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Abstract

A pneumatic suspension that can adapt itself to the incoming vibration is
presented in this paper. A switching control strategy between two different
configurations is proposed and studied. The objective is to avoid undesirable
resonant frequencies. The control procedure is based on the pre-knowledge
of the incoming vibration frequency, and when this frequency is unknown, a
very efficient prediction technique is used. The results show that the adapt-
able suspension has improved performance as compared to any of its passive
counterparts. The transient response when switching typically takes less than

three cycles and does not hinder the suspension performance.
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NOMENCLATURE
A Spring effective area [m?]
C, Restriction coefficient [N°/m/s]
D, Pipe’s cross section diameter [m]
I Resonant frequency of the pneumatic suspension [Hz|
f Force exerted at the air spring [N]
g Acceleration due to gravity [m/s?]
K Pneumatic suspension total linear stiffness [N/m]
Kag Linear stiffness of the air spring due to effective area variations.
Kg Air spring linear stiffness [N/m]
Kyg Linear stiffness of the air spring due to volume variations [N/m]
Kysr Linear stiffness of the suspension due to volume variations [N/m]
L Pipe length [m]
M Sprung mass [kg]
Dr Gage pressure at the reservoir [bar]
Ds Gage pressure at the air spring [bar]
V. Reservoir volume [m?]



Vi Air spring volume [m3]

Vir Reservoir plus spring volume [m?]
x Absolute response [m]

y Excitation [m]

z Suspension height [m]

20 Initial height for the air spring [m]
v Specific heat ratio

i Dynamic viscosity of air [Pa-s]

19 Adimensional damping coefficient
Wiy Transition frequency [rad/s]

1. Introduction

Pneumatic systems are used for vibration isolation in many applications.
One of the most prominent advantages over metallic counterparts is the fact
that the main natural frequency of the system can be made independent of
sprung mass. Despite the widespread use of pneumatic vibration isolation
systems, the possibilities of using the pneumatic configuration as an adaptive,
semi-active or even active system have not been sufficiently studied.

Many works incorporate pneumatic suspensions as a solution for vibration



isolation of mobile machine seats. Hostens presented an improved design of
air suspension for agricultural machines seats [1]. The authors used an air
spring, an additional reservoir to lower the system natural frequency and a
throttle valve in order to obtain air damping. The results show reduction
of harmful vibrations transmitted to the driver but with no contribution to
minimize the suspension deflection. A modified passive air suspension in
presented in [2] taking as a basis a simple passive air suspension. This work
focuses on the simultaneous effect of an additional air reservoir placed in
the air-spring by the throttle and a change in the characteristics of a shock-
absorber. The results of this work contribute to better health protection of
the operator while maintaining the controllability of the working machine.
Other works tackling this same problem try to model and control the
vibro-isolating properties of an active seat suspension in response to varying
load mass [3]. The results show quite success with a reduction of the am-
plitude at resonance by about 50 percent in comparison to passive systems.
Following the seat suspensions problem, other authors focus their work in the
infra-narrow band of 0.5-5 Hz which is especially vibrosensitive [4]. This work
presents an approach for the position control of a vibration isolating mech-

anism with the concept of negative stiffness where the standard controlled



devices are ineffective. The approach is based on the stiffness minimization
by coupling a mechanism with an air spring with adjustable "negative” stiff-
ness. The results ensure immobility under vibrations beginning with infra-
frequencies close to zero Hz and stabilization and shock-free motion under
impulsive excitation.

The analysis of semi-active suspensions has focused mainly on modifying
the damping characteristics of the system, either by mechanical actuation
on the damper, or by using magnetorheological (MR) or electrorheological
(ER) fluids. It is not difficult to find examples in the literature [5, 6, 7] show-
ing the merits of hybrid suspensions combining passive elements along with
electromagnetic devices as active elements. Purely active systems have also
been considered but they all suffer from the seemingly unavoidable drawback
of energy consumption, although there have been some attempts to look for
ways to self-power the main control actuator [§].

Many semi-active control strategies have been studied in the last three
decades: the very well-known “skyhook” approach has been used in many
occasions [9, 10]; hybrid strategies, that combine adaptive controllers with
filtered-x least mean squares (FXLMS) algorithms [11], have also been con-

sidered; and sliding mode control [12, 13] has been applied to several fields



including vibration isolation.

