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Passenger Seat Vibration Control of Quarter
Car System with MR Shock Absorber
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Abstract—Semi-active Fuzzy control of quarter car system
having three degrees of freedom and assembled with magneto-
rheological (MR) shock absorber is studied in present paper. First,
experimental work was performed on an MR shock absorber under
different excitation conditions to obtain force-displacement and
force-velocity curves. Then, for the application of experimental data
in semi-active quarter car system, a polynomial model was selected.
Finally, Fuzzy logic controller was designed having the combination
of Forward fuzzy controller and Inverse fuzzy controller for
integration in secondary suspension system of concerned model. The
proposed controlled quarter car model was compared with
uncontrolled system using simulation work under bump type of road
excitation. Results obtained by simulation work shows the
effectiveness of fuzzy controlled suspension system in improving the
ride comfort and safety of travelling passengers compared to
uncontrolled suspension system.

Keywords—MR shock absorber, three degrees of freedom,
quarter car model, fuzzy controller.

[. INTRODUCTION

USPENSION system has to fulfill conflicting multiple

tasks related to passenger ride comfort, controlling the
suspension deflection within designed limits as well as to
enhance and provide road holding capability to travelling
vehicles. Depending on the effectiveness and performance
delivering behavior of the vehicle system, a suspension system
can be categorized into three types generally known as passive
or uncontrolled, semi-active and active. Normally, passive
suspension system is assembled with uncontrollable shock
absorber having no feedback control and represents cost-
effective technology. However, optimum ride comfort and
related requirements cannot be achieved in a desired way due
to uncontrollable damping force generation nature of shock
absorber thus limiting its performance within certain
frequency range as well as under changing vehicle travelling
conditions. While active suspension system technology can
provide best results in a wider frequency range when the
problems related to ride comfort, safety of vehicle and
working of suspension system are considered due to assembly
of mechatronics based devices such as sensors and actuators.
Unfortunately, high cost of assembled parts and complex
technology pose major hindrance in its wide spread
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commercial adaptability. These drawbacks of passive and
active suspension system technology forced the researchers
and automotive industries to design and develop semi-active
suspension system concept by investment of time and money.
In recent decades, application of semi-active technology is
increasing and widely accepted by various industries,
manufacturing different devices based on this technology
since it can provide better performance benefits compared to
passive one and at very low cost compared to active one.
Research efforts in the direction of semi-active suspension
technology have given rise to the birth of controllable shock
absorbers known as electro-rheological (ER) and magneto-
rheological (MR) shock absorbers, making this technology
practically feasible for engineering applications.

MR shock absorber based semi-active control technology
has influenced various fields ranging from automotive sector,
medical applications as well as civil structures, utilizing the
MR devices for vibration mitigation purpose. Vehicles having
semi-active control based on the MR shock absorber damping
force generation capability is emerging area for research and
development which laid down the foundation for further
research and explored by many researchers [1]-[3]. The
performance related to vibration parameters of semi-active
systems is dependent on the selected and implemented control
strategy. In past, researchers have studied different control
strategies such as preview control [4], linear optimal control
[5], sliding mode control [6], skyhook, groundhook and hybrid
control [7], model-following sliding mode control [8], neuro-
fuzzy control [9]-[10], gain scheduling control [11], Hoo
control [12]-[13], on—off sky-hook, continuous sky- hook, on—
off balance, continuous and adaptive damping control [14],
fuzzy logic control [15] and human-simulated intelligent
control [16] for the development, testing, performance
comparison and implementation of necessary mechatronics
based devices using semi-active technology.

The crucial problem and challenging task for the effective
and desired performance of MR shock absorber during
working period is its hysteretic and nonlinear dynamic nature.
Thus, to take full advantage in terms of real life applications
of MR shock absorbers, proper understanding and modelling
of its test results under various excitation conditions is very
important. Various nonparametric and parametric models have
been presented in literature after proper development and
testing to adequately characterize and track the dynamic
performance of MR shock absorbers. Nonparametric models
include neuro-fuzzy model [17]-[19], polynomial model [20],
black-box model [21]-[23], neural network model [24]-[26],
Ridgenet model [27], fuzzy model [28] and query based model
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[29] while parametric models represent the combination of
certain mechanical devices and physical elements such as
springs, coulomb friction and dashpots. The required
parameters related to mentioned mechanical elements in the
model are found out with the help of experimental results of
MR shock absorber. Some of the useful parametric models are
Bouc-Wen hysteresis model [30], Bingham model [31],
phenomenological model [32], nonlinear hysteretic biviscous
model [33], viscoelastic—plastic model [34], LuGre model
[35], Dahl model [36] and hyperbolic tangent function-based
model [37].

