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Abstract

For this modern fast pace world transportation being the backbone of society, the fact of luxury and comfort has also become
of utmost interest for many people. The competition in automobile industries put the standards on higher level concerned about vehicle
suspension as it is directly related to human health andcomfort.As the vehicle suspension is concerned, it varies from one vehicle to
another and from one application to another. These various suspension systems are designed accordingly with the desired effects and
performances. The testing and calibrating facilities for these suspension systems are available at their manufacturers and some
pumposefully established organizations only. This project is hence carried so as to develop a simplified and cost effective suspension
system testing setup. The setup is made as a quarter car setup, the reduced model from a full car, to reduce the cost of deve lopment and
the complications in its design and manufacturing. The work involved was from selection of suspension system to final readings and
analyses. The M cPherson strut independent suspension system was selected, as nowadays it is being most popular suspension system in
passenger cars. The procedure for development was analytical as well as experimental. Hence the initial mathematical model was
developed and the analytical results were taken on MatLab 10, as an analytical solver. In later stages the experimental setup is
developed and the actual readings were taken for various inputs; finally both experimental and analytical results are compared for
reliability of experimental setup.
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INTRODUCTION

The main functions of an automotive suspension system are to provide vehicle support, stability and directional control
during handling maneuvers and to provide effective isolation from road disturbance. These different tasks result in conflicting design
requirements. Directional control and stability requires a suspension that is neither very stiff nor very soft. Insensitivity to external
loads requires a stiff suspension, whereas good ride comfort demands a soft suspension.

In a conventional passive suspension system, the designer is faced with the problem of choosing the suspension stiffness and
damping parameters, which inevitably involves a difficult compromise in view of the wide range of conditions over which a vehicle
operates.

Ride and handling performances of a vehicle suspension system often present engineers conflicting design goals. For decades,
engineers have studied active control for vehicle suspension systems to resolve this conflict. The intent of the system is to replace the
classical passive elements by a controlled system that can supply unlimited force to the system. This type of active suspension system
has proven capable of achieving improvement over passive systems The different methods of measurement of vibrations in cars is
studying the dynamics of motions, preparing the state space equations, conversion of acceleration inputs in velocity and displacement
and analyze the frequency response in graphical form and also simulating the system using the matlab software. Measurement of tire
dynamics, degrees of freedom of the suspension components such as M ¢pherson strut, control rods, lower arm, upright, car body frame.
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A car suspension system is the mechanism that physically separates the car body from the wheels of the car. The performance of the
suspension system has been greatly increased due to increasing vehicle capabilities. Various performance characteristics to be

considered in order to achieve a goodsuspension system. Suspension consists of the system of springs, shock absorbers and linkages
that connects a wehide to its wheels. In other meaning, suspension system is a mechanism that physicallyseparates the carbody from
the car wheel. The main function of vehide suspension system is to minimize the vertical acceleration transmitted to the passenger
which directly provides road comfort.

Any suspension system has the ability to store, dissipate and to introduce energy to the system. It mayvary its parameters
depending upon operating conditions. There are three types of suspension system; passive, semi-active and active suspension
system. Traditional suspension consists springs and dampers are referred toas passive suspension, thenif the suspension is externally
controlled itis known as a semi active oractive suspension.

The passive suspension system is an open loop control system. It only designs to achieve certain condition only. The
characteristic of passive suspension are fix and cannot be adjusted by any mechanical part. Therefore, the performance of the passive
suspension depends on the road profile. In other way, active suspension can gave better performance of suspension by having force
actuator, which is a close loop control system. The force actuator is a mechanical part tha added inside the system that control by the
controller. Controller will calculate either add or dissipate energy from the system, from the help of sensors as an input. Sensors will
give the data of road profile to the controller.

OBJECTIVES

Currently, the desired functions of a quarter-car rig include the ability to mountseveral different designs of actual car suspensions,
having the ability to perform a wide range of tests, which include body loads on the sprung mass.

e The objective for this work is to study and dewelop a test fadlity that can improwe the state -of-the-art in indoor wehide
suspension simulation testing on a quarter-car vehide.
e The objectiveis to design and develop a quarter carsuspension test rig model and to perform its simulation.

In summary, a new quarter-car test rig has been designed and built. In an attempt to prove the concept, a well known control
scheme, not currently used for this application, is applied to the problem of replicating vehicle response signals. Finally the comparison
of both analytical simulation and experimental results was done.

METHODOLOGY

To achieve these tasks the following approach is taken. Current quarter-car test rigsand the state of indoor testing in general
are first evaluated. The approach is to develop a quarter-car test rig that addresses many of the shortcomings found with the state-of-
the-art while trying to minimize expense. Before this with known data the analytical simulation is carried out on Matlab and the results
were recorded. Then comparison is to be done with the actual test results.