Modifying stiffness has been traditionally more difficult than modifying
damping. Nevertheless, this paper will show that this is not the case when
using pneumatic systems, and that the possibility of modifying stiffness and,
thus, natural frequency, suggests a straightforward control strategy. The
approach is based on switching between two different configurations in order
to avoid undesirable resonant frequencies. The control procedure requires the
pre-knowledge of the input frequency which is estimated using very efficient
algebraic predictors. The methods were originally developed by Fliess and
Sira-Ramirez in [14] to tackle the problem of parameter estimation in linear
continuous-time systems. A theoretical background with several examples
is available in [15]. This novel approach has also been successfully applied
to monitor the vibration frequency of a single-link flexible manipulator in
[16]. Additionally, closed-loop [17] and feedforward [18] adaptive controllers
were developed employing this algebraic identification in order to suppress
undesirable vibrations which appear in very light weight structures. The
technique obtains fast estimations [19], does not rely on the knowledge of
the statistical properties of the noise, and keeps the “true” physical nature

of the unknown parameters that can even be altered while sampling [20].



The objectives of this papers are mainly three: i) the development of
an inexpensive and easily controlled adaptive pneumatic system capable of
modifying stiffness and, thus, natural frequency, ii) the implementation and
verification of a suspension control strategy based on quick switching between
two different configurations, and iii) feeding the control procedure with very
efficient algebraic predictors to determine the input frequency.

The outline of the paper is as follows. The suspension model and the con-
trol strategy are presented in Section 2. Section 3 shows an indirect measure-
ment method to quantify parameters that affect the control strategy, whereas
Section 4 outlines a fast time-domain technique for input signal identification.
The results of simulations and tests using the proposed adaptive pneumatic
suspension are described in Section 5 highlighting its improved performance.
Switching between suspension configurations may translate into undesirable
time delays in the response, but this question is tackled in Section 6 to show
that the delays do not hinder performance. Finally, the main conclusions are

summarized in Section 7.



2. Theoretical background

2.1. Pneumatic suspension model

The pneumatic suspension behavior is modeled by taking into account
the dynamics of the sprung mass as well as the fluid dynamics of the air
inside the pneumatic system. This system, in the configuration under study,
is composed of an air spring, a rigid reservoir and a pipe connecting the two
as can be seen in Fig. 1. The authors have developed and published [21] a
validated model for a pneumatic suspension of this type. A brief description
of the model follows.

Three assumptions have been made for the closed system that includes
the air spring and reservoir. The first of them is the assumption of isothermal
compression and expansion of the air. The suspension air temperature was
monitored experimentally in working conditions by means of a thermocouple.
The results therefore supported the hypothesis of an isothermal transforma-
tion. The second is the assumption that the air behaves as an ideal gas. The
last assumption is the consideration of an incompressible-fully-developed-
laminar flow (Hagen-Poiseuille flow), in particular, Mach number M < 0.3
and Reynolds number Re < 2300, which is reasonable taking into account the

size of the pipes and the amplitude and frequency of the excitation signal [22].



Support for these assumptions may be found in [21]. Under these simplifi-
cations, the system dynamics is described by the following set of differential

equations:
(

ps = _pr% - V;%Z(l' - y)

pr - _% (pr’z - ps2) (1>

| ME =pA+p e —g) = f

where the unknown functions of time are the pressure in the air spring (ps),
the pressure in the reservoir (p,) and the absolute sprung mass displacement
(x). The rest are either known parameters like the sprung mass (M), the
reservoir volume (V;.), the restriction coefficient (C..), which can be deter-
mined from other parameters as will be shown in this section; or a known
function of time like the excitation displacement (y); or functions that can
be experimentally determined, like the air spring effective area (A4(z)) and
volume (Vy(z)). These latter functions depend on the air spring height z,
which is defined as the difference between z(t) and y(t) plus an initial air
spring height zo. Finally, the apostrophe on A4(z) and V;(z) denotes the
derivative of these functions with respect to the air spring height.

The size of the pipe and the air viscosity determine the restriction coef-



ficient (C,) [23]:
mD,

Cr = 1284, )

where [, is the pipe length, D, its diameter, and p is the dynamic viscosity
of air.

The system of differential equations just described is the result of rear-
ranging the continuity equation of the mass flow in the pipe, the discharge
equation from the pipe to the reservoir (or air spring), and Newton’s second
law applied to the sprung mass. Details of this derivation may be found in
[21].

