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Abstract Active compensation is an effective method for increasing air bearing static and dynamic performance. This paper describes the design, modelling and experimental validation of an actively compensated externally pressurized gas bearing. The active compensation is obtained through the support
compensation strategy. With this strategy, the system’s initial working position is restored by compensating for air gap variations through adjustments
to the bearing vertical dimension. The described bearing consists in a conventional thrust bearing which is integrated with a multilayer piezoelectric
actuator, a compliant mechanism and a digital controller. Nevertheless the
non-linear nature of the air system, a simple linear model results to be an
effective choice for neighbour of equilibrium conditions. Results demonstrate
the good accuracy of the model and the system’s good capacity of rejecting
external force disturbances.
Keywords air bearings · active compensation · compliant mechanism
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[m] Air pad width
Controller transfer function
[Ns/m] Air gap damping coefficient
[Pa] Young’s Modulus
[N] Load applied on the ATB
[N] PZT preloading force
[N] Piezo actuator blocking force
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[N] Load applied on PZT
[N] PZT generated force
[µm/N] Air pad passive transfer function
[µm/V] Air pad passive active function
[m/s2 ] Gravitational acceleration
[m] Air gap height
[m] Controlled (or working) height
[-] Piezo amplifier static gain
[-] Bending concentration factor
[N/m] Air gap stiffness
[N/m] Load stiffness
[N/m] Piezo actuator axial stiffness
[m] Maximum bearing pad length
[m] PZT stroke
[kg] Supported mass
[kg] Mass of the calibrated weights
[kg] Mass of the movable structure
[Pa] Absolute supply pressure measured in the
air reservoir
[l/min-ANR] Air flow rate
[m] Flexure radius
[m] Flexure hinge thickness
[m] Deformation due to the piezo shrinking/stretching action
[m/s] Deformation velocity due to the piezo
shrinking/stretching action
[V] Control voltage to the piezo actuator
[V] Control voltage to the piezo amplifier
[m] Flexure hinge depth
[-] Closed loop transfer function
[m] Air pad height
[m] Displacement of the i-th point
[m/s] Velocity of the i-th point
[m/s] Acceleration of the i-th point
[rad] Maximum flexure rotation
[rad/s] Excitation frequency
[-] Poisson’s coefficient

Acronyms

AIR
AT B
ECR

Active Inherent Restrictor
Aerostatic Thrust Bearing
Exhaust Control Restrictor
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F EM
LV DT
PI
P RBM
P ZT
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Finite Element Method
Linear Variable Displacement Transducer
Proportional-Integrative controller
Pseudo Rigid Body Model
Piezoelectric actuator

