez lr'ns + cofz conl 1%+ Zcof2 conl 16 lra +
cofz conl 1r'a - cof2 conl LE ' + conl conz 167 o - 2 cof2 conl 1f lra® + 2 conl con2 1f lra® -
cofZ conl 1l a’ + conl conz 1rf o + cofl [1f +1r) t [-1+a) (cofZ (-1 +a) -conda))
[-IyvksZms (cofZksl (-1 +o) +coflkss (-1 +a) - (con2ksl + conlks2) o) + (cofZ - con2)2ksl ot [-cofl
(Iyv + 1£2 wm3s) (-1 +o) -cofs (Iyy+ 1r? ws) (-1 +a) + (conl Iyy+con Iyy + conl 1f' ws + conz 11t ms) o)) o+
ks (-cofl (Iyy + lftms) (-1 +a) -cofz (Iyy + lrimsJ (-1 +a@) + (conl Iyy + cona Iyy + conl 185 s + conz lrzms) =3
[-IyvkslksZus + (ksl 1fws - (cof2 - con2) (1L + lr) o (cofl (-1 +a) - conl n::c)j2 -
2 (cofZ-con2) ksla ((cof2 (Ivy+ 1rt ws) - conZ (Iyy + lrzms) —conl (Iyy-1£ (1f + 2 1r) m=)) o+
cofl (1f lrms (1-2a) +Iwa+lfz (M3 -w3a1))) +
fcof2ksl (-l +a) +coflks2 (-1+a) - (conZ ksl + conlk=2) a) | (eof2 - con2)® Tyv kel (1£+ 1) maa’ -
ks2 |:—2 Iyy (1f + lr) ms (ksl 1fms - (cofz - conz) (1f + 1r) & (cofl (-1 +a) -conla)) +
[((-cof2 (Iyy + 1t ns) + conZ (Iyy + 1rt =) + conl (Iyy-1f (1f+ 21lr) ms)) o+
cofl (1f'ma (-1+a) - Iyya + 1E lrma (-1+2a)n*]]]) !
|[k32 (Iyy (1f + lx:)z ns (cof2ksl (-1l +a) +coflksZ (-1 +a) - (conZksl+conl ks2) ot)I +kslksZ
[cofl (Ivv+ 1£f wz) (-1 +a) +cof2 (Iyy+ 1t w=) (-1 +a) - (conl Iyy+ cond Iyy + conl 1t¥ns + conz 1r? ns) ocj2 +
[cofZ2ksl (-1 +a) +coflks2 (-1 +a) - (conZksl + conl ks2) o)
[-cofl (Iyy + 1£! 3] (-1 +a) -cofs (Iyy + 1rt s3] (-1 +a) + (conl Iyy + conz Iyy + conl 1£5 m= + conz 1rt m3) o)
(Tyy (ksl+ks2) +kal 1  ns + ksZ 1rf ns + cof2 conl 1£% o+ 2 cofZ conl 1f lr o +
cofz conl 1r' o - cofZ conl 1% e’ + conl conZ 1£° of - 2 cofZ conl 1f lr o' + 2 conl conZ 1f Lo’ -
cofz conl 1rf o + conl conz 1r’ o' + cofl [1f +1r) : [-1l+a) [cofZ (-1 +a) -conzal) j)

C.2.2 Pitch Véeocity Input Signal

Mean square of vertical velocity of sprung mass, E| x? |=
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- {30 ((Tyy (ksl+ks2) +ksl 1f' ma + ka2 1rfws + cof2 conl 16 o+ 2 cof2 conl 1€ lra +
cofz conl 1r' g - cofz conl 1£8a? + conl conz 1£% o - 2 cofz conl 1f 1ra’ + 2 conl conz 1f lr o -
cofz conl 1rfa® + conl conz 1rf a? + cofl [1f +1x) ' [-1+a) (cof2 (-1 +o) —con2al)
(kslks2 (1f- 1r)? ms (-cofl (Iyy + 1E5ms) (-1 +o) —cof2 (Iyy+ lrims) (-1+a) +
(conl Ivy+ coni Iyvy + conl 1£% ws + conz 11t wsl x) - Ivy (1€ + 1) : [cofZksl (-1 +a) +
cofl ks (-1 +a) - (cond ksl + conl ks2) o) (cofZ-2cofia+Z (-conl + conZ) o+ cofl (-1 + 20[))2) +

