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Abstract. This article deals with description of simulation model of a seat with pneumatic element
inserted into its cushioning. Suggested solution comprises built-in pneumatic spring with feedback
control which influences the hardness of cushioning. The seat with variable cushioning properties
should contribute to the increase of passenger’s comfort. In order to investigate properties of this
seat-mass system the mathematical model was created and solved numerically. This model
describes dynamic behavior of the electro-pneumatic mechanical system and calculates the
displacement and acceleration of mass, pressure inside pneumatic spring, flow rate in controlled
solenoid pneumatic valves and needed coil current in case of kinematic excitation of the seat, as
well as the change of setting of desired pressure in pneumatic spring.

Keywords: car seat, vibration isolation, polyurethane foam, pneumatic spring.
1. Introduction

Increasing passenger’s comfort is the task inherently connected with using seats in different
means of transport or working machines. The travel conditions are varied in dependence on quality
of the road surface in case of moving vehicle, its speed, and other circumstances. One of the ways
how to increase passenger’s comfort in case of dynamic loading by vibrations might be the use of
the cushioning with variable hardness. The derivation of simulation model of such seat is
presented in this article.

The seat with the implemented pneumatic spring contains an active vibroisolation element in
accordance with the patented solution [1]. This system allows to change the stiffness of seat
cushioning by a computer controlled electro-pneumatic feedback circuit. This electro-pneumatic
part of the system comprises a compressor, reservoir of compressed air, 4 pneumatic valves, spring
element, 2 pressure sensors and electronic control unit (Fig. 1). The pressure in the spring element
is changed on user’s demand to chosen value or it is controlled by computer in accordance with
chosen time course, for instance harmonic or triangular with predefined mean, amplitude and
frequency.

Principally two different modes of operation are possible: constant stiffness and constant
pressure. In the simpler constant stiffness mode, the pressure in the pneumatic spring denoted pg
is set to chosen desired pressure py at initial time. After that, the inlet and outlet valves are closed
and volume of air inside the spring is then constant even if the system is mechanically loaded or
not. In this mode the controlling system allows to set the fixed stiffness characteristics of
cushioning. In the constant pressure mode, the electro-pneumatic feedback circuit tries to keep the
pressure pg equal to p, for all time of the loading process.

There are two kinds of external loading taken into consideration. The first of them is sitting
down of the passenger on the seat, and the second one is subsequent start of kinematical excitation
of loaded seat by harmonic signal of displacement.

2. Model of the system

For purpose of creating the simulation model the system is divided in two parts in accordance
with Fig. 1. The first one is represented by the controlled electro-pneumatic feedback circuit and
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the second one, the mechanical system, is represented by cushioning with implemented pneumatic
spring.

ressure sig:

mmmm

Electro-pneumatic system Mechanical system

Fig. 1. The scheme of seat with implemented pneumatic spring
2.1. Model of electro-pneumatic feedback circuit

Electro-pneumatic system of pneumatic circuit consists of two kinds of pneumatic valves. The
proportional valves denoted V; and V, in Fig. 1 are SMC — PVQ13-6M-08-M5-A. They are
characterized by dependence of flow rate on pressure difference Ap between pressure on input p;
and output p, and by input coil current i. This characteristics (Fig. 2) is taken from the datasheet
[2] and by fitting algorithm it was transformed into two-parametric Eq. (1):

qsj = koo + k1giAp + ko1 Ap + kygi? + kyqi. Ap + koaAp? + k3oi® R
+ky1i%Ap + kq,iAp? + ko3 Ap3, )
where j = 1, 2. In the pneumatic system there are also implemented two digital valves V; and V,
of type SMC-S070B-6A. The function of these additional valves is to increase air flow in or out
of pneumatic spring in case the control error between instantaneous pressure p; and desired value
Pq 1s too high. According with [3], flow characteristics of digital valve includes sonic conductance
C =0.083 I/(s.bar) and critical pressure ratio b = 0.28. According with [4], the formula for the
flow rate calculation of digital valve is:
Choked flow:

D2 293
273+ T

— < b - q5; =600.C.p,.

1/min. (2)
D1

Subsonic flow:

293
273+T

P2sbho qsj = 600.C.p;.