A linear version of the system of differential equations is obtained by
carrying out a first-order Taylor series expansion, and this linear system may
be transformed into the following set of algebraic equations by using the

Laplace transform:

(

sPy(s) + Y sP(s) + k2 s(X (s) — Y(s)) = 0

st
Vs s

sP(s) + XL (B(s) — Py(s)) = 0 (3)

Ms3X(s) — A%'sP,(s) — APs's(X(s) — Y (s)) =0

\

where upper case functions represent the Laplace transform of its lower case
counterpart, and s is the Laplace domain variable. The superscript st denotes
the static equilibrium point (around which the linear version of the model is

10



built), and the parameters A and x are, respectively, A = A;St and Kk = V,S/St.
Rearranging some of the above terms, it is possible to obtain the transfer
function between the exerted force and the air spring height, that is, the

stiffness transfer function of the pneumatic suspension:

F(S) S(KAS+KVS) +WKV5 <1—|— [g/ASSR> (4)

Z(s) S—G—W(M)

Kysr

where, as indicated above, F'(s) and Z(s) are the Laplace transforms of f(t)
and z(t), respectively, and W is defined as W = ~yC,.P/V,. The linear

stiffness terms K 4g, Ky g, and Ky gg are:

Kug = —P\ (5)
PstAst

Kygs = sVsts (6)
PstAst
K — S S

VSR 7‘/;“ n VTKJ (7)

The transfer function between the response and the excitation signal is

given by:
X(S) - S (KASJ-C[KVS) + WKJ\ZS (1 + é/ASsR> (8)
Y(S) $3 + 52 (W[?V\;SR> +s (KASZ‘\ZKVS) + W% (1 + Ié{vASSR>

again, X (s) and Y'(s) are the Laplace transforms of z(¢) and y(t), respec-
tively. These results are used next to design a control strategy in order to
enhance the performance in vibration isolation.
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2.2. Control strategy

Fig. 2 plots the transfer function of Eq.(8) using the parameters specified
in Table 1 for two different values of the restriction coefficient: C, ~ 107°
m®/Ns and C, ~ 107® m®/Ns. The plot suggests a control strategy for cases
in which the excitation frequency is known or can be estimated. The strat-
egy consists in using one connecting pipe, the one with the smallest C, for
frequencies bellow wy, (the frequency where both transmissibility functions
intersect, Fig. 2), and the other connecting pipe, the one with the highest C.
for frequencies above wy,.. Switching from one pipe to the other can be easily
done by opening and closing control valves in each line. The authors have
used this strategy for the case of unbalanced rotating machinery subjected to
frequent start-stop cycles [24], and the objective now is to adapt the concept
and the design to more general situations.

The point where both transmissibility functions intersect (labeled A in
Fig. 2) is independent of the restriction coefficient, which means that any
other connecting pipe that one may try to use will yield a transmissibility
function intersecting all others at point A. The frequency for which the trans-

missibility modulus is independent of the restriction coefficient can be easily

12



derived as:

R L o)
"V MEKs+ K
where Kg = K4 + Kyg and K = K4 + Kysg, while the value of the trans-

missibility modulus at this transition frequency is:

K¢+ K
—° 1
Ks— K (10)

X
Y

tr
This modulus is a function of stiffness Kg and stiffness K. The greater the
value of K¢ and the smaller the value of K, the smaller the modulus. There-
fore, the selection of the suspension elements must be aimed at separating
these two stiffness parameters as much as possible. In other words, one must
seek the greatest possible distance between the eigenfrequency values corre-
sponding to the smallest and highest C,. coefficients in the transmissibility
diagram by maximizing and minimizing the values of Kyg and Kyggr, re-
spectively. This involves reducing the air spring volume V; and increasing
the reservoir volume V,. Fig. 3 shows the suspension behavior when these

changes are considered. This plot helped us select the parameter values

specified in Table 1.
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3. Influence of mass on the control strategy

The way in which the control strategy needs to be modified in order to
account for changes in sprung mass is analyzed in this section.

The suspension transmissibility modulus diagram is determined for the
following sprung masses: 70 kg, 100 kg, 115 kg and 130 kg. The results of
this simulation can be seen in Fig. 4(a) for both suspension configurations.
The plot shows no dependance of the transmissibility modulus at each wy,
on the sprung mass value. This is a fortunate fact because it implies that
the controlled vibration is not going to change dramatically with changes in
sprung mass. Nevertheless, changes in the sprung mass involve changes in
wy-. These statements can also be inferred from Egs. (9) and (10). There-
fore, knowledge of the sprung mass is needed if one wants to implement
the argued control strategy, but it will be shown next that the sprung mass
can be determined by adjusting the air spring height and pressure in static
conditions.

