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Abstract. This paper presents the design of a control technique applied to the pneumatic active
suspension system of a quarter car model using controller with fuzzy logic embedded in the active
force control component. The overall control system is decomposed into two loops. In the main
loop the desired force signal is calculated using an active force control strategy with a sugeno
fuzzy logic element which is being employed to estimate the mass needed to feed the control loop.
A Mamdani fuzzy logic controller is implemented in the outer loop to design a force controller
such that the desired force signal is achieved in a robust manner. The resulting control strategy
known as fuzzy — active force controller (FLC-AFC) is used to control a nonlinear actuator
attached between the sprung mass and the unsprung mass of the quarter car model. The
performances of the proposed control method were evaluated and later compared to examine the
effectiveness in suppressing the vibration effect of the suspension system. Resulting fuzzy active
force control gives better results if compared to the fuzzy logic and the passive suspension system.

Keywords: pneumatic actuator, fuzzy logic controller, quarter car suspension, active force control.
1. Introduction

The main objective of the automobile industry is to achieve both ride comfort and the ride
stability to get the passenger and the drivers feeling more comfortable. The high quality of the ride
comfort can be obtained by two ways, the first by minimizing the axis and angular acceleration of
the gravity centre of the vehicle body while the second is by maintaining the tire contacts with the
ground when the wheel strikes a bump [1]. The function of automotive suspension system is not
only to isolate the effect of road surface irregularities on the passengers to improve the ride
comfort but also it has to control the dynamic tyre load with acceptable suspension working space
to enhance the vehicle stability and safety. The dynamic tyre load is the main effect of tire/road
friction forces which are controlling the vehicle lateral stability during handling maneuver’s and
braking, stopping distance, traction forces as well as tyre rolling resistance [2-3]. The automotive
suspension systems are categorized into three types, namely passive, semi-active and active
suspensions [4]. Passive suspension consists of spring and damper, because of its fixed
characteristics it cannot control the design range described above [5-6]. Active suspension differs
from the conventional passive suspension in which an actuator is attached in parallel with both
the spring and the shock absorber to inject energy into the system. The main advantage of
employing an active suspension system is that it offers adaptation potential, where the suspension
characteristics can be adjusted while driving to accommodate the profile of the road being
traversed [7]. With this taken into account the controller design, tuning and intelligent controllers
also improve the performance of the active suspension [8-10]. Intelligent control is an emerging
control area that is stimulated by continuous advancement in computing technology. Paper [11]
used fuzzy logic control (FLC) to minimize vertical car body acceleration and to avoid hitting
suspension limits. Fuzzy logic control has been applied successfully in vehicle suspension systems
to evaluate the control performance, but the application of fuzzy logic control still requires
considerable effort in determining appropriate membership functions and fuzzy rules. This is
particularly true if the system is complicated or rapidly changing. Active suspension systems
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generally possess nonlinear and uncertain dynamic characteristics, making it more difficult to
design a fuzzy logic controller for these [12]. Due to the controller design and response time of
the actuator, it produces either insufficient or excess value of force. The investigations to avoid
this issue by designing an active force control loop are performed.

2. Mathematical modeling
2.1. Quarter car modelling

The vehicle model considered in this study is quarter car model. The system consists of the
passenger seat, Sprung mass, unsprung mass, air spring and a passive damper as shown in Figure 1.
Assumptions of a quarter car modeling are as follows: the tire is modeled as a linear spring without
damping, there is no rotational motion in the wheel and the body, the behaviors of spring and
damper are linear, the tire is always in contact with the road surface and effect of friction is
neglected so that the residual structural damping is not considered in the vehicle modeling [13].

T Table 1. Values of parameters
| l Z e Symbol Parameter Value Units
K. § Ca J_ Cps Seat damping con;tant 875 Ns/m
L‘—I C, Suspension damping 1000 Ns/m
T constant
| s Z F, Actuator force + 2000 N
K 3 é c K Suspension stiffness 18100 | N/m
¢ B[ L‘—‘ K Tire stiffness 196000 | N/m
T Kps Seat stiffness 10507 N/m
| M.. | Zs My Passenger seat mass 60 kg
\ My Sprung mass 290 kg
gK* T . Mys Unsprung mass 59 kg
\P\ R

Fig. 1. Quarter vehicle two degree of
freedom model

Equations of motion for active quarter car model are given by the following:

Mp{_Zps + Cps'(Z'Ps - Zs) + Kps(Zps — Z5) = 0" ‘ (D)
MsZs"+ Cps(Zs‘ - Zps) + Kps(Zs - Zps) + Cs(Zs - Zus) + Ks(Zs - Zus) + Fa =0, (2)
MusZus + Cs(Zus - Zs) + Ks(Zus - Zs) + Kus(Zus - Zr) - Fa = 0: (3)

where Z; is displacement of sprung mass, Z,, is displacement of unsprung mass, Z,. is road profile,
F, is air spring force and the following Table 1 parameter values are used in the simulation.