P1

1/min, (3)

where j = 3,4 and p, represents upstream pressure and p, downstream pressure respectively. The
total air flow g is then given by addition of flow rates of all individual valves g,; as it is expressed
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by equation:

qs = qs1 — qs2 t 4s3 — qsa- 4)
For the control of coil current, the PID algorithm is used in form Eq. (5):
¢

i(t) = Kpe(t) + K, J- e(t)dt+ Kp dz_(tt)’ %)

0

where i(t) is the current controlling the proportional valve, e(t) is the control error given by
expression:

e(t) = ps(t)-pa(t). (6)
7 T
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Fig. 2. Characteristics of proportional valve, from [5] Fig. 3. Free body diagram of mechanical part
2.2. Model of mechanical part of the system

This part of the system is a simplified representation of seat cushioning with implemented
pneumatic spring. According with [5], mechanical properties of flexible cushioning are described
by restoring force given by nonlinear progressive function (7), and linear damping force given by
Egs. (10-12). Pneumatic spring is in a simplified way represented by closed air cylinder with
internal pressure pg and the mass of passenger by value m. Value of pressure inside the cylinder
is given by differential Eq. (8) and finally with respect to free body diagram in Fig. 3 it is possible
to set up the equation of motion of mass m in form Eq. (9):

Fy + F, + E, —mg = m¥, @)
. KqsRT 14

bs = IS/ _KpsV: ®)
V=Sh+z-x)-V=50Z-x), )
Fo=ki(z—x)+ky(z—x)* + k3(z — x)3, (10)
Fy = by(z — %), (11)
Fp = S(ps — Pout)- (12)

Used physical quantities in the system of Eq. (7-12) are: z — excitation, x — displacement of
mass m, F, —restoring force, F;, — damping force, F, — force of pneumatic spring element, S — the
contact area between mass and cylinder (S = 0.2 m?), p, — pressure inside cylinder, p;,, — pressure
in the reservoir, p,,,; — outside pressure (atmospheric pressure p,,; = 0.1 MPa), hy = 0.1 m — the
height of cylinder at the initial position, IV — volume of cylinder, T — temperature of gas inside
cylinder, it is assumed to be constant (T = 297 °K), k = 1.4 — adiabatic exponent,
R =287 J kg K'! — gas constant.
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3. Numerical simulation

The system of equations derived above make up the mathematical model of combined
electro-pneumatic mechanical system of the seat. The simulations are performed in Matlab
software for two modes of seat operation, first in the mode of constant stiffness and second in the
mode of constant pressure. For the purpose of this numerical experiment the excitation z(t) is
given by harmonic function. Simulated process takes 20 seconds in total. At initial time the desired
pressure in pneumatic spring element is set to p; = 10 kPa, after that at time 6 s the seat is loaded
by mass m = 50 kg which simulates sitting down of passenger, at time 10 s the external harmonic
excitation z(t) is applied as a source of vibration load, finally, but only in case of constant pressure
mode at time 16 s the desired value of pressure inside air cylinder is changed to p; = 25 kPa under
continuing vibration.

Values of constant used for calculation were k; = 10 000 N/m, k, = 0 N/m?, k; =1 000 N/m3
in case of restoring force Eq. (10), and b; = 500 N.s/m in case of damping force Eq. (11). Outside
pressure Po: is equal to atmospheric pressure 100 kPa, pressure inside the air reservoir
Pin = Pout + 200 kPa. Frequency of excitation z(t) is 1 Hz and amplitude is 10 mm. Parameters
of PID controller were set to Kp = 7, K; =0 and K, = 0, sampling time was dt = 0.01 s in case
of constant pressure mode. Then the system is in mode of active control. In case of constant
stiffness all pneumatic valves V;_, are closed therefore total air flow g, is zero and the system is
considered as passive one with no feedback control.

The results of simulations are depicted in Fig. 7 and Fig. 8 and comprises instantaneous
pressure pg inside pneumatic spring, displacement x(t) and acceleration a(t) of mass m, total air
flow in/out the spring element g, restoring and damping force of cushioning, force of pneumatic
spring element and their summation.

The transmission of acceleration is calculated as ratio of amplitude of acceleration of mass and
amplitude of acceleration of excitation (A,/A,) when excitation is harmonic function. When
changing frequency of excitation f, the transmission curve is obtained as in Fig. 9. It shows
transmission curves in cases of desired pressure p,; € {1, 5, 10, 15, 20, 25} kPa in dependence on
frequency of excitation in interval [1, 11] Hz.
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Fig. 7. Response of the system in constant pressure mode
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4. Conclusions

In this article the simulation model of seat with implemented pneumatic spring is introduced
which allows to influence the hardness of the cushioning. The solution which comprises
electro-pneumatic circuit with feedback control is described by mathematical model. This model
allows to investigate the response of the system to kinematic excitation or the change of the desired
pressure inside pneumatic spring. This pressure can be set to constant value or defined by
deterministic course. The analysis of the response helps to find suitable model parameters which
represent properties of real parts used for seat construction. These parameters are for example size
and type of used pneumatic valves or pressure of air inside reservoir and others. The influence of
constants of PID controller can be analyzed as well. The model will be used for evaluation of
vibration isolation effect of the system which is possible to represent e.g. in form of the curves of
transmission of acceleration.
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