The following test has been devised to this end. The suspension is filled
up to an initial pressure. The air spring height is varied slowly up and
down zg £+ 25 mm. Height and pressure are measured with a linear variable

displacement transducer (LVDT) and a pressure gage, respectively. The

14



procedure is repeated for several values of initial pressure, and the results
are arranged as a regression of the force as a function of P,y and z in Fig.
4(b). Since this force equals the sprung mass times the acceleration of gravity
in static conditions, Fig. 4(b) is also a plot of mass as a function of Py, and
z. Consequently, a pressure gage (Sensotec Sensors 0-6 bar) to measure the
suspension air pressure in static conditions and an LVDT (Schaevitz Sensors
core rod £50 mm) to determine the air spring height, suffice to determine
the sprung mass from the map in Fig. 4, and this value can be readily used

to determine wy, from Eq. (9).

4. Input signal identification

As argued before, the proposed control strategy basically compares the
input signal frequency with wy, and chooses the appropriate suspension con-
figuration between the two possibilities. The task is straightforward in cases,
like those considered in [24], in which the input signal frequency can be eas-
ily known. Otherwise, and in order to retain the basic control concept, one
needs to implement a procedure to estimate the input frequency.

One approach to estimate the input frequency would be to conduct a

frequency analysis, but these methods are soon discarded since they cannot
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be performed fast enough to agilely change the suspension configuration. A
more suitable approach is to use time domain signal estimation techniques
like those considered in [20], [19] and [16]. Details of the techniques may be
found in the aforementioned references, but a brief outline of the procedures
will be presented next for the cases of sinusoidal and chirp signals.

Let us first consider the case in which the input signal can be represented
by a sinusoidal function of unknown amplitude, frequency and phase blurred
by a highly fluctuating random process of unknown statistics. This input

signal may be expressed as:

y(t) = Asin(2nft + @) + e(t) (11)

where A, f and ¢ are, respectively, the (constant and positive) unknown
amplitude, frequency and phase. For the sake of simplicity, parameter ¢ is
assumed strictly positive and less than 27. The additive signal e(t) represents
the fluctuating process, the mean of which is assumed to be zero.

The algebraic frequency estimator proposed in [16] is given by:

;1 (o))
P = G g am (12)

where ¢ is a low-pass filter (Heaviside type function) to reduce the high
frequency noise (the Laplace transform of which is £{g(t)} = G(s) = &),

16



and variables n(t) and d(t) are obtained from the input signal y(t) after

solving the following system of differential equations:

n(t) = —[z, + t2y(t)] d(t) = 3
1 = zo + 4ty(t) T3 = T4
iy = 2y(t) iy = t2y(t) (13)

As an example, Fig. 5(a) depicts one cycle of a harmonic signal in which
A=1mm, f =2 Hz and ¢ = 0 rad, with a superposed normally distributed

2 variance. Fig. 5(b) shows the

noise e(t) with zero mean and 0.005 mm
frequency estimated using the procedure just outlined (in solid line) and the
correct value in dashed line. The figure shows that the estimation reaches
the correct value in approximately 0.3 seconds, and it is worth emphasizing
that this time is less than the harmonic signal period.

Let us now consider the case in which the input signal can be repre-
sented by a chirp signal of unknown amplitude and frequency evolution,

again blurred by a highly fluctuating random process of unknown statistics.

This input signal may be expressed as:

y(t) = Asin(p(t)) + e(t) (14)

where (t) is a quadratic function of time o(t) = o + @1t + pat?, with ¢y,

17



1, and @3 unknown constants; A is a positive unknown constant amplitude
and e(t) is a noise of zero mean.