[1f + lx:ji ns (cofZksl (-1 +a) +coflkss (-1 +a) - (conZksl+ conl ks2) o)
(Iyyksl ksZ (1£- l]:j22 ws - 2Iyy (1f + 1r) (cofZ -Z2cofia+ 2 (-conl +con2) o+ cofl (-1 +2aQl)
[({-conlksz (1£-21x) +conZksl (-2 1f +1e)) o +
coflksz (lr+ 1f (-1l +o) -2 1ra) +cof2 ksl (lr-1lra+ 1€ (-1+2a))) -
[Ivy (ksl-ks2) - (1 +1x) (conlo (2conZ (lf -l o+cof2 (lE+2 1 (-l+o) -21E8)) +
cofl (-conZa (lr+ 218 (-1+a) -2 1ra) +cof2 (1£ - 1r) (l—3a+2a2JJ)J2:| + [1f + 1r)
[-cofl (Ivy + lfi 3] (-1+a) -cof2 (Iyvy+ lrzmsj [-1+a) + (conl Iyy+ conz Ivy + conl J.fi s + Cong lrzms) =3

(-Iyvkslks2 (1f + 1) (cofZ -2cofZa+ 2 (-conl +conz2) o+ cofl (-1 +2 o:)j2 +

ws ((lE+1r) ((-conlksz (1f-21r) +con2 ksl (-21E+1x)) o+
coflksZ (le+ 1 (-l+o) -21ra) +cof2ksl (le-lro+ 1 (—l+2-::zjj)2 +2kslksZ (1f - 1)

(Iyy (ksl-k=22) - (1 + 1) fconla (2conZ (1f -lrl o +cof2 (1E+21lr (-l+a) -21fa)) +
cofl (-conZe (lr+ 21f (-leo) -2 1ra) +oof2 (L€ -1¥) (1-3a+2a'))0000))/

{(1f+1r)* ms (Tyy (1£+ 1) " ms (cof2 ksl (-1 +o) + coflks2 (-1 +a) - (con2ksleconlksz) a)’ +

kslksz
(cofl (Iyy+ 1£f ws) (-1 +a) +cofZ (Iyy+ 1rf ws) (-1 +a) - (conl ITyy+ con Iyy + conl 1f¥ns + conz 11t us) ujz +

[cof2 ksl (-1 +a) +coflks2 (-1 +a) - (conZksl + conl ks2) @)
(-cofl (Ivy + 1£t wsl (-1+a) -cof2 (Iyv+ lrzmsj (-1l +a) + (conl Iyy + coni Iyvy + conl 1£% m= + conZ lrzms) ol

(Tyy (ksl+ks2) +ksl 1f°ns + ks2 1r'ns + cofZ conl 1f o+ Z cofZ conl 1f lro +
cofZ conl 1rfw - cofZ conl 1% + conl conZ 1£° of - 2 cofZ conl 1f lref + 2 conl cong 1f lro® -

cofz conl 1rfa® + conl conz 1rf a? + cofl [1f +1x) ' [-1+a) (cofZ (-1 +o) - consd ujj:l)

Mean square of pitch angular velocity of sprung mass, E[ x,” |

- {30 ((Tyy (ksl+ks2) +ksl 1£5 ms + ks2 1r' ms + cof2 conl 16% e + 2 cof2 coml 1 1ro +
cofz conl 1r¥a - cofz conl 18 o + conl conz 168 o’ - 2 cofz conl 1f 1raf + 2 conl conz 1€ 1r o -
cofzconl 1rfa? + conl conz 1rf of + cofl [1E +lx:j|2 [-l+a) (cof2 (-1 +o) -con2a))
(4Iyvkslkss (-cofl (Ivy + lfzmsj (-1+a) -cofZ (Iyy+ lrsmsj [-1+o) +
{conl Iyy + conZ Iyy + conl 1£ s + conZ 1rfms) @) - (1f + 1r)¥ms (cofZksl (-1 +a) + coflksZ (-1 +a) -
[conZksl+conl ks2) a) (2 (conl 1€ + conZ 1r) o +cofl (1f -2 1Ff@) + cof2 (1lr- 2 1r a))ij +
Ivy (1 + 11:)z (cofZksl (-1 +o) +coflks2 (-1l+a) - (con2ksl+ conlks2) o)
(4 Ivyvkslksims+ 2 (1£+ 1r) ms (cof2d ksl (2-3a) +cofl ka2 (2-3a) + 3 (conZ ksl + conl ks2) o)
(2 (conl 1f + conz lry o+ cofl (1f -2 1fa) +cofZ (lr-21ra)) -
(ksl lfms+ks2 lrms+ Jcof2conl 1fa + 3 cofZ conl lr e - 4cofs conl 1£ ol + 4conl con2 1fa’ -
dcofzconl lro' + 4conl conz lea' + cofl (LE+1E) (con2 (3 -4m) o+ cof2 (2- 6o+ 4a’)11") + (LE+ 1)
[-cofl (Iyvy+ 1£2 w5 (=1 +o) -cof2 (Ivy + 1rt ws) (=1+a) + (conl Iyy + conz Iyy + conl 1£' ns + con2 lrzms) o)
[-k=zlksz (1f + lri ms (2 (conl 1£ +conZ 1) o+ cofl (1£ -2 1fw) +cof2 (lr- 2 1 n:t)j2 +