1 Introduction
Aerostatic Thrust Bearings (ATB) are widely used in applications where very
high accuracy is required, i.e., high precision guide-ways, coordinate measuring
machines and machine tools. Their main advantage over the rolling bearings
consists in the absence of contact between their moving and stationary parts.
This distinctive feature allows very precise positioning to be achieved thanks
to the absence of the non linear friction forces which characterizes contact
phenomena. However, this advantage can not be fully exploited because of the
stiffness and dynamic limitations which usually affect pneumatic systems.
These limitations are overcome by using compensation methods. There are two
main kinds of compensation [25]: passive and active. In passive compensation,
performance improvements are achieved without adding energy other than
that resulting from the bearing supply air and using only passive devices. In
active compensation, external actuators are used to improve the features of
gas bearings. The main goal of active compensation methods is to control the
dynamic stiffness of the ATB in order to:
– Compensate for form errors of slider bearings, i.e. the tracking problem, or
– Reduce the effect of external disturbances on the ATB, i.e. the set-point
problem [6].
In the current state of the art, passive compensated bearings provide limited
performance. Indeed, they have low bandwidths (about 5 Hz) and may achieve
infinite stiffness only over about 20% of the load range [26]. By contrast, active
compensated solutions, thanks to the integration of servo-control systems, exhibit higher dynamics and may have a quasi-static infinite stiffness. There are
many examples in the literature of active compensation solutions where gas
bearings with high static and dynamic performance do not suffer from ”pneumatic hammer”. This vibrational phenomenon is due to air compressibility
and the consequent delay between changes in bearing clearance and pressure
variations in it [27].
For example, Mizumoto et al. [21], [19], [20], presented two different kinds
of active restrictors using piezoelectric actuators (PZTs). The first is the so
called Active Inherent Restrictor (AIR) [21], [19] , which consists of a PZT
with a through hole. When AIRs are embedded in air bearings, they work as
movable nozzles, making it possible to achieve air gap pressure variations without modifying the supply pressure. In this way, different pressure distributions
can be obtained for the same air gap height.
The second restrictor is the Exhaust Controlled Restrictor (ECR) [20].
It consists of a piezoelectric actuator supplied by an amplifier, preloaded by
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an adjustable screw and controlled by a microcomputer on the basis of the
current air gap. The ECR compensates for load variations by modifying the
discharge coefficient of the bearing exhaust channel. When the load on the
bearing increases, the restriction gap is decreased by the piezoelectric actuator,
and the pressure on the bearing surface can be increased without decreasing
the air film thickness.
Al-Bender et al. [4], [5], [2], [3] presented an active compensated bearing
which takes advantage of conicity, supply pressure and hybrid compensation
techniques. This prototype consists of a thin plate, with a central air feed
hole, which is clamped centrally onto a cylindrical column that connects to
the back of the bearing. The deflection of the plates is controlled by three circumferentially and symmetrically placed stack piezoelectric actuators. When
the actuators extend, the active bearing surface deforms to a concave shape
(conicity control). The induced deflection produces a variation in the air gap
pressure distribution and therefore a variation in the bearing force.
Matsumoto et al. [18], [7] introduced a different kind of compensation, named
[4] support compensation. This active compensation strategy was adopted to
support high precision straight-motion systems. Here, conventional air pads
are integrated with piezoelectric stack actuators and controllers in closed loop
configuration in order to compensate for their positioning error when straightmotion systems are running. Conventional approaches to design aerostatic
thrust bearings are based on their static characteristics [8], [10], [11]. However, the prediction of their dynamic features is fundamental to obtain high
precision bearings since they are frequently subjected to dynamic load variations. For this reason, analytical and numerical approaches [9] are used to
predict the dynamic behaviour of air bearings. At this stage, the identification
of the dynamic coefficients of the air gap is crucial for an optimal design. This
paper describes the design of an active aerostatic thrust bearing and shows
how it can physically modelled. The presented bearing is actively controlled
through a support compensation strategy. It consists in the integration of a
conventional air pad, a multilayer piezoelectric actuator and a compliant mechanism. The first part of the paper presents the system modelling together with
the prototype design. In the second part, the experimental setup and the tests
for the model validation are deeply described.

2 The active compensated ATB design
The active ATB prototype presented in this paper has a compensation strategy
based on adjusting the ATB vertical dimension in order to restore the initial
working height (which will be also referred to as controlled height). Figures
1(a) and 1(b) show respectively a sketch and a picture of the proposed active
ATB. It consists of a conventional aerostatic thrust bearing 1 (designed by
MAGER R ), a multilayer stack piezo actuator 2 (PI R P-888.31 PICMA Multilayer Piezo-actuator), a compliance mechanism 3 and two connection elements
4. The active compensation system exploits shrinking/stretching action of a

Title Suppressed Due to Excessive Length

(a) Schematic view of the active ATB and
its elements: conventional MAGER R ATB (1),
PI R P-888.31 multilayer stack piezo actuator
(2), compliant cross bar (3) and two supporting elements (4).
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(b) Photograph of the ATB prototype.

Fig. 1 The proposed actively controlled ATB.

stack piezoelectric actuator embedded into the system; this action is assisted
by compliance mechanism 3. The actuator allows the vertical dimension of the
ATB to be adjusted on the basis of the driving voltage applied at its terminals.
A diagram of the proposed ATB’s operating principle is shown in Figure 2,
where h and Z are air gap height and ATB vertical dimension respectively,
while H is the ATB controlled height (H = h + Z). The external load is
designated by F .

Fig. 2 Active ATB operating principle.

When the force F increases (decreases) by dF , with a constant supply
pressure Ps , H also decreases (increases) by dH as a result of the air gap reduction and structural deformations. The initial value of the controlled height
H is restored through the PZT stretching/shrinking action which depends on
the driving voltage applied at its terminals. Figure 3 and 4 show the physical
model and the mechanical and real configuration of the test bench.
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(a) Mechanical Configuration.

(b) Physical model.
Fig. 3 The air system’s model and mechanical configuration.