The instantaneous frequency is given by:

do(t
% — ) + 20t (15)

Thus, the objective is just the estimation of the unknown parameters ¢; and
9. To that end, it is convenient to observe that the noise-free chirp signal

in Eq.(14) satisfies the following differential equation:

Y+ o(t)*y(t) + 3p(t)@(t)y(t) = 0 (16)

which, after applying the Laplace transform, yields:

Y(s) o d?Y(s)
4 p—
ds + s ds?

i(0) + y(0)¢i + 9(0)s + y(0)s” (17)

d
(20192 + s + 5°)Y (s) — dga(p2 + ¢15)

Introducing the following new variables:

01 = §(0) + ©1y(0) = 2¢2A cos g 0, = —3
02 = (0) = g1 A cos g 05 = 2109
03 = y(0) = Asin g 05 = —43 (18)

one may write a system of (six) equations which is linear in the unknown

18



variables 6;, i = 1,2,...,6 (see [20], [25] and [15] for details):

i dY (s
S_Vdsk {91 4 Oy5 + 035% + 0,5Y (5) + 05(2s di ) _ Y(s))}
_, d* d*Y(s) dY(s) db
+s Tor {96(3 2 ds )} =35 —dsks Y (s), k=0,1,...,5

(19)
In order to avoid positive exponents of the complex variable s associated
with time derivatives (note that time derivatives are noise amplifiers), the

linear system is multiplied by s7”.

Additionally, in algebraic estimation
literature is common to apply a low pass filter to both terms in Eq.(19). This
invariant filtering enhances the estimation. An analysis of the impact of this
kind of filtering is done in [26]. Considering the aforementioned reasons the
value of v can be set equal to 5. Applying a low pass filter and taking the
inverse Laplace transform of the system, one may solve for the six unknowns
0;,i=1,2,...,6, from which ¢; and ¢s are readily obtained.

As an example, Fig. 6(a) depicts a chirp signal with A =1 mm, ¢y = 1
rad, p; = 0.5 rad/s, and ¢, = 0.25 rad/s?, polluted by a normally dis-
tributed noise e(t) with zero mean and 0.005 mm? variance. Fig. 6(b) shows
the estimated ¢ in solid line, as well as the correct value in dashed lines.
Likewise, Fig. 6(c) shows the estimated (solid line) and correct (dashed line)

9. The instantaneous frequency is determined from ¢; and ¢y (Eq. (15))

19



and its estimation shown in Fig. 6 (d). It can be seen in these figures that
the estimation process converges almost exactly to the desired values in less

than 3 seconds.

5. Application to vibration control

In order to use the identification processes of the previous section for vi-
bration control, some a priori information on the type of excitation is needed.
For the cases considered in this paper, and before attempting to identify the
input frequency, one would need to decide whether the excitation can be
roughly represented by a piecewise harmonic signal of nearly constant fre-
quency (within each piece) or if it can be represented by a chirp signal of
rising frequency. No other type of input has been considered in this work
although similar identification procedures could be devised for these cases.
But regardless of the number of possible types of input, the specific type to
be identified and controlled needs to be known ahead of time. The strategy
presented here cannot, therefore, be used in the most general case, although
it is also true that there are some practical situations in which knowledge of
the type of input is feasible. In any case, the study presented here should

be taken as a first step towards more general situations. The details of the
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process are beyond the scope of this work, but it can be said that it will
involve estimation of the excitation power spectral density (PSD), as well as
criteria to switch between pipes of different sizes. To this end, real-time PSD
estimation techniques (as proposed in [27]) will be needed.

Fig. 7 shows the block diagram of the explained algebraic estimator that
will be applied to the pneumatic suspension system. Consider first the case in
which the excitation is a piecewise harmonic signal like that depicted in Fig.
8(a). The first and third segments of the signal are similar, their amplitude
and frequency being 3 mm and 2 Hz, respectively. The segment in between
has an amplitude of 1.5 mm and a frequency of 4.5 Hz. A uniform normal
noise of zero mean and 0.005 mm? variance is added throughout. Fig. 8(b)
shows the estimated frequency as a function of time. The figure shows that
the predictor responds quickly to changes in input frequency, the delay being
nearly negligible.

This chain of harmonic signals was fed as input to the suspension model
given by Eq. (1). Three configurations were used in the simulations: two
passive configurations in which C'. is kept constant throughout the simulation
(C, ~ 1078 m5/Ns in one case, and C, ~ 107> m®/Ns in the other), and an

active configuration in which C. is modified according to the control strategy

21



outlined in Section 2.2 using the predicted input frequency. The results are
plotted in Fig. 8(c). It is clear from this figure that having the possibility
of modifying the suspension configuration greatly reduces the sprung mass
response.