2.2. Air spring dynamics

There are different control strategies adopted under the semi active suspension system, each
one having its own characteristics. The ideal goal of an optimal suspension is to minimize the
sprung mass relative displacement and acceleration. However these two criteria are in conflict. In
general a suspension system with a small relative displacement corresponds to a high sprung mass
acceleration and a large relative displacement corresponds to a low sprung mass acceleration [14].

To determine the force or load at any given point in the stroke of an air spring the atmospheric
pressure must be backed out of the absolute pressure values to yield gauge pressure. A typical
value of the absolute pressure is p = 300-700 kPa. The force on the spring at any given point of
the load deflection curve is the gauge pressure multiplied with the effective area [15]:
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Fpa = PyaAe. “)
The force developed by the pneumatic actuator can be evaluated from the above equation:
_ B _d(BuAe) _, dAc dbpe )
Pé dz dz P dx  dx ¢
Here consider polytrophic process for air:
PVY = constant. (6)

Differentiation of Equation (6) with the purpose to find an expression for the pressure change
gives:

@ — pyvy—lw + d(P)

Y — 7
dz dz dz 4 0. @

The sign convention generally used is that positive pressure changes are given by positive
displacements. Since positive pressure results from compression of the contained volume, thus:

av

= 8
7 = Ae ®)

Extracting the pressure change from Equation (7) and inserting Equation (8) gives:

av
—_ y-127
dp _ PYVY 4, _ PrA, 9)
dz 744 v

Depending on the velocity of the excitation (frequency) different stiffness constants are
derived. The dynamic stiffness can be expressed as follows:

dpP

Kas = ——Ae. (10)

The quasic-static stiffness:

AZ dA,

K = y(PT+Pa+Pg)7+Pg I (11

Therefore the static stiffness of the air spring is given by:

A2 dA,

K5 = (Pr+Pa+Pg)7+P£I dz " (12)

If the change in effective stiffness with deflection is very small, i.e. there is constant effective
area, the stiffness constants can be assumed to be:

AZ
Kasaynamic = V(B + P+ Py) 77, (13)
AZ
Kas static = (Pr + B+ Pg) Ve’ (14)
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where y is the value i—p = 1.4 for air, z is the displacement (m), 4, is the effective area (m?), V is

the volume (m?), F, is the vertical force (N), K ayn s the dynamic vertical stiffness (N/m), K s;q¢
is the static vertical stiffness (N/m), P is the absolute pressure (Pa), F; is the gauge pressure (Pa)
and P, is the atmospheric pressure (Pa) [15].

3. Controller design

Main controller design is very difficult because it is necessary to regard the complicated system
to obtain the good control effect. In order to enable the air suspension control system with a certain
degree of adaptive capacity, the fuzzy controller is designed. Velocity of sprung mass and
deflection of suspension were adapted as input variables of fuzzy controller, while the output
variable was air spring force. Their ranges could be obtained through simulation, five fuzzy
language subsets were used to describe two input variables and output variables. Membership
functions of the subsets were triangle and trapezoidal functions. The rule is in the form of the
linguistic variables using the fuzzy conditional statement. Each rule is derived from the
characteristic of the passive suspension system. Fuzzy rule base is combination of all possible
control rules and it is summarized in Table 2. Mamdani’s minimum operation rule is used as a
fuzzy implication function. As a process usually requires a non-fuzzy value of control, a method
of defuzzification called “Centre of gravity method” (COG) is used here, where uD(f) is
corresponding membership function in Equation (18) [16]. The air spring force (f;) is chosen to
give +2 kN as maximum and minimum values:

£ = I fun(Ndf (15)
“ Jup(Hdf
Table 2. Rule base
Z~%s | 'NL | NS | ZE | PS | PL
NL PL | PS | PS | ZE | NS
NS PL | PL | PS | PS | ZE
ZE PS | PS | ZE | NS | NL
PS PS | ZE | NS | NL | NL
PL ZE | NS | NS | NL | NL

4. Active force control system

AFC loop is as shown in Fig. 2 and is designed to compensate the system subjected to a number
of disturbances in order that it remains stable and robust via the compensating action of the control
strategy for the unknown disturbances. The efficiency of the AFC strategy relies on the mass
estimator as the body acceleration and the actuator force are easily obtained. The AFC scheme has
two inputs, namely the active force pneumatic actuator and body acceleration components. The
estimation of mass needed by AFC loop is the main factor which contributes to the effectiveness
of the control scheme. Active force control system utilizes three controller loops. AFC loop is
integrated with outer Fuzzy Logic controller and inner Force Tracking controller. FLC is used in
the outer loop for the computations of the optimum target commanded force. Force tracking of the
pneumatic actuator is carried out by a fuzzy controller. AFC loop uses intelligent method (Fuzzy
Logic) for the estimation of mass and from the measured values of acceleration and force of the
dynamic system for the computation of the estimated force. This error signal is used to compensate
for the known/unknown disturbances. Sugeno type Fuzzy Inference System is used for the
estimation of mass. The main aim of using the Fuzzy Logic in the study is to compute the estimated
mass intelligently so that it can be utilized by the AFC mechanism to affect its control strategy.
Membership functions representing the input (suspension deflection and body acceleration) and
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output (estimated mass) of the FLC used in the input membership functions are chosen as Gaussian
functions. The output is a singleton value of the estimated mass. Once FLC is designed it is
embedded in the overall control strategy for online estimation of the mass and thereafter it
estimates the force [17]. A more detailed description on the mathematical treatment related to the
derivation of important equations and stability criterion can be found in [17, 18]:

