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This paper presents a novel prototype of a passively compensated aerostatic pad which consists in the integration
of a commercial pad with a custom-built differential diaphragm valve. The static performance of the system is
experimentally assessed in the presence of different supply and reference pressures. Additionally, the paper
describes two lumped parameter models of the system which present different level of complexity. Experimental
and numerical results are in good agreement and demonstrate that the static performance of the system can be

computed more quickly through the simplified version of the described models.

1. Introduction

Due to their zero friction and minimal environmental impact, aero-
static bearings align well with the sustainability objectives outlined in
the European Green Deal [1]. Bibliometric evidence reveals a growing
research interest in air bearing technology [2]. Despite their relatively
low stiffness and limited damping characteristics, air bearings have
remained indispensable components in numerous applications,
including precision measuring instruments, positioning machinery, in-
ertial navigation systems, and ultra-precision machine tools [3,4].

Since the mid-20th century, the primary focus of gas bearing
research has been to overcome the limitations associated with lubricant
compressibility. The aim has been to enhance load capacity and stiffness
while preserving dynamic stability [5,6]. Various approaches have been
proposed in pursuit of this goal. Classical engineering methods have
centered on improving static performance, often relying on dimension-
less charts derived from closed-form solutions [7,8] or semi-empirical
formulations [9]. With the advent of powerful electronic calculators,
researchers have been able to develop highly accurate numerical models
for simulating and optimizing both static and dynamic performance in
conventional aerostatic bearings, including orifice-type, grooved, and
porous bearings. These optimizations have been achieved through
sensitivity analysis [10,11] and even artificial neural networks [12].
Additionally, studies have been conducted to mitigate the impact of
vortex-induced vibrations and nano-level vibrations [13]. However,
these analytical, empirical and numerical approaches lead to limited
enhancements of the overall performance [14,15].

In contrast, passive and active compensation methods have proven to
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be more effective in achieving bearings with superior performance [16].
These methods consist in enhancing the bearing performance through
the integration of pads with additional elements or devices. Passive
compensation methods use components which require only the energy
associated with the supply pressure of the bearing, e.g., pneumatic
valves and compliant elements. By contrast, actively compensated
bearings are equipped with elements such as sensors, controllers and
actuators that require external sources of energy to function. The pres-
ence of closed-loop systems in active compensation methods allows for
substantial improvements in both static and dynamic performance.
Closed control loops can be used to adapt the mechanical structure of the
system [17-21] or to regulate the air flow supplied to the air gap
[22-24]. Despite their superior performance, active compensation so-
lutions remain cost-prohibitive for most industrial applications. In
contrast, passive compensation methods offer a cost-effective alterna-
tive, albeit with limited bandwidth. Passive compensation methods
usually exploit the compliance of elastic elements or pneumatic valves to
improve bearing behaviours. Blondeel et al. [25,26], Snoeys and
Al-Bender [27], Holster and Jacobs [28] and Bryant et al. [29] proposed
passively compensated bearings with convergent gap geometry. These
solutions consist in the use of compliant surface to suitably modify the
air gap pressure distribution in the presence of load variations. The use
of movable or elastic orifices are among the more adopted passive
compensation strategies. Yoshimoto et al. [30] designed an aerostatic
thrust bearing with a self-controlled restrictor. It consists in the inte-
gration of a floating disk inside the supply system of the bearing. This
solution exploits the pressure acting on the two sides of the floating disk
to control the air flow supplying the air gap. Results demonstrate that by
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using this method bearings may exhibit a level of static stiffness ten
times higher than conventional aerostatic thrust bearings. Similar re-
sults were obtained by Newgard et al. [31] who proposed the use of
elastic orifices to improve air pad performance. Kodnyanko et al. [32,
33] proposed and investigated the performance of an aerostatic bearing
in which decrease in compliance is ensured by the use of air throttling
with elastic orifices. Chen and Lin [34,35] proposed a disk-spring
compensator to increase the static and dynamic performance bearing.
Wu et al. [36] studied the effect of introducing pressure equalizing
groove. Ghodsiyeh et al. [10,11] experienced the use of a custom-built
diaphragm valve to increase air pad stiffness. In the presence of load
variations, the valve makes it possible to increase the stiffness by a
suitable regulation of the air supplied to the pad. Furthermore, in [10,
11], a numerical procedure was presented for the appropriate design of
valve parameters, taking into consideration the chosen working air gap
height [37].