Since the days of horse-drawn spring carriages people have strived for making rides comfortable by isolating the car body
from road irregularities. Today's "carriage" isolation could consist of passive and/or active spring and dashpot elements. The aim is to
study linear spring-dashpot road vehicle suspension system with respect to ride comfort.

The suspension of a two-degree-of-freedom (2-DOF) vehicle traveling on a road surface is studied and is simulated with
respect to test rig design.

In the proposed work, a 2-DOF linear quarter car is modeled to carry out computer simulations. During simulations, a vehicle
is assumed to run at certain speed while it hits a step or a pothole or a bump or a random road profile defined by PSD(Power Spectral
Density).[4]

Vehicle response corresponding to above mentioned road disturbances is obtained for ride quality and comfort. Quarter Car
suspension system is modeled and simulated for above mentioned road disturbances to analyze performance.

The work involves —

. Study of suspension systems.

. Modeling of a vehide suspensionsystem —A linear quarter car model.

. Deriving the equations for the quarter car model and formulation of Transfer Functionand State Space equations for vehide
suspension system.
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. Mathematical modeling for the actuatorsystem.

. Simulation of suspension system using road surface disturbances as inputat the tire to analyze the vehide performance.

. Repeating the simulations over wide range of road surfaces and wehide speeds and analyzing the performance of the
vehide in temrms of Body Displacement, Body Vertical acceleration, Suspension working Space or Rattle Space, Controller
Force, etc

. Mechanical Designand Developmentofa Quarter CarTestRig.

e Simulation of a Quarter Car Test Rig.

. Design, Implementation and Simulation of Suspension System on a Quarter CarTestRig.

e Validation of simulation and Quarter Car Test Rig results.

Literature Review

Anil Shirahatt[1] studied a suitable optimizing technique is applied at design stage to obtain the suspension parameters of a
passive suspension and active suspension for a passenger car which satisfies the performance as per ISO 2631 standards. A number of
objectives such as maximum bouncing acceleration of sprung mass, root mean square (RMS) weighted acceleration of seat and sprung
mass as per 1SO 2631 standards, jerk, suspension travel, road holding and tyre deflection are minimized subjected to a number of
constraints. The vertical weighted RMS acceleration of seat and sprung mass is reduced from 0.3032 m/s? to 0.0534 m/s? and
0.2834 m/s® to 0.0492 m/s®.

While searching, space of the parameters is very large, the solution space is very tight due to the presence of various
constraints. Therefore, the constrained optimization problem is converted into unconstrained one.

Ahmad Faheem[2] investigates the responses of the quarter car and a half car model as the vehicle ride performance is
generally assessed at the design stage by simulating the vehicle response to road excitation. His paper provides an insight on the
suspension dynamics of the two most extensively used models in vehicle dynamics with their complete state space realisation simulated

using the Matlab platform.

Quarter and Half car models can successfully be used to analyse the suspension system responses to road inputs but accuracy
of the results obtained will depend on how accurately and effectively the system parameters have been measured (Eg. sprung mass,
unsprung mass, stiffness and damping). Using the models analyzed in this work, the system responses with different road excit ations
can be obtained. With different set of sprung mass, unsprung and stiffness etc, the suitable damping value can be obtained.

L.J. Zhang[4] analysed a time domain method for solving non-stationary random vibration caused by vehicle acceleration in
which time changing model is established for representing nonstationary excitation of road. Furthermore a novel frequency domain
method called the transient power spectral density with spatial frequency (TPSD) is presented to obtain response of vehicle system in
frequency domain. This method has been proved to be valid by comparing numerical results with exact solution.

The computational results in time domain shows that amplitudes of vibration caused by vehicle accelerating with high
acceleration are smaller than that with low acceleration. The conclusion can be drawn that higher the driver accelerate the car, the better
is the car performance.

Keum-Shik Hong[5] investigated a new model and an optimal pole-placement control for the Macpherson suspension
system. The focus in this new modelling is the rotational motion of the unsprung mass. The two generalized coordinates selected in this
new model are the vertical displacement of the sprung mass and the angular displacement of the control arm. The vertical acceleration
of the sprung mass is measured, while the angular displacement of the control arm is estimated for active and semi-active suspension.
By changing the length of the control arm, it is possible to design a wide range of plant models.

When the active control law was applied to the semi-active damper, a small degradation in the vertical acceleration of the
sprung mass was noticed.

S.H.Sawant[6] developed quarter car vehicle model for analysis of vibrational effect when it is subjected to harmonic
excitation by road profile. For this analysis experimental setup for Hyundai Elantra 1992 front suspension is developed and harmonic
road excitations are given to this with eccentric cam and displacement results are obtained with FFT analyzer. These results are
compared with analytical and Matlab Simulink results.