The same test was conducted in the laboratory by feeding the input signal
to a hydraulic unit connected to the bottom side of the air spring. The sprung
mass (115 kg) had been determined previously as outlined in Section 3: by
measuring the air pressure in the bellows that allowed lifting the sprung mass
up to the selected height zy. These two magnitudes are, respectively, 2 bar
and 105 mm. After this step, the hydraulic unit starts reproducing the input
signal. The sprung mass displacement signal is captured by means of an
LVDT. This signal is analyzed using the identification techniques described
in section 4, and the predicted frequency is compared with the value of wy,
obtained from the measured sprung mass. When this comparison generates a
switch order, a digital signal is sent to the solenoid valves (function 2/2 way)
that open and close the connecting pipes. Fig. 8(d) shows the experimental
results which, as can be seen, are in very good agreement with those obtained
in the simulations.

Consider now the case in which the excitation is a chirp signal like that

22



depicted in Fig. 9(a): a constant amplitude signal (A =1.5 mm) the fre-
quency of which rises linearly from 0.5 to 10 Hz in 200 s. The frequency
estimation is plotted in Fig. 9(b) as a function of time. Since it takes less
than three seconds to converge to the correct frequency, the suspension be-
haviour is hardly influenced by the configuration selected in such a short
period of time. Again, three configurations were used in simulations and
tests: two passive configurations of constant C, (C, =~ 107® m®/Ns in one
case, and C, ~ 107° m®/Ns in the other), and an active configuration in
which C) is modified using the predicted input frequency. The results are
plotted in Fig. 9(c) (for the passive cases) and Figs. 9(d) and 9(e) (for the
numerical and experimental controlled response). It is clear from this figure
that having the possibility of modifying the suspension configuration greatly

reduces the sprung mass response.

6. Study of transients

The control strategy involves switching between two different configura-
tions at specific times. The switching will generate transient responses that
are worth considering. The transition is modeled analytically by specifying

the sprung mass position and velocity when the switching occurs as initial
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conditions for the new configuration: xg, #7. These initial conditions are
taken into account when obtaining the Laplace transform of response x(t),
and this transform is used to derive the transient version of the transmis-

sibility transfer function for the new suspension configuration which can be

written as:
X(s)| 220 + 5 (g‘:o + T K 930) + WK g, 0
Y a K Kas+K K K
et (W) s (Fasgtovs) i (14 2

The steady state term corresponding to the new configuration (Eq. 8) must
be added to the transient term derived above. Thus, the complete suspension

response after a switch in configuration is:

(21)

Some simulations and tests have been carried out in order to assess the
transient behaviour. Consider first the case in which a suspension with
C, ~ 107® m®/Ns is excited at its resonant frequency and, when t = 2s,
the configuration is switched to that in which C, ~ 107 m5/Ns. The an-
alytical and experimental results are plotted in Fig. 10(a). It can be seen
that the transient behaviour does not spread beyond two or three cycles and
that the transient does not hinder the suspension performance. The same
conclusions are reached when a suspension with C, &~ 107 m®/Ns, excited
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at its resonant frequency (Fig. 10(b)), is transformed, at ¢ = 2s, into a new
configuration in which C, ~ 1078 m®/Ns.

Other configurations and frequencies have been simulated and tested
and the results, in terms of the time required to reach steady state con-
ditions, have been summarized in Table 2. It can be seen that the delays are
lower when switching from configurations of larger C.’s to configuration with
smaller coefficients since the damping ratio is increased in the process. Table
2 also includes delays corresponding to transients that take place when both

the chirp and the chain of harmonic signals are used as input.

7. Conclusions

A self adaptive pneumatic suspension has been presented, modeled and
tested. The suspension employs a control strategy previously used for un-
balanced machinery by the authors. As a step towards using the proposed
strategy in more general situations, this paper considered two cases in which
the type of input is known (piecewise harmonic or chirp) but the frequency
needs to be estimated or identified. Algebraic predictors borrowed from
other fields have proven to be extremely fast and accurate for this applica-

tion. The strategy described in the paper relies on comparing the estimated
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input frequency with the adaptive system transition frequency wy,. which de-
pends on the unknown value of sprung mass. Since in most practical cases
the mass does not vary during vibration, a simple measuring technique has
been devised in static conditions. Simulations and experiments show that the
proposed control strategy greatly improves vibration isolation, and that the
transient response when switching from one configuration to the other is very
fast and does not hinder performance. The agreement between simulations

and tests is quite remarkable.
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Figure captions

Figure 1. Pneumatic suspension: (a) scheme, (b) experimental workbench.
Figure 2. Suspension transmissibility (simulation).