The mechanical configuration of the system shows the position of displacement capacitive sensors, load cells and the test bench structure ( described
in depth in Section 3.2). Figure3(b) shows the model of the system with its
global (zP , zG and zM ) and relative (upzt ) physical coordinates of points P ,
G and M . Global coordinates refer to points P , G and M with respect to
the stationary part of the test bench and are oriented along axis z. Variations
of the position of points G and M are measured through two displacement
capacitive sensors, which are sustained by means of micrometer supports. The
first one is positioned on the top of the mass M . The second one is positioned
on a small plate which is fixed on the compliant mechanism and sticks out
from it (see Figure 4(b)). The choice of using two displacement sensors could
appear redundant, but it is necessary in order to verify that the displacements
of points G and M are consistent. The piezo actuator stroke variation upzt
can be expressed as a function of the global coordinates zG and zP and allows
the mass position to be modified. The actuator stroke variation depends on

Title Suppressed Due to Excessive Length
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(a) Set up of the dynamic test bench: global view. (b) Set up of the dynamic test bench:
nearest the pad.
Fig. 4 The air system’s model and mechanical configuration.

the voltage supplied at its terminals Vpzt and on the piezoelectric properties of
the actuator material. F is the external force measured by means of three load
cells, which are symmetrically and circumferentially bolted between the air
pad counter surface and the stationary part. The mass supported by the pad
is designated by m and it is the sum of masses mw (calibrated weights) and
ms (movable structure). Conversely, the air pad is treated as a massless body
since the led to a small approximation error (less than 1 %). The air gap is
characterized by stiffness and damping coefficients which are designated by ka
and ca respectively. As evidenced by Figure 3(b), the system is modelled with
one degree of freedom, as only vertical displacements are feasible. In fact, two
cylindrical guides, integrated with air bushings, are used for guiding vertically
the system. The system’s governing equations can be obtained by considering
the mass, piezo actuator and air pad equilibrium equations:


mz¨G + fa = F (t)
(1)
fa = ca z˙P + ka zP


zP = zG − ua
From which it is possible to obtain one global governing equation:
mz¨G + ca z˙G + ka zG = F (t) + ca u˙a + ka ua

(2)

Considering the Laplace transform of equation 2:
ZG (s)[ms2 + ca s + ka ] = F (s) + Ua [ca s + ka ]

(3)

this is a MISO (Multiple Input Single Output) system, characterized by two
transfer functions G1 (s) and G2 (s) (see Figure 5).
G1 (s) =

KN/µm
ZG (s)
=
2
F (s)
ms + ca s + ka

(4)
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G2 (s) =

KV /µm (ca s + ka )
ZG (s)
=
Vpzt (s)
(M s2 + ca s + ka )

(5)

where,
The first one corresponds to the passive pad transfer function and it is
given by the ratio between the vertical displacement ZG (s) and the external
applied force F (s). The second one represents the active part of the system and
it is given by the ratio between the vertical displacement ZG (s) and the preamplified system control voltage Vs (s). KN/µm and KV /µm are the static gains
of the transfer functions G1 (s) and G2 (s) respectively. It is worth outlining
that due to the non-linear nature of the air gap features, the presented physical
model is feasible only in neighbourhoods of an equilibrium condition and that
coefficients ka and ca depend on the supply pressure Ps , the air gap height h
and the excitation frequency ω . Figure 5 shows the system’s block diagram

Fig. 5 The closed loop servo system block diagram.

where the adopted controller C(s) receives as input the difference between the
reference signal ZG,Ref. (s) and the feedback position ZG (s) and produces as
output the control voltage to the amplifier Vs (s). Subsequently, the amplifier
proportionally amplifies the control signal Vs (s) of KAmp. and send it to the
piezo actuator.
2.1 The Conventional Aerostatic Thrust Bearing
The conventional ATB integrated in the active compensation system is an
HPR unit designed by MAGER R (see Figure 6). As can be seen from Figure
6(a), the dimensions of the rectangular body are b=30 mm and L=60 mm. The
bearing active surface features two ”C” grooves and two supply restrictors with
a diameter of 0.18 mm. Figure 6(b) shows a magnified view of the supply holes.
As stated in section 1, these parameters are necessary in order to numerically
evaluate static features and discharge coefficients [8], [10], [11].

Title Suppressed Due to Excessive Length

(a) MAGER R HPR series conventional ATB.
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(b) Magnified view of ATB exhaust holes and
C groove.

Fig. 6 MAGER R ATB.