This paper describes a novel prototype of passively compensated
aerostatic pad. Differently from previous solutions [38], this compen-
sation solution employs a differential diaphragm valve that presents a
fixed nozzle and a moving shutter that regulates the inflow supplied to
the controlled air pad. Thanks to the presence of four chambers the
relative distance between the nozzle and the shutter depends on a
feedback pressure taken from the air gap and a reference pressure which
may be appropriately defined by users.

2. Materials and methods
2.1. The proposed prototype

The proposed prototype is a passively compensated system that
consists in the integration of an air pad and a custom-built differential
diaphragm valve. Fig. 1a shows a photograph of the prototype.

As shown in Fig. 1b, the air pad presents a rectangular base
whose dimensions areL= 110 mm and B= 50 mm. The air flow supplied
to the clearance is provided by means of four supply holes located in the

Tribology International 191 (2024) 109103

middle of each side of a grooved rectangular supply line whose di-
mensions are [= 80 mm and b= 30 mm. The grooves present a trian-
gular cross-section with a base of wy=0.3mm and a height of
hg=0.06 mm. The active surface of the pad also presents a pressure
intake to measure the air gap pressure. The diameter of the pressure
intake and the supply holes of the pad was verified via an electronic
microscope. Fig. 2 shows some of the geometrical data acquired during
these experiments.

The supply holes and the pressure intakes are pocketed orifices. The
supply holes have a nominal diameter d,= 0.5 mm and they feed trap-
ezoidal pockets where the larger nominal diameter is D,= 0.8 mm. The
pressure intake has a nominal diameter dg,= 0.25 mm and a cylindrical
pocket with a nominal diameter of Dg= 0.5 mm. Fig. 3 shows a photo
(Fig. 3a) and a scheme (Fig. 3b) of the custom-built differential dia-
phragm valve.

The valve presents four chambers that are sealed and separated by
three rubber membranes. At the outer edges, the membranes are secured
between the four primary components that make up the valve (part 1, 2,
3 and 4), while at their central section, they are attached to a mobile
shutter. Chambers 1 and 4 are supplied with the same constant pressure
P, by means of a pressure reducer. Chamber 2 is supplied by the air gap
feedback pressure Py, through the pressure intake drilled on the air pad
surface. Chamber 3 is supplied with a constant reference pressure Pys. As
the pressures in chambers 1 and 4 remain equal, the equilibrium posi-
tion of the moving shutter is determined by the pressure values within
chambers 2 and 3. Once integrated, the valve supplies compressed air to
the pad via a nozzle that is fixed on the upper part of the valve (part 1).
To avoid the presence of air leakages, the body of the nozzle is sealed by
two o-rings. The amount of air flow provided to the pad depends on the
distance between the nozzle and shutter. Fig. 4 shows a functional
scheme to illustrate the working principle of the system.

Under steady-state working conditions, the system is loaded via an
external force F that corresponds to a static air gap height h and air
consumption G=G;=G2=Gs. In a conventional commercial pad, an
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b: Aerostatic pad geometry.

Fig. 1. a: Prototype of air pad compensated by a differential diaphragm valve. b: Aerostatic pad geometry.
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Fig. 2. Geometry of the air pad feeding system.

a: Photo of the diaphragm valve.
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b: Scheme of the diaphragm valve.