From the results and discussions it is concluded that there is very less difference between theoretical and Matlab simulink
results, and which may be due to truncation. But there is large difference between experimental and theoretical or experimental and
Matlab simulink results, which may be due to non linearities in suspension parameters. Therefore it is very much essential to consider
the non linearites in suspension parameters at the time of modelling of vehicle dynamic system for its vibration analysis.
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SIMULATION AND ANALYSIS
SIMULATION

The McPherson strut to be tested first was planned to be simulated analytically on MatLab software to form a reference
readings or results with which the experimental results will need to be compared. For this the basic mathematical model of strut was
needed. The different literature reviewed in study helped to develop model.

The model for strut is given in below discussion.

The main parameter to find out in the study is the sprung mass acceleration which will be again recorded in experimentation
also. The paper titled Design optimization of vehicle suspensions with a quarter car model[3] gave the sprung mass acceleration, as,
Where,

Z,=sprung mass acceleration (m/sz),

V = Vehide speed ( m/s),

K; = tire stiffness (N/m),

C = damping coefficdent (N/m/s),

m, =sprung mass (kg),

m;= unsprung mass (kg),

K = suspension stiffness (N/m),And
Where,

R=RMS of the sprung mass acceleration.
G, =powerspectral density, a measure to express the road profile elevation,
n =spatial frequency, (rad/sec),

= wawelength (m),

ny = reference spatial frequency,
Generally ng=1.0 (rad/m),

And w =Vn

w =spatial frequency of road exdtation,

When the mathematical model is given to MatLab 10, it gives out the results as sprung mass acceleration. The input data
given during the simulation was different which was used in experimental tests.[3]
The input data is as follows,

. m, =260 kg
e m;=80 kg
. C=1000 N/m/s

. K=16182 N/m
. Kt = 190000 N/m
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The simulation was carried at different vehicle speeds like 10 km/hr, 20 km/hr, 30 km/hr, 40 km/hr, 50 km/hr and 60 km/hr.
The simulation needed the road input to be given. The simplified quarter car model is shown in figure 4-1. The simulation program was
done in Matlab. The results are obtained and plotted for various parameters like road profile, body travel, body acceleration, suspension
deflection. The plotted results are shown in figure 4-2(a) and 4-2(b).

4.2 Linear State Space Equations
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Figure4-1 Quarter car model

The sprung mass mg represent the car chassis, while the unsprung mass mys represent the wheel assembly. The spring, ks, and
damper, C, represent a passive spring and shock absorber tha are placed between the car body and the wheel assembly, while the
spring k; serves to model the compressibility of the pneumatic tire. The variables xs, X, and r are the car body travel, the wheel travel,
and the road disturbance, respectively.

’

The following is the state-space description of the quarter cardynamics.

MatLab simulation results

The simulation was carried on class C road. The road classes are actually classified as A (very good), B (good), C (average),
D (poor) and E (very poor) in the international conventions and standards. The class of road changes from like F1 race track to the
conventional transport track. For simplification and actual road conditions class 3 roads are selected in simulation. The detailed road
classification can be studied in various references published internationally.

The response of the suspension system at vehicle speed of 10 kmph is plotted. In this the parameters road profile i.e. road
distance (m), body travel (m), body acceleration (m/s?), suspension deflection (m), are plotted against the time (sec).
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Figure 4-2(a) Suspension response at 10 kmph Speed
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Figure 4-2(b) Suspension response at 60 kmph Speed

These plots show the variations in the interested parameters such as the body acceleration and suspension deflection
significantly varying accordingto the vehicle speed. As the speed is increasing body travel is varying with higher amplitudes. Also the
frequency of body acceleration is increasing significantly with increasing vehicle speed. The amplitude of suspension deflection is also
increased with the speed along with the little randomness of increased frequency.

4.2 ANALYSIS OF TEST RIG REACTION FRAME

The figure 4-3 shows the reaction or load frame placed on base frame. The material and the channels selected were ISLC 125
C channel s, and moreover the 616 beam structure was dwmveloped
bear the loads of heavy duty suspensions such as leaf springs in trucks. This was done intentionally keeping in the mind the future

scope of research expansion and flexibility of testing.

Still as a part of design it was necessary to analyze the frame structure for its safe limits of strength. Again as the vibration
was the working phenomenon it was crucial to check the first frequency of the structure so that it would not interfere with the test
results and affect the reliability of test rig.

Treating the frame as beam element the analysis was carried out. In analysis applying the load on frame was crucial. As the
load on the reaction frame was not of a conventional type load i.e. directly acting on it, but the loading was occurring on the bearing
rods through the sliding bearing pipes. And it was of lateral type. But for avoiding the complexity of loading the load was assumed to
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be equal to the corner weight of vehicle, which was much higher than actual load and acting transversely along the length of vertical
beams at rod supports. This was done on an account of the extreme case condition and also the simplicity involved.