In present research, for tracing the experimental results of
MR shock absorber, polynomial model is selected. Fuzzy
logic control strategy is used in present paper for semi-active
control of quarter car model having three degrees of freedom.
For proper MR damping force generation and vibration
control of suspension system, a combination of Forward and
Inverse fuzzy controller is designed. The designed Forward
fuzzy controller is responsible for generation of desired
damping force signal whereas Inverse fuzzy controller
generates current signal in output side which is supplied to
assembled MR shock absorber for real time working. The
effectiveness of the presented semi-active quarter car system
in controlling the passenger seat vibrations taking into account
is evaluated using simulation work in time domain while the
vehicle travels over the bump type of input road profile.
Simulation results are presented in graphical form and
mathematical form which shows that the designed semi-active
vehicle system with MR shock absorber provide much better
performance in terms of passenger ride comfort and safety
compared to uncontrolled or passive suspension system.

II. POLYNOMIAL MODELLING FOR MR SHOCK ABSORBER TEST
RESULTS

MR shock absorber selected for testing purpose in present
work is RD-1005-3, its technical characteristics can be found

in [38]. The supplied current to MR shock absorber coils is
kept limited up to 1 A and increased from 0 A to 1 A with
continuous increment of 0.25 A for safe and continuous
working. To take the full advantage of MR shock absorber
application in semi-active suspension system technology for
vibration control purpose, testing work is necessary to know
its damping force generation -capability under various
excitation conditions which was performed on MTS machine.
The measured test results in terms of force-velocity curves
while the excitation frequency is 0.5 Hz and displacement is
+5mm is given in Fig. 1 whereas the polynomial model fitted
curves matching the dynamic behavior of tested MR shock
absorber under test conditions are also shown in Fig. 1. On the
other hand, calculated values of coefficients b; and c; are
shown in Table I as obtained using polynomial model.
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Fig. 1 Experimental and polynomial fitted curves (0.5 Hz, + 5 mm):
Force vs. Velocity

TABLE I
CALCULATED COEFFICIENTS b; AND c; OF FITTED CURVE WITH VALUES

Positive acceleration

Negative acceleration

Coefficients Coefficients

Coefficients Coefficients

bo -28.75 < -555.47
b, 9.97 o 76.59
b, 1.54 c 32.90
by -0.03 e 241

b, -0.04 s 0.72
bs -8.68E-04 cs -0.06
be 5.96E-04 Co 7.65E-03
b, 1.13E-05 c7 5.48E-04
bg -3.99E-06 cs -4.29E-05
be -4.97E-08 c -2.11E-06
bio 1.30E-08 1o 1.21E-07
by 7.85E-11 1 2.94E-09
by, -1.61E-11 1 -1.36E-10

by 38.75 co 591.05
b, 5.71 o 70.40
b, -2.00 ¢ 27.25
bs 0.26 cs 237
b, 0.05 C 047
bs -0.01 cs -0.06
be -5.93E-04 Cs -3.72E-03
b, 6.60E-05 ¢ 4.75E-04
bg 3.55E-06 cs 1.37E-05
be -2.66E-07 e -1.75E-06
bio -1.03E-08 10 -2.08E-08
by, 3.87E-10 e 2.38E-09
by 4.80E-12 €1 117E-11

III. SEMI-ACTIVE QUARTER CAR MODEL

A quarter car model represents one-fourth body mass of the
complete vehicle system taking only single wheel movement

into account. It is very helpful in evaluating the semi-active
suspension performance for the purpose of implemented
control system development. Fig. 2 shows the semi-active
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quarter car system with three-degree-of-freedom (3 DOF) for
comparative study of controlled suspension system having MR
shock absorber and uncontrolled suspension system taking
passenger ride into account.

my I X,

M

Fig. 2 Quarter car model with MR suspension

Following parameters are introduced into the designed
model for study purpose as passenger mass, sprung mass and
unsprung mass (m,, m, and mgs), primary suspension spring
stiffness and damping coefficient (k,,c,), secondary
suspension spring stiffness and damping coefficient (kq, c;)
and single tire stiffness (k) respectively. The suspension
system in the model performs as semi-active case when the
MR shock absorber generated damping force (Fyr) can be
controlled while in case of failure of control system i.e. when
Fur is zero, the system can still work in passive mode.
Uncontrolled suspension system means that the primary and
secondary suspension system of the quarter car system is
integrated with traditional uncontrolled viscous shock
absorber whereas controlled semi-active suspension denotes
the assembly of MR shock absorbers in secondary suspension
system.