Fig. 3. The custom-built differential diaphragm valve.
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Fig. 4. Working principle of the system.

external load increase (decrease) would generate a reduction (increase)
of the air gap height h —Ah and in turn a reduction (increase) of the air
mass flow rate exhausted from it G3 —AG3 (G3 + AGs). Conversely, the
proposed prototype makes it possible to compensate for load variations
by restoring the initial air gap height h, i.e., the system exhibits quasi-
static infinite stiffness. In this case, the load increase AF generates an

increase (decrease) of the mean air gap pressure Py and in turn an in-
crease (decrease) of the feedback pressure Pp. Subsequently, the feed-
back pressure variation produces a downward motion of the shutter thus
increasing (decreasing) its distance from the fixed nozzle of Ax. The
increment (reduction) of the shutter-nozzle distance increases (de-
creases) the conductance of the air pad feeding system thus increasing
the inflow into the air gap AG, till the mean pressure P, reaches a
suitable value to restore the initial air gap height h.

2.2. The adopted test bench

Fig. 5 shows a photo (Fig. 5a) and a scheme (Fig. 5b) of test bench
adopted in this study.

The mechanical structure of the test bench consists of a loading chain
that can impose static or dynamic force upon the pad under test. Starting
from the upper part, the loading chain consists of a shaker, a stinger, a
pneumatic cylinder, a load cell and a spherical loading tip. The shaker
and the stinger make it possible to superimpose dynamical forces to the
static ones generates by the pneumatic cylinder. The load cell is inter-
posed between the pneumatic cylinder and the loading tip to measure
the force applied to the pad. The air gap height of the pad is indirectly
measured from the pad displacement. The motion of the pad is measured
by four capacitive sensors that are fixed on a sensor carrier at the corners
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Fig. 5. test bench photo and scheme.

of a 35 x 20 mm? rectangle that is centred with respect to the pad. The
test bench also presents two feeding lines. The first one (in the upper
part of Fig. 5b) makes it possible to vary the static force applied upon the
pad by charging or discharging the chamber inside the loading cylinder.
It consists of a pressure source (1), Filter Reducer Lubricator (FRL)
system (2), two variable resistances (3 and 7), a 2/2-ways valve (4), a 3/
2-ways valve (5) and a manometer (6). Here, the FRL system guarantees
the absence of contaminants, e.g., dust and oil particles in the supplied
air. When the pneumatic valves 4 and 5 are manually switched, the
pressure inside the chamber of the cylinder increases and its time rate
can be defined acting on the variable resistance (3). Conversely, the
pressure inside the cylinder can be reduced when the feeding line is in
the configuration indicated in Fig. 5b. The second feeding line (in lower
part of Fig. 5b) supplies compressed air to the pad prototype and consists
of a pressure source (8), a FRL system (9), two 3/2-ways pneumatic
valves (10 and 13), an air tank (11), a digital flowmeter (12) and a
manometer (14). Here, switching the pneumatic valve (10) makes it

possible to fill the supply tank (11). The presence of this supply tank is
used to stabilize the pressure upstream of the pad. The pneumatic valve
(13) makes it possible to connect the feeding tank with the pad under
test. The flowmeter (12) and the manometer (14) are used to measure
the air consumption and the supply pressure of the pad.

2.3. Experimental Procedure

The performance and the functioning of the proposed prototype were
verified by means of static tests performed through the test bench
described in Section 2.2. The load capacity and air consumption curve of
the protype were obtained by performing the following experimental
procedure:

1. The pad under investigation was located on the test rig.
2. Aninitial preload was applied on the pad by varying the length of the
loading tip.
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3. Valves 10 and 13 were switched to provide supply air to the pad
under test.

4. Once the variable resistances 3 and 7 were suitably set, valves 5 and
4 were switched to gradually increase the static load applied on the
pad.

5. Once the maximum value of external force was reached, valve 4 was
switched to keep the external force constant.

6. Valves 13 and 5 were switched to cut off the air supplied to the pad
and to reduce the pressure within the pneumatic cylinder, i.e., the
external load.

7. The test continued until the external force reached the value of the
initial preload.

8. End of the test

It should be noted that the time rate of the force applied on the pad
has to be sufficiently small, given that this is a static characterization
procedure. Fig. 6 shows an example of the curves that were obtained by
recording the data related to the load cell, the capacitive sensors and the
flowmeter between the step 4 and 6 of the described procedure.