Figure 3. Effect of suspension parameters on: (a) stiffness, (b) transmissi-
bility. Thick solid lines: V, = 24 [, V¥ = 0.55 [, At = 4.5-1072 m?, \ =
—9-1072 m, k = 9-1073 m?. Thin solid lines: V, =21, V5 =141, AS' =
1.05-102 m2, A = 0.1 m, xk = 0.01 m2.

Figure 4. (a) Influence of sprung mass on wy,, (b) regression curves for the
determination of the sprung mass.

Figure 5. (a) Noisy harmonic signal, (b) Estimated frequency (solid line) and
correct frequency (dashed line).

Figure 6. (a) Noisy Chirp signal, (b) Estimated ¢; and its correct value, (c)
Estimated ¢ and its correct value, (d) Instantaneous frequency (¢1 + 2@at).
Figure 7. Control scheme for the pneumatic suspension.

Figure 8. (a) Piecewise harmonic signal with uniform normal noise, (b)
frequency estimation, (c¢) numerical comparison between passive and adaptive
modes, (d) experimental comparisons.

Figure 9. (a) Chirp signal (0.5-10 Hz), (b) instantaneous frequency estima-

tion, (c) passive response, (d) Numerical adaptive response, (e) experimental
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adaptive response.
Figure 10. Study of transients (a) switching from C, ~ 107 to C, ~ 1072,

(b) switching from C, ~ 107 to C, ~ 1075,
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Tables
Table 1. Summary of pneumatic suspension data.

Table 2. Time delay when switching between configurations.

Table 1: Summary of pneumatic suspension data.

Parameter Value
V. 24 1
Vst 0.551

Ast 4.5 107 m?

A 9102 m

K 9 1073 m?
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Table 2: Time delay when switching between configurations.

Transient Method Delay
Switch: C, ~107® = C, ~ 107° Experimental | 0.98 s
Harmonic input, frequency: f, of C, ~ 1078 Model 0.87 s
Response: Fig. 10(a)
Switch: C, ~107° = C, ~ 1078 Experimental | 0.89 s
Harmonic input, frequency: f, of C, ~ 107° Model 0.82 s
Response: Fig. 10(b)
Switch: C, ~107® = C, ~ 107" Experimental | 1.14 s
Input: chirp signal Fig. 9(a) Model 1.07 s
Response: Figs. 9(d) and 9(e)
Switch: C, ~107® = C, ~ 107° Experimental | 0.67 s
Input: piecewise harmonic signal Fig. 8(a) Model 0.75 s
Response: Figs. 8(c) and 8(d)
Switch: C, ~107° = C, ~ 107® Experimental | 0.48 s
Input: piecewise harmonic signal Fig. 8(a) Model 0.43 s

Response: Figs. 8(c) and 8(d)
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Figure 1: Pneumatic suspension: (a) scheme, (b) experimental workbench.
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Figure 2: Suspension transmissibility (simulation).
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Figure 3: Effect of suspension parameters on: (a) stiffness, (b) transmissibility. Thick
solid lines: V., =241, V¥ = 0.551, At =45-103 m?*, A= -9-1072m, k= 9-1073

m?2. Thin solid lines: V,, =21, Vst =1.41, At =1.05-1072m? A = 0.1 m, k = 0.01 m?.
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Figure 4: (a) Influence of sprung mass on wy,., (b) regression curves for the determination

of the sprung mass.
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Figure 6: (a) Noisy Chirp signal, (b) Estimated ¢; and its correct value, (¢) Estimated ¢

and its correct value, (d) Instantaneous frequency (1 + 2pat).
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Figure 7: Control scheme for the pneumatic suspension.
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Figure 8: (a) Piecewise harmonic signal with uniform normal noise, (b) frequency esti-

mation, (¢) numerical comparison between passive and adaptive modes, (d) experimental
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Figure 9: (a) Chirp signal (0.5-10 Hz), (b) instantaneous frequency estimation, (c) passive

response, (d) Numerical adaptive response, (e) experimental adaptive response.
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Figure 10: Study of transients (a) switching from C, ~ 1078 to C, ~ 107>, (b) switching

from C, ~ 1075 to C,. ~ 1078.
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