2.2 The Piezoelectric Actuator
The piezoelectric actuator encased in the actively controlled ATB is a P-888.31
PICMA Multilayer Piezo Actuator by Physic Instrumente R (P.I.)
This kind of actuators [22] employs the piezoelectric effect which allows mechanical strain/stress to be induced in the actuator as a result of the imposed
driving voltage at its terminal [1]. However, hysteresis and the relatively small
strokes (free strain of about 0.1-0.2%) are main issues affecting this kind of
actuators. The hysteresis effect depends on the properties of the piezoelectric
material [1] and can be compensated with different techniques [13]. Maximum
PZT stroke, on the other hand, can be significantly increased by means of
several types of amplification methods [22]. In our case, stroke amplification
is achieved by using a multilayer stack piezo actuator (internally leveraged
stroke amplification).
The relationship between the PZT supply voltage Vpzt and its stroke was evaluated experimentally (see Figure 7). The PZT’s free characteristic behaviour
relationship was investigated through a test where the actuator was placed in
a vertical frictionless prismatic guide (see Figure 7(a)) and input voltage was
cycled from 0 to 120 V.
The PZT stroke ∆L was measured through a LVDT dial gauge (MAHR
1318), positioned on the spherical upper surfaces of the actuator. It is worth
noting that, in this instance, dial gauge sensors are more suitable than non
contact sensors because of the small and non planar geometry of the actuator
surface. The PZT’s maximum stroke and hysteresis were evaluated both in
the free and encased conditions (see Figure 7(b)). As it is possible to see,
in encased conditions the PZT’s stroke is reduced with respect to the free
condition, depending on the pre-load. Figures 8 show generic piezo actuator’s
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(a) PZT static characterization test setup (T: stroke
transducer).
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(b) PZT elongation versus driving voltage.

Fig. 7 Piezoelectric actuator characterization setup and results.

characteristic curves. These curves show the trend of the actuator’s stroke as
a function of the respective generated pulling force. As it is evident, increases
of the generated force are always coupled with reductions in displacement up
to the maximum force (blocking force F0 ), when the actuator stroke drops to
zero. Different kinds of external load can be applied to piezo actuators and
they result in different graphical representations. For the purpose of this paper,
it is worth considering cases where the external load are applied by means of
masses, springs or both. When a static load is applied to the actuator (see
Figure 8(a)), in presence of a constant supply voltage, the actuator reduces its
stroke of ∆Lmass on the basis of its stiffness (see Equation 6) and its curve
shifts along the negative direction of the stroke axis ∆Lmass .
∆Lmass =

mg
kpzt

(6)

where m is the value of the mass applied to the actuator and g is the gravitational acceleration. On the other hand, in instances where spring loads
are applied onto the actuator, the stroke reduction is higher as stiffer is the
adopted loading spring. Moreover, it is necessary to distinguish two different
cases on the basis of the stiffness of the adopted spring. When large strokes
are requested, springs less stiff than the actuator are to be adopted and the
resulting maximum stroke can be computed as:
 k

pzt
∆L ' ∆L0
(7)
kpzt + kl
Figure 8(b) shows the working curve of the actuator/spring system, which
slope Fef f /∆L, after the application of the compliant constraints, corresponds
to the stiffness kl . Conversely, when large forces are to be generated, the load
stiffness kl must be greater than that of the actuator kpzt [28]. Considering

Title Suppressed Due to Excessive Length

(a) Load case with constant load: working
graph with working curve.
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(b) Load case with spring preload: working
graph with working curve.

Fig. 8 Load case with spring and constant loads : working graph with working curve.

the piezo actuator’s static features (kpzt = 267 N/µm, F0 =3500 N and ∆Lmax
= 13 ± 20 % µm) and considering that the adopted compliant mechanism has
an output loading stiffness of kl = 5 N/µm, (Equation 7), the integration of
the designed structure led to a stroke reduction of about 0.3 µm.
2.3 Compliant Crossbeam with Flexure hinges
A sketch of the compliant crossbar as designed and manufactured is shown in
Figure 9(a). The structure is composed by four identical right circular flexure hinges (with a 1.00 mm minimum thickness and a 1.50 mm radius) and
five beams with a rectangular cross section of 16.00 mm base and 10.00 mm
height. Flexure hinges are compliant elastic rotational elements which work as

(a) Sketch of the compliant crossbar.