Figs. 6a and 6b shows the load capacity and the air consumption
curve before the process of data elaboration. These graphs are supple-
mented with numbers related to the adopted procedure. The four
capacitive sensors (x;, X2, X3, X4) make it possible to measure the pad
displacement and assess the presence of tilting motion that may be
caused by incorrect positioning or malfunctions. Once the test is suc-
cessfully completed, the mean displacement of the pad is computed from
the capacitive sensors and the air gap height is obtained from the rough
load capacity curve by subtracting the curve Section 7 from the curve
Section 4.

3. Lumped parameter models

The proposed compensated pad was modelled through lumped
parameter models consisting of pneumatic resistances and capacitances.
The present section describes two version of the lumped parameter
model of the system: a complete and a simplified version. The simplified
model considers solely the dynamic equations related to air gap and the
pad (see Egs. 8, 9 and 10). The complete model also considers the dy-
namics of the shutter and the volume of the feedback chamber (see Eqgs.
2, 8,9, 10 and 11). The models were implemented in Matlab and their
dynamic equations were discretised by the finite difference method and
integrated using the Forward Euler scheme. The structure of the models
resembles those described in [39,40]. Figs. 4, 7, and 8 can be useful to
better interpret the physics related to the model and the implemented
prototype. The following sections (Sections 3.1, 3.2 and 3.3) provide the
equations of the two lumped parameter models and the structure of the
implemented algorithm.

2000
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Fig. 7. Pneumatic scheme of the complete model.

3.1. Complete model

Fig. 7 shows the pneumatic scheme of the complete model of the
system.

Here, the valve is supplied with pressurised air at the pressure P;. The
air mass flow rate G; passing through the nozzle of the valve is computed
by means of a mathematical formulation similar to that described in ISO
6358 [41,42]:

Gl == KTCs,lPs (l)
293
Ky = - (1a)
0.685
Cyy =1.05(1-03¢7R)  —— 7 x d, (1b)
R, T
Re, = ! 10
zud,

where, R; and T are the specific heat ratio and temperature of the
supplied air, b, is the theoretical critical pressure ratio (0.5283), P; is the
absolute pressure inside the body of the pad, C;; and d, are the

20

) ANR

Q (=

Flow Rate

0 10 20 30 40

50 60
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b: Air consumption

Fig. 6. Curves obtained through the described static experimental procedure.
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Fig. 8. Free body diagram of the shutter.

conductance and diameter of the valve nozzle and Re; is the Reynolds
number related to the air mass flow rate G;. x is the distance between the
nozzle and the shutter of the valve and it is computed on through the
equilibrium equation of the shutter (Eq. 2).

2 2
Mg X+ Cpud + kppx = M (P, — Pry) 2)

Where,x, x, X, ro = do/2 and my, are the displacement, velocity, ac-
celeration, radius and mass of the shutter, while xj is its initial distance
from the nozzle. c, and k,, are the damping and stiffness coefficients
related to the rubber membrane. dy; = 2ry and d,, = 2r,, are the diam-
eter of chambers 1-4 and 2-3. The mass of the shutter my was taken
equal to the real mass (2.35 g), whereas the equivalent stiffness k,, and
damping c,, of the membrane were numerically identified depending on
the operating condition imposed during the experiments. Eq. 2 can be
easily obtained from the scheme reported in Fig. 8.

The air mass flow rate G; supplies the volume of the pad chamber V;
whose absolute pressure is indicated as P;. Before reaching the air gap
volume Vj, compressed air passes through the supply orifices of the pad.
It is worth pointing out that the volume downstream of the supply holes
V, is the sum of the air gap Vy = Ibh and the grooves volumes V,
= 2wgh,(I+b) (see Eq. 10a). This air flow is indicated as G, and is
computed through Eq. 3.