Iyy ((1f+ 1r) (-3 (conz2ksl +conl ks2) o+ cof2 ksl (-2 +3a) +coflksZ (-2 +30tj)2 -
4kslks: (ksllfws+ksZlrms + 3cofdconl 1f o+ 3cof2conl lra - 4cof2 conl 1£ o + dconl conz 1fa® - 4

cofZ conl lra’ + dconl conZ lr o’ + cofl (1€ +1r) (con2 (3 - 4o) o+ cof2 (2- 6o +4a)))0))) /
(Iyy (1f+ 1x) : (Iyy (1f+ 1r) fus [cof2ksl (-1+a) +co0flks2 (-1 +a) - (conz ksl + conl ks2) c:t)2 +ksl ks2
[cofl (Ivy+ 1£t ws) (-1 +a) +cof2 (Iyy+ 1t ws) (-1 +a) - (conl Iyy+ conZ Ivy + conl 1f'ms + conz 11t msl o) : +

(cof2ksl (-1 +a) +coflksZ (-1 +a) - (conZ ksl + conl ks2) a)
[-cofl (Tyy + 1£t ws) (-1 +a) -cof2 (Iyy + 1r? ws) (-1+a) + (conl Iyvy + cons Iyy + conl 1 ns + conz lrtmsj ol

[Iyy (kSl+k52) + ksl 1f ms + ka2 1rims + cof2 conl 185 o+ 2 cofZ conl 1 lr o +
cofZ conl 1r¥ o - cofZ conl 1£% af + conl cong 16% of - 2 cof2 conl 1f 1ra® + 2 conl conZ 1£ lr o -

cofz conl 1rfa® + conl conz 1rf o + cofl [1f +lx::|2 [-1+a) (cofl (-1 +a) - con cxj)))

Mean square of front suspension deflection, E| x,” |=
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~{ms0 ((1£+1r)* (Iyv (kel +ks2) +ksl 1 ns+ ka2 1r'ne + cofZ conl 1£ a + 2 cof2 conl 1f 1ra +
cofz conl 1r'a - cof2 conl LE ' + conl conz 167 o - 2 cof2 conl 1f lra® + 2 conl con2 1f lra® -
cofZ conl 1l a’ + conl conz 1rf o + cofl [1f +1r) t [-1+a) (cofZ (-1 +a) -conda))
[-Iyvkslns (cofZksl (-1 +o) +coflkss (-1 +a) - (con2ksl + conlks2) o) + (cofl - conl)zksz ot [-cofl
(Iyv + 1£2 wm3s) (-1 +o) -cofs (Iyy+ 1r? ws) (-1 +a) + (conl Iyy+con Iyy + conl 1f' ws + conz 11t ms) o)) o+
ksl (-cofl (Iyy + lftms) (-1 +a) -cofz (Iyy + lrimsJ (-1 +a@) + (conl Iyy + cona Iyy + conl 185 s + conz lrzms) =3
(-Iyykslksz (1£+1lr) ms +
(2 Iyyksad+ks2 1lr (-1 + 1r) ms - (cofl - conl) (1f +_1.1:Jt o [(cof2 (-1+a) - conz ot))2 -
2 (cofl - conl) k=2 (1€ + lr)gcx [(cofl (Ivvy+ lfzms) -conl (Ivy+ lfzmsj +oonZ (3Ivy+le (-21L+1lrimsl)o+
cofl (ITyy (2-3a) + lrms (lr-1lra+ 1£ (—l+2u))))]| +
(LE+1r)" (cof2kel (-1+w) + coflks2 (-1+a) - (con2ksl+conlks2) a) | (cofl - conl)® Iyyke2 (1f + 1o mea’ -
ksl (—2 Iyyms (2 Iyyksd + k82 1r (-1€+ 1r) ms - (cofl -conl) (1f + J.x:)z o [(cof2 (-1l+a) —conZa)) +
[(=cofl (Iyy + 1£2 ns) + conl (Iyy + 1£! 5] —conZ (3Iyy+1lr (-2 1€+ 1r) ms)) o+
CoEZ (Iyy (-2 +30) +1rms (1f + 1r (-1 +a) -21fa)))2jjj]/
[ksl (1f+ l]:)I l[IYY [(1f+ lx:)z uz (cof2 ksl (-1 +a) +coflkse (-1 +a) - (cong ksl + conl ks2) ot)I +kslksz2
(cofl (Ivv+ 1£2 ws) (-1l +o) +cofs (Iyy+ 1t sl (-1 +a) - (conl Iyy+ cond Iyvy + conl 1% ws + conz 1t s ocj2 +
[cof2ksl (-1l +a) +coflks2 (-1 +a) - (conZ2ksl + conl ks2) o)
[-cofl (Iyv¥ + 1£ 3] (-1 +a) -cofz (Iyy + 1r? s3] (-1 +a) + (conl Iyy + cong Iyy + conl 165 ms + conz 1rf ma) o)
(Iyy (kel+ksZ) +kal 1f' ue + ka2 1r¥ us + cofZ conl 1£% o+ 2 cofZ conl 1f lr o +
cofZ conl 1rfa - cof2 conl L1 a® + conl conZ 1£5 o - 2 cof2 conl 1f lra’ + 2 conl conZ 1f lra® -