In some extreme situations like cornering and braking, the corner weight goes up to half the weight of vehicle. So the
transverse load acting at bearing rod supports was taken about 350 kgf. Now as per the rigidity of frame it was safe under this load. And
also by performing the analysis the structure proved itself safe.

Figure 4-3 Reaction frame

Due to the modular design of this new quarter-car test rig it is able to accommodate a multitude of different vehicle
suspension designs. A photograph of the fully assembled test rig is shown in Figure 3-18 with the TATA Nano suspension installed.
The design of the sprung mass to receive an additional masses rather than a single specific suspension keeps the rig from being purpose
built for one suspension design and corresponding car mass. The configurability allotted by the base frame design and the sin gle-piece
design of the reaction load frame allow for a large window of placement of the tire relative to the sprung mass. The moving mass has
provisions for adding mass which allows for vehicles of various weights to be replicated. Finally, provisions for additional functionality
are designed into the rig making it useful for future studies.
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Figure Test rig
Results

The results obtained were analytical and experimental in nature and were to be compared simultaneously for accuracy. The
results are given in subsequent topics.

Simulation Results

After simulating the McPherson strut in MatLab, the results were obtained in graphical format. The results obtained were
readable and self explanatory in nature.

As shown in below figures, the results on MatLab simulation are given for various vehicle speeds. The simulation was done
for 120 seconds cycle time.

The input data for suspension was as follows,
e m,=165kg
. m; =30 kg
e C=1000N/m/s
e K=16182N/m
e Kt=190000 N/m
Where,
m, =sprung mass or body mass;
m; =unsprung mass;
C = suspension damper damping coeffident;
K =suspension springstiffness;

And Kt = Tyre stiffness.

The simulation was carried at different vehicle speeds like 10 km/hr, 20 km/hr, 30 km/hr, 40 km/hr, 50 km/hr and 60 km/hr.
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The plots above shows the graphical view of different parameters like road distance, body travel, body acceleration,

suspension deflection against the time with the specified road input.

Table 1 Simulation results(Experimental)
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Vehicle Speed|, ) 20 30 40 50 60

Parameters kmph |kmph |kmph (kmph |kmph |kmph

Body Maximum|1.623 |2.3296(2.8453|3.2324(3.5174|3.7418
Acceleration

5 Minimum |-1.403 |-1.832|-2.074 |-2.311 |-2.542|-2.735
(m/s’)

Suspension [Maximum(0.0075|0.0097|0.0107(0.0111{0.0112/0.0111

Deflection(m)| Minimum |-0.006 (-0.009 |-0.012 |-0.014 |-0.015 [-0.016

Maximum|0.0128(0.0131{0.0131(0.013 |0.0127|0.0124

Body
travel(m) —

Minimum (-0.005 |-0.006 |-0.006 [-0.006 [-0.006 |-0.006
Road laximum (0.01230.0129|0.013 |0.0128|0.0125(0.0121
profile(m)

Minimum (-0.006 |-0.006 |-0.006 [-0.007 (-0.007 |-0.007

Table 2 Simulation results(Analytical)

Vehicle Speed 10 20 30 40 50 60

Parameters kmph (kmph (kmph |kmph [kmph |kmph

Body Maximum|1.5806|2.6344 (2.7682|2.7729(2.9272|3.7533
Acceleration

, Minimum [-1.037 [-1.729 |-2.828 |-2.836 |-1.921 |-1.81
(m/s)

Suspension Maximum|0.0018(0.0090(0.0111|0.0120|0.0130/0.0173

Deflection(m) Minimum (-0.003 [-0.008 |-0.013 |-0.010 |-0.015 |-0.01

Maximum|0.0100(0.01420.0149|0.0147(0.01230.0124
Body travel(m)

Minimum [-0.003 (-0.007 |-0.008 [-0.007 |-0.006 |-0.006

Road profile(m) |aximum |0.0113(0.0132(0.0140(0.0122{0.0128|0.0129
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0.0053|0.0056 (0.0073(0.0068(0.0093 (0.0096

Minimum

CONCLUSIONS

Out of the four parameters viz. road distance, body travel, body acceleration and suspension deflection the body acceleration
is the most important and considerable parameter to be observed and kept within the permissible limits.

Hence in the present experimental tests as per the availability of instrumentation the main focus has been given to body
acceleration.

The body acceleration was given in the form of tabulated data on HM1 as an .xIs file reading the acceleration values at
particular time interval. The acceleration values were recorded at regular interval of 0.5 seconds. The tabulated data in the excel file
was taken on the portable memory drive as the HM I facilitates the port for USB pen drive for data interaction. Finally the validation of
analytical and experimental results was done from the data obtained as given in table.
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