3)

Cy» = 1.05(1 — 0.3¢ 000Re) 0085 (x dy htwe hy) (3a)
R, T

Re, — Gy (3b)

nud,
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Where C;, and Re; are the conductance and the Reynolds number
related to the air mass flow rate G,. P, is the absolute pressure down-
stream of the supply holes of the pad and it is related to the mean air gap
pressure through a semi-empirical formulation (Eq. 4).

b
P0_|:1—af(lm>:| (Pz—Pa)JrPa (4)

Where, P, is the ambient pressure, h,, is the value of the air gap
height expressed in ym, a;= 0.02 and by=5 pm are experimental co-
efficients that depends on the type of air pad that is considered. Once in
the clearance, the flow air divided in two sub-flows Gg and Gs. The first
one (Gp) travels towards the volume Vj, of the chamber 2 of the valve
(whose pressure is designated by Pg), while the second one (Gs) is
exhausted into atmosphere. The expression of the feedback flow Gy, is
similar to those of G; and G, (see Eq. 5).

Gp = K1CspPo 5)
0.685

Cip = 1.05(1 —0.3¢ 0%%Rer) x dy h (5a)
R, T

Rey, — 20 (5b)

" mudy

Where C;z and Reg, are the conductance and the Reynolds number
related to the air mass flow rate Gy, passing through the pressure intake.
G; is computed as the sum of the outflows from the edges of the pad
along x and y directions (see Eq. 6).

_ (PPl

b l

B((Py—P2) b
O =T L—1 (62)
_B(P-P)

Y 12uR,T B-b (5b)

The force produced by the fluid pressure is computed by considering
a constant pressure distribution within the surface enclosed by the
grooves (of dimensions [ and b) and a linear one outside this region (see
Fig. 4). By summing up the contributions in these two regions it is
possible to obtain the expression of Eq. 7.

Py — P, Lb+IB
(Bo—Po) )lb+LB+7( + 1)

Fr=""3 2

)
The equilibrium position of the system is computed considering the
force balance equation of Eq. 8.

Mh = F oy —F, (®)

Where, F,, is the external force applied to the pad and M is the
moving mass supported by the pad. The other state equations of the
model are related to the continuity equation applied to the pad chamber
(Eq. 9), the feedback chamber (Eq. 10) and the air gap volume V, (Eq.
11).

Vi dp,

G —4G, = —— 9

146 = ©)
Vo dPy  Pylb dh

4G =Gy =Cp = pr 0 Y RT an

Vy = Vo+V, = Ibh+2wh,(I+b) (10 a)
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Vi dPp  ApPy dx
Ve dx 11

» T RT dt ' RT dt an

Ap :%[d,@fdiero(dedm)} (11a)

Vip = Vi, +Apx (11b)

Where, Ay, is an equivalent area that corresponds to the variation of
the volume V4 when the shutter moves downwards or upwards. Vg, is
the volume of the feedback chamber when the rubber membranes sus-
pending the shutter are undeformed.

3.2. Simplified model

Fig. 9 shows the pneumatic scheme of the simplified model.

Unlike the complete model, the simplified model presents only three
state equations: the force balance equation of the pad (8), the continuity
equation applied to its internal chamber (9) and air gap volume (10).
This choice was made since it significantly reduces the time-cost of
numerical simulations and it is reasonable to assume that the dynamics
of the shutter and feedback chamber filling should not have much in-
fluence on the static characteristics of the system. In view of this, the
main goal of using a simplified model is to compare its accuracy and
time-cost with respect to the complete model.

3.3. Numerical algorithm

The lumped model of the system is implemented in Matlab using the
finite difference method and integrating the state equation through the
forward Euler scheme. Due to their nonlinear nature, the state equations
are solved simulating the system behaviour over the time assuming a
time step (At) of 1077 and 5 10~® s for the complete and simplified
model respectively. Since the compensating action of the valve renders
the load capacity F, and the air mass flow rate G non-injective functions
of the air gap height h (there are more than one load capacities and air
mass flow rates for the same air gap height value), the equilibrium of the
system must be computed using the external force Fy as input for the
model [38]. However, both the numerical models require as input
suitable initial conditions (Py,, Po,, Pp,, ho, ho, Xo,, Xo for the complete
model and Py, Py, ho, hyo for the simplified one) to efficiently solve this
initial value problem. These initial values of the complete model were
computed by imposing an initial and constant (fp=0) air gap height hy
and solving Egs. 2, 9, 10 and 11 for xo,, X0, P1y, Poy> P, -