The main interest of study in the designed model is the
vertical dynamics of complete system without taking the roll
and pitch dynamics into consideration. The governing
mathematical equations of the three-degree-of-freedom system
taking passenger seat dynamics can be derived using
Newton’s 2" Law of Motion as follows:

my¥y + k(% —x3) +c1( — %) + Fyg =0 (1)

Moty =k (% — x3) — (& — %) + ha(x — x3) +
(% —%3) —Fyr =0 2

MaXs—kp(x; — x3) — (% — %3 ) + k(x5 — %) =0 (3)

where x;, X;, and X;are the displacement, velocity and
acceleration of the passenger seat respectively; x,, x, and X,

are the displacement, velocity and acceleration of the sprung
mass, respectively; x5, X3 and X;are the displacement,
velocity and acceleration of the unsprung mass respectively;
X, is the road input variation.

1V. Fuzzy LoGiC CONTROLLER DESIGN

Fuzzy logic control provides convenience to control system
designers and engineers in the development of technology for
performance improvement of systems whose exact
mathematical modeling and numerical analysis is practically
not feasible. Fuzzy controller works on the principle of rule
base writing, based on the acquired knowledge and real life
experience of particular process or system by the human
operator or worker. The main reason for selecting fuzzy
controller is its design simplicity, user friendly approach,
ability to provide desired performance in vibration control
applications and adjustment as well as setting of design
parameters as per requirement during testing, before
assembling and implementing it in vehicle suspension system.

In present case, for Fuzzy controller working, input-output
variables for the concerned dynamic system must be defined.
The Fuzzy controller used in present case is based on two-
input variables and providing output as a single variable. All
of the considered input and output variables for Forward FLC
(FFLC) and Inverse FLC (IFLC) are defined with 12 linguistic
grades as : NH (Negative High), NM (Negative Medium), NS
(Negative Small), ZR (Zero), PS (Positive Small), PM
(Positive Medium), PH (Positive High), ZR (Zero), S (Small),
H (High), VH (Very High) and VVH (Very Very High)
respectively.

The membership function shapes are selected based on the
required performance as well as control system designer’s
knowledge and experience. In present case, a combination of
trapezium and triangular form shapes is used for the input and
output memberhsip functions because the generated ouput
response is better as evaluated by trial and error method. The
membership function curves of the two inputs as passenger
seat velocity (V;,) and secondary suspension velocity (V;..;) for
FFLC are shown in Fig. 3 (a) while the single output from
controller in terms of desired damping force (F,) is shown in
Fig. 3 (b). The input-output membership function plots used in
Inverse fuzzy controller are shown in Fig. 4 providing the
output in terms of supplied current ([ ).
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Fig. 4 MFs for IFLC (a) Input side, V,.,; and F; (b) Output side, I

To improve the passenger ride comfort and safety issues in
travelling vehicle the written rule base for forward and inverse
controller working are summarized in Tables II and III. The
desired damping force from FFLC are computed using rule
base in Table II while generation of control current signal as
output from IFLC and presented in Table III.

TABLE I
FORWARD Fuzzy RULE BASE
Vyer 1V, NH NS ZR  PS PH
NH PH PM PS PS ZR
NS PM PS PS ZR NS
ZR PM PS ZR NS NM
PS PS ZR NS NS NM
PH ZR NS NS NM NH
TABLE III
INVERSE FUZZY RULE BASE
Vier ! Fy NH NS ZE PS PH
NH VVH VH VH H ZR
NS VA H S ZR H
ZE VH S ZR S VH
PS H ZR S H VH
PH ZR H VH VH VVH

Fuzzy inference criterion involves mapping/ conversion of
input data to an output by application of fuzzy logic. In
present work, for both FFLC and IFLC, Mamdani method is
used in fuzzy inference system since it is mostly used fuzzy
methodology. Centroid method is selected for defuzzification
stage to get mathematical values from linguistic data.