cofz conl 1rf o + conl conz 1r’ o' + cofl [1f +1r) : [-1l+a) [cofZ (-1 +a) -conzal) j)

Mean square of rear suspension deflection, E[xf] =

~{m 30 ((L€+ 1r)* (Tyy (kel +ks2) + kol 16% me + ks2 1r' ne + cofZ conl 16% o + 2 cof2 conl 1€ lro +
cof2 conl 1rf o - cof2 conl 1% o + conl con2 1£* of - 2 cof2 conl 1f 1r e’ + 2 conl con2 1f lra’ -
cofZ conl 1rfal + conl conZ 11 o + cofl [1f + lx:)2 [-1+a) (cof2 (-1l+o) -con2a))
[-IyvksZ2ms (cof2ksl (-1 +a) +coflks2 (-1 +a) - (con2ksl + conl ksZ2) a) + (cofs - con2)zksl ol [-cofl
(I + 1£f s3] (-1 +@) - cof2d (Iyy+ 1rf 5] (-1 +a) + (conl ITyy+ cong Iyy + conl 1£% ns + conz 11} ma) &) ) +
ks (-cofl (Iyv+ 1£2 sl (-1l +a) -cof2 (Ivy+ 1t wsl (-1 +a) + (conl Iyy + cond Ivy + conl 15 we + conz 1rt s ol
(—Iwksl ks2 (1£ + lr)zms + (2 Iyy ksl + ksl 1f (1f-1r) ns - (cofZ —con2) (1f + 1x) fa (cofl (-1 +a) - conl n::t))2 -
2 (cofld - conZ) ksl (1£ + lr)ga ({conl (3 Iyy+ 1E (1f - 2 1r) ms) + cof2 (Ivy + 1rt ws) - cong (I¥y + 1rt ws)) @+
cofl (I¥y (2-3a) +1fms (If-1fa+1r (-1+2a)1))) +
[1f + l]:)2 (cofZksl (-1 +a) +coflks2 (-1 +a) - (conZksl+conl ksZ) o) |:(cof2 - con2:|2 Iyy ksl (1f + lr)zmsu
ksz (—2 Iyvyns (2 Iyyksl + ksl 1f (1f - 1r) ms - (cofl - conZ) (1f + 11:)2 o (cofl (-1l+a) -conlall) +
[(conl (3Ivy+ 1E (1f - 2 1r) w3) +cofsd (I¥y + J.ri m3) - cong [(I¥y¥ + J.ri mw3)) o+
cofl (Iyy (2- %) + LEms (LE-1fu+1r (-1+2a))1)°))))/
[ksz (1f + lx:j:2 (Iyy (1f + lx:j2 ws (cof2 ksl (-1l +o) +coflks2 (-1 +a) - (con2ksl+ conl k=2) ocj:2 +ksl ks2
[cofl (Iyy+ 1£f ns) (-1 +a) + cofa (Iyy+ 1t s3] (-1 +a) - (conl Iyy+ cone Ivy + conl 1£5 s + conz 1rf s otj2 +
(cofZ2ksl (-1 +a) +coflks2 (-1l+a) - (conZksl + conlks2) a)
[-cofl (Iyy+ 1£2 ns) (-1 +a) -cofs (Iyy+ 1r? ns) (-1 +a) + (conl Iyy + conZ Iyy + conl 1£5 ma + conz 1rt wms) o)
(Iyy (sl +ks2) + ksl 168 ms + ksZ 1r¥ns + cofZconl 1 a+ 2 cofZ conl 1f lr o +
cofz conl 1rf o - cof2 conl 1880 + conl conz 18 of - 2 cofZ conl 1£ 1re® + 2 conl conZ 1£ lraf -
cofz conl 1rf e’ + conl conz 1rf & + cofl [1f + lr)z [-1+) [cof2 (-1 +a) -con2 ot))]]
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