Fig. 9. Pneumatic scheme of the simplified model.
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The same procedure was used for the simplified model. At this point,
the values of the state variable at the equilibrium were computed
imposing the external force F,,; and iteratively solving the equation till
the converge is reached. The convergence of the algorithm was evalu-
ated considering the following conditions:

hr+1_hr
T S
t+1 t
F—F,
TS
P

where, ht and Flt7 air the air gap height and the load capacity of the gap

compute at t iteration. e, and &r are the selected tolerance that was
chosen equal to 1077,

4. Results and discussions

The obtained experimental and numerical results were obtained
under different values of the supply (P;) and reference (Py;) pressures to
investigate the prototype performances. The values of the supply pres-
sure P; were 0.4, 0.5 and 0.6 absolute MPa, while 0,1, 0.2, 0.225, 0.25,
0.275 absolute MPa were chosen as reference pressure values. This
section discusses and compares experimental and numerical results. The
first part (Section 4.1) shows the experimental results by explaining the
connections between the shapes of the experimental curves and the
working principle of the system. The aim of the second part (Section 4.2)
is to compare experimental and numerical results to validate the model.
The last part (Section 4.3) compares the results obtained from the
complete and simplified models to evaluate their pros and cons.

4.1. Experimental results

4.1.1. Supply pressure effect

Figs. 10, 11, 12 and 13 show results from the experimental static
characterisation of the proposed prototypes. The results reported in
Figs. 10 and 11 are related to the load capacity and the air consumption
of the pad in the presence of a constant reference pressure Pyr= 0.1
absolute MPa and different supply pressures Ps= 0.4, 0.5, 0.6 absolute
MPa.

In this case, the system exhibits static curves that are similar to those
obtained in the absence of the differential diaphragm valve, i.e., the
system does not compensate for load variations. In fact, it can be seen
that the load capacity and air consumption curves are characterised by
nonlinear trends that are almost proportional with respect to the supply
pressure P;. When the air gap reduces the load capacity increases due to
the increase of the mean air gap pressure, while the air consumption
reduces since the air gap conductance reduces too.

Conversely, as the reference pressure P increases, the contribution
of the regulating action of the valve becomes more evident. This can be
seen in Figs. 12 and 13. Here, where the reference pressure was Pyy= 0.2
absolute MPa, the regulating action of the valve is relevant and modifies
the trends of the static curves. Here, it is possible to distinguish three
different behaviours that can be explained on the basis of the working
principle described through Fig. 4 in Section 2.1. Starting from higher
air gap heights, a by-pass, a regulation and a saturation zone can be
identified. The by-pass region extends up to point A;. The subscripts 4, 5
and 6 are related to the values of the supply pressure imposed during the
tests and expressed in bar. Here, the valve behaves like a linear pneu-
matic resistance, since the value of the feedback pressure Py, (see Fig. 4)
is not sufficient to create a well-defined gap between the nozzle and the
shutter. Consequently, the air consumption of the system is due to small
air leakages occurring because the shutter cannot perform of a perfect
closure of the valve nozzle. When the external load increases, the nozzle-
shutter distance increases because of the higher feedback pressure
Ppand the valve starts regulating (after point A;). During the regulation,
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Fig. 10. Experimental load capacity at P, = 0.1 absolute MPa and different supply pressures Ps= 0.4, 0.5, 0.6 absolute MPa.
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Fig. 11. Experimental air consumption at P, = 0.1 absolute MPa and different supply pressures Ps= 0.4, 0.5, 0.6 absolute MPa.
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Fig. 12. Experimental load capacity at P = 0.2 absolute MPa and different supply pressures Ps= 0.4, 0.5, 0.6 absolute MPa.

the valve compensates for the air gap variation by increasing the air flow operating condition corresponds to the maximum air consumption of the
rate supplied to the pad. The valve regulation ends at point B; when the system (see Fig. 13). In the saturation zone (after point B;), the load and
nozzle saturates because of its excessive distance from the shutter. This air consumption curves exhibit the same trends of Figs. 10 and 11, i.e.
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Fig. 13. Experimental air consumption at P, = 0.2 absolute MPa and different supply pressures Ps= 0.4, 0.5, 0.6 absolute MPa.

those of a convention pad.
Additionally, also in the cases of Figs. 12 and 13, the static curves are
almost proportional to the supply pressure P;.