V.SIMULATION WORK

Selected parameters for simulation work of quarter car
model with three-degrees-of-freedom with symbols and values
are listed in Table IV. Bump type of road input excitation,
responses of the secondary suspension system having
passenger seat using passive and semi-active suspension
system are shown in Fig. 5 while the calculate RMS and Peak
values are tabulated in Table V whereas the obtained input-
output surfaces for FFLC and IFLC are shown in Figs. 6 and 7
respectively.

TABLE IV

PARAMETERS OF QUARTER CAR MODEL
Passenger seat mass, m, 75 kg
Sprung mass, m, 350 kg
Unsprung mass, m; 45kg
Primary suspension damping , ¢, 1400 N/m/s
Secondary suspension damping, ¢, 750 N/m/s
Primary suspension stiffness, k; 24000 N/m
Secondary suspension damping, k, 7500N/m
Tire stiffness, k, 160,000 N/m

From Figs. 5 (b)-(d), it can be seen that controlled semi-
active suspension system integrated with MR shock absorbers
successfully suppresses the effects of vibrations as transmitted
from unsprung mass to passenger seat resulting into improved
performance related to passenger seat acceleration (%),
passenger seat displacement (x;) and secondary suspension
system deflection (x; — x,) compared to the uncontrolled or
passive suspension system showing the advantages of using
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MR shock absorbers in semi-active suspension systems for comfort and safety issues are taken into account.
vibration control system applications when passenger ride
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Fig. 5 Time history plots of passenger seat response under bump road excitation with vehicle speed of 40 km/h (a) input road profile (b) seat
acceleration (c) seat displacement (d) secondary suspension deflection (e) the desired damping force (f) supplied current. (— uncontrolled, - - -

controlled)

1 : .
Rel. Velocity Velocity
Fig. 6 Forward FLC input/output surface Fig. 7 Inverse FLC input/output surface
TABLEV
RMS AND PEAK VALUES FOR QUARTER CAR MODEL AT 40 KM/HR
RMS values Peak values
Parameter - — - - T -
Passive Semi-active Reduction (%) Passive Semi-active Reduction (%)

¥y 1.698 1.489 12.31 5.840 5.494 5.91
X1 0.029 0.024 15.68 0.098 0.086 12.67

X1 — Xy 0.012 0.007 38.87 0.040 0.021 48.39
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VI. ROBUSTNESS ANALYSIS

Figs. 8 & 9 show the robust stability and performance of
semi-active quarter car system integrated with Fuzzy Logic
Controller when the combination of variation in passenger
mass as well as road height magnitude is taken for study using
simulation work. Figs. 8 (a), (b) show the response surface
plots of passenger seat in terms of root mean square (RMS)
values of passenger seat acceleration and acceleration settling
time (sec) while Figs. 9 (a), (b) represent the response surface
plots of passenger seat in terms of root mean square (RMS)
values of passenger seat displacement and displacement
settling time (sec) respectively, taking uncontrolled and
controlled systems into account. It can be observed and
concluded from Figs. 8 and 9 that semi-active controlled
suspension system delivers much better performance and
shows stability in enhancing passenger ride comfort compared
to uncontrolled suspension system, when the uncertainty
parameters are taken, which affect the considered system.

BunpHeight 0.12 65  N\pss (b)

Uncontrolled

(a)

Bunp Helg’lt 0.12 65 Mass

Controlled

Fig. 8 (a) RMS Acceleration plot (b) Acceleration settling time plot

1037



International Journal of Mechanical, Industrial and Aerospace Sciences
ISSN: 2517-9950
Vol:8, No:5, 2014

S
o
—
N
8
=
<
>

Bunp Height 0.12 65

Uncontrolled

Mass

(b)

RMS Values (x100)

=
—
b

0.13 8

Bump Height 012 65  ppgg

Bump Height 012 65

Controlled

Fig. 9 (a) RMS Displacement plot (b) Displacement settling time plot

VII. CONCLUSION

In present paper, passenger ride comfort issues has been
studied through simulation work using quarter car model with
three degrees of freedom by taking acceleration and
displacement factors into account. It has been observed that
semi-active vehicle system integrated with MR shock absorber
provides better performance in terms of controlling vibration
effects on travelling passenger when different parameters such
as passenger mass and road height are considered for
simulation purpose. The designed Fuzzy controller can be
successfully implemented for proper working of assembled
MR shock absorber. Finally, it can be concluded that semi-
active suspension system provides much better performance
compared to passive suspension system for passenger ride
comfort and safety in travelling vehicles.
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