Q =F —Ma, (16)

where Q is the estimated disturbance force, F is the measured force, M is the estimated mass and
a is the measured acceleration. If the parameters are appropriately measured or estimated, then a
guaranteed robust AFC performance is achieved [18, 19].

Zs

Kps LICps

] Ms o - -
M = <EKs A—’Fa Cs T m . -
L]

Y

Y

FUZZY T
CONTROLLER FORCE Kt
SENSOR|
1/Q

Zu s
F _
Estimated
s Y

Mass

ZsZu +
Fig. 2. Block diagram of active force control system for air spring suspension

5. Results and discussion

To generate the road profile of a random base excitation for the 3-DOF active suspension
simulation disturbance, a spectrum of the geometrical road profile with road class roughness D is
considered as shown in the Table 3. The vehicle is travelling with a constant speed v, the time
histories data of road irregularity are described by PSD method [20-22]. According to
International Standard Organization (ISO) 2631 [12], the ride comfort is specified in terms of root
mean square (RMS) acceleration as shown in Table 4 [23].

To verify the PID and fuzzy air spring actuator controlled suspension it is compared with
passive suspension. Here Matlab/Simulink is used as a computer aided control system tool for
modeling the non-physical two degree of freedom quarter car with actuators and its modeling is
included in one analysis loop. To verify the system, the body acceleration and suspension
deflection parameters are considered. And for the given input parameters the response of the
system is observed on 5 seconds scale.

The Figures 3, 4 show the accelerations of seat and sprung mass respectively. With this we
can easily identify that both pneumatic controlled and active force control loop systems are
superior in performance over passive suspension system. Fuzzy controlled and active force
controlled systems are of the same trend, due to the fact that the pneumatic actuator develops
desired force between the sprung mass and the unsprung mass. Also due to lower transmissibility
of air spring the RMS acceleration of the system also reduces the vibration. Passive RMS
acceleration values of seat and sprung mass are in uncomfortable range according to the Table 4.
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Table 3. Road roughness value classified by ISO

Classification S (Q) Road roughness K [m%(cycles/m)] (x10°)
Range Average

A (Very Good) 2to8 4

B (Good) 8 to 32 16

C (Average) 32 to 128 64

D (Poor) 128 to 512 256

E (Very Poor) 512 to 2048 1024

Table 4. Acceleration level and Degree of comfort defined in ISO2631-1 [24-26]

Acceleration level

Degree of comfort

Less than 0.315 m/s?

Not uncomfortable

0.315-0.63 m/s? A little uncomfortable
0.5-1 m/s? Fairly uncomfortable
0.8-1.6 m/s? Uncomfortable
1.25-2.5 m/s? Very uncomfortable

Greater than 2 m/s?

Extremely uncomfortable

.Sprung mass acceleration (m/s2)
o

&

— PASSIVE
~~|——FLC M
— AFC-FLC

fo ) I

Time (sec)

Fig. 3. Acceleration of seat for D-class random road

Seat acceleration (m/sz)

T
— PASSIVE

Time (sec)

Fig. 4. Acceleration of sprung mass for D-class random road

The Figures 5, 6 show the power spectral densities of seat and sprung mass respectively. Seat
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frequency of proposed system is superior in all the frequency range of 0.1 Hz to 80 Hz. Power
spectral density of sprung mass of the proposed system is superior in the lower frequency range.
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Fig. 5. Power spectral density of seat for D-class road
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Fig. 6. Power spectral density of sprung mass for D-class road

RMS acceleration comparison is presented in Table 5.

Table 5. RMS acceleration comparison and reduction

Description Passive | FLC | FLC-AFC | % of reduction
Seat acceleration (m/s?) 0.8138 | 0.5223 0.4870 40.15
Sprung mass acceleration (m/s?) | 0.5883 | 0.4430 0.4230 28.90

6. Conclusions

In this paper it has been discussed about the designing of active force control loop for
pneumatic air spring actuator. Mamdani and sugeno fuzzy interference systems are used to control
and for estimating of air spring actuator in order to improve the ride comfort and road handling in
a quarter car model. Simulation results are obtained from Matlab/Simulink. Comparisons between
passive, fuzzy and active force control techniques are done and the results prove that the
performance of air spring suspension with active force control can improve the ride comfort and

road handling.
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