4.1.2. Reference pressure effect

Figs. 14 and 15 show the experimental results obtained in the pres-
ence of a constant supply pressure P;= 0.4 absolute MPa and different
reference pressures Py= 0.1, 0.2, 0.225, 0.25, 0.275 absolute MPa.
Here, the regulation zones correspond to the part of curve between A;
and B;. it can be seen that the extension of the regulation and saturation
zones gradually reduces as the reference pressure is increased.
Conversely, the portion of the by-pass region increases with the refer-
ence pressure.

During some tests, a poor repeatability was observed. This was
probably caused by the rubber membranes used to guide the shutter
during its linear motion: the motion of the shutter does not follow the
same trajectory every time. This can be seen analysing the trend of the
air consumption curves in the by-pass region (see Figs. 15, 17 and 19).
Here, it is possible to see that, at the same supply pressure, the air
consumption is almost constant, but it is not the same when the refer-
ence pressure is changed. Figures from 16-19 show the experimental
results obtained similar to those shown in Figs. 14 and 15 but in the
presence of supply pressures of 0.5 and 0.6 absolute MPa.
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4.2. Model validation

Figs. 20 and 21 compares the numerical and experimental results
obtained in the presence of a constant supply pressure of 0.4 absolute
MPa and different reference pressures Pr= 0.1, 0.2, 0.225, 0.25, 0.275
absolute MPa.

In particular, the numerical results are obtained through the
simplified version of the implemented lumped parameters model. The
comparisons that are shown in Fig. 20 demonstrate that the model is
quite accurate since the results provided by the model are globally in
good agreement with the experimental ones.

4.3. Numerical comparison

Figs. 22 and 23 compares the load capacity and air consumption
curves obtained at Ps= 0.4 absolute MPa and different reference pres-
sures P;= 0.1, 0.2, 0.225, 0.25, 0.275 absolute MPa through the com-
plete and simplified versions of the proposed lumped parameter model.
As can be seen, these two models provide almost identical results
regarding load capacity and air consumptions.

The implications of this perfect agreement are quite relevant since
the use of the simplified model makes it possible to significantly reduce
the time effort of the numerical simulations. Indeed, the simplified
model solves less equations and exhibits a higher numerical stability.
This makes it possible to use a larger time step (5 107° against 1 1077).
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Vi = 0.2 (MPa) abs.
0,225 (MPa) abs,
i MPa) abs,
i = 0.275 (MPa) abs.

25
()

30

Fig. 14. Experimental load capacity at Ps= 0.4 absolute MPa and different reference pressures P;= 0.1, 0.2, 0.225, 0.25, 0.275 absolute MPa.
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Fig. 15. Experimental air consumption at Ps= 0.4 absolute MPa and different reference pressures P= 0.1, 0.2, 0.225, 0.25, 0.275 absolute MPa.
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Fig. 16. Experimental load capacity at Ps= 0.5 absolute MPa and different reference pressures P,;= 0.1, 0.2, 0.225, 0.25, 0.275 absolute MPa.
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Fig. 17. Experimental air consumption at Ps= 0.5 absolute MPa and different reference pressures P= 0.1, 0.2, 0.225, 0.25, 0.275 absolute MPa.

Table 1 compares the simulation time of three different simulations.
The static curves obtained in these simulations were computed
starting from an initial air gap of 4 um corresponding to maximum load

10

capacity and reducing step by step the external force applied upon the
pad of 30 N for each equilibrium point till reaching a minimum load
capacity of 150 N.
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Fig. 18. Experimental load capacity at Ps= 0.6 absolute MPa and different reference pressures P,s= 0.1, 0.2, 0.225, 0.25, 0.275 absolute MPa.
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Fig. 19. Experimental air consumption at Ps= 0.5 absolute MPa and different reference pressures P,s= 0.1, 0.2, 0.225, 0.25, 0.275 absolute MPa.
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Fig. 20. Comparison between the experimental and numerical load capacity curves obtained at Ps= 0.4 absolute MPa and different reference pressures P.s= 0.1, 0.2,
0.225, 0.25, 0.275 absolute MPa.
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Fig. 21. Comparison between the experimental and numerical air consumption curves obtained at Ps= 0.4 absolute MPa and different reference pressures P;;= 0.1,

0.2, 0.225, 0.25, 0.275 absolute MPa.
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Fig. 22. Comparison between the experimental and numerical load capacity curves obtained through the

complete and simplified lumped parameter models at

Ps= 0.4 absolute MPa and different reference pressures Py= 0.1, 0.2, 0.225, 0.25, 0.275 absolute MPa.
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Fig. 23. Comparison between the numerical air consumption curves obtained through the complete and simplified lumped parameter models at Ps= 0.4 absolute

MPa and different reference pressures P;r= 0.1, 0.2, 0.225, 0.25, 0.275 absolute MPa.
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Table 1
Comparison between the simulation time of the complete and simplified model.
Test Complete Model Simplified Model
Simulation time (s) Simulation time (s)
P;= 0.4 MPa, 85.12 1.109
Pys=0.275 MPa
P;= 0.5 MPa, 103.0 3.233
Py=0.275 MPa
P;= 0.6 MPa, 159.4 3.286

P,= 0.275 MPa

In view of this, the static curves computed with higher supply pres-
sures presents more equilibrium points and thus a higher computational
time. Comparing the computational effort of the model it is possible to
see that the simplified version is about fifty time faster than the complete
one.

5. Conclusions

This paper presented a novel prototypes of passively compensated air
pad. The system consists in the integration of a conventional pad and a
differential diaphragm valve. This kind of valve was designed in an
attempt to increase the accuracy of the valve regulation. The main dif-
ferences with respect to previous solutions are that the valves present
four chambers and the inflow provided to the pad depends on the
relative position between a fixed nozzle and a moving shutter. The
motion of the shutter is defined by the values of a feedback pressure
taken from the air gap, whereas its initial position is defined by a
reference pressure that can be suitably chosen by external users. The
functioning and performance of the proposed prototype were verified by
means of a suitable experimental set-up. The load capacity and air
consumption curves of the system were measured in the presence of
different supply (P;=0.4, 0.5, 0.6 absolute MPa) and reference pressures
(Pr#=0.1, 0.2, 0.225, 0.25, 0.275 absolute MPa). Experimental results
confirm the effectiveness of the proposed compensation solution
demonstrating that the system exhibits quasi static infinite stiffness over
a small portion of its static characteristics. Despite the higher complexity
of the valve structure, the accuracy of regulation is comparable to that of
previous solutions [38]. Moreover, as in the previous solutions, the
stiffness of the system can be optimized only through a suitable design
procedure [37] that makes it possible to compute the optimal parame-
ters of the valve, i.e., reference pressure, membrane stiffness and nozzle
diameter. Indeed, in this case, due to the absence of such procedure, the
prototype exhibit overcompensation, i.e., the valve provides the pad
with an air flow higher than that required to keep constant the air gap
height when the applied force is increased.

The system was modelled through two lumped parameter models
consisting in a series of pneumatic resistances and capacitances. These
two models are characterised by a different level of complexity to
compare their computational costs and they were implemented in
Matlab, discretized by the finite difference method according to forward
Euler integration scheme. The experimental results closely aligned with
the numerical simulations, particularly in terms of load capacity. The
comparison between the complete and simplified version of the model
demonstrates that the models provided almost the same static curves. By
contrast, the simulation time of the simplified version of the model is
about fifty times less than that of the complete version. These results
suggest that the proposed method holds promise as an efficient and cost-
effective approach for improving the static performance of aerostatic
pads.
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