(b) Right circular flexure hinges’ geometry.

Fig. 9 Crossbar with flexure hinges.

a combination of an ideal hinge, coupling with several torsional springs [23].

12

Federico Colombo et al.

Because of their ease of integration and almost zero internal friction, these elements are widely used in nano and micro positioning engineering applications.
Using flexure hinges requires a very precise design in order to obtain compliant mechanism with the desired stiffness. Flexure design is usually performed
through analytical formulas [23] or Pseudo Rigid Body Models (PRBM) [12]
and verified by means of FEM [15] or experimental tests.
Literature demonstrates that, after the definition of the desired mechanism’s
field of motion, several semi-empirical and analytical formulas can be adopted
to preliminary design mechanisms. Each of these approaches is characterized
by different levels of accuracy on the basis of the flexure geometry and the
seek maximum displacements. The ratio between the minimum thickness t to
the radius r of the flexure is a fundamental parameter for the choice of the
most suitable formula. Yong et al. [29] provided an interesting study on the
accuracy of different analytical formulations based on t/r ratio. This study was
numerically (FEM) and experimentally carried out for right circular flexure
hinges with different t/r ratio considering only their planar compliance coefficients. Lobontiu et al. presented [14], [17], [16] other analytical formulations
for flexure hinges with different geometries.
The compliant mechanism described herein was designed firstly performing
a kinematic analysis of the mechanism to opportunely define the rigid body
motion of the compliant system and to perform a preliminary design of the
flexure hinges geometrical parameters r and t. This preliminary design was
performed on the basis of the maximum stroke of the piezo actuator, the selected flexure’s radius and the yield stress of its material through the following
iterative formula:
6Kt,b
θz,max
·
− t2 = 0
(8)
Cθz ,Mz (t) wσadm


6Kt,b
1
·
(Fy · l + Mz )
(9)
σz,max =
wt
t

Cθz ,Mz (t) =

θz
24r
2
2
(t) =
3 [t(4r + t)(6r + 4rt + t )+
3
Mz
Ewt (2r + t)(4r + t)
(10)
r
p
4r 
2
6r(2r + t) t(4r + t)]atan
1+
t

where, Mz and Fy are respectively the bending moment, the axial and the
shear force acting on the flexure computed in the minimal section. Kt,b is the
bending stress concentration factor computed by Peterson [24],whereas, w, l,
t and r are the geometrical dimensions of a right circular flexure (see Figure
9(b)), while E is the Young’s modulus of material. Equation 8 stems from the
combination of Equations 9 and 10:
Secondly the value of the flexure geometry were definitively selected by
performing a more accurate numerical static analysis carried out by means
of the general purpose software ANSYS R Mechanical APLD. Concerning the
FEM model, it was constructed with quadratic SHELL63 elements which are
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characterized by bending and membrane capabilities and have six degrees of
freedom for each node. Numerical simulations were performed using a mesh
with a local refinement around the flexure hinges’ center of rotation. A magnified view of the mesh in the higher stress area is shown in Figure 10, where it is
possible to see that, as expected, the system’s critical section is the minimum
one.

Fig. 10 FEM model mesh adjacent to a high stress area (close to a flexure hinge)

The stiffness of the compliant structure was tuned to obtain a good trade
off between the resulting stroke of the piezo actuator and its generated force
(as discussed in section 2.2). Simulations were carried out with a Young’s
modulus E = 210 MPa and a Poisson’s coefficient ν = 0.3. FEM results were
experimentally verified through a compression test, the set-up for which is
shown in figure 11(a).
To experimentally identify the compliant structure’s stiffness , the crossbeam was mounted on the ATB structure without the actuator and an external
load was applied by means of a compression testing machine (see Figure 11(a)).
Force values were measured by means of a load cell integrated in the testing
machine, while the vertical displacements of the middle beam of the compliant
structure were sensed through a LVDT dial gauge (also in this case the dial
gauge was adopted because they result more adapt than non contact sensor
for the particular configuration of this kind of static test) . The ratio of the
input force F to the output vertical displacement ∆L has a mean value of
about 5 N/µm, as can be seen from figure 11(b). Here, the difference between
numerical and experimental stiffness values is less than 5%.
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(a) Compression test setup.

(b) Force-displacement curve from the compression test on the compliant crossbeam.

Fig. 11 Compression test.

3 ATB Validation Tests
Both passive (with the PZT not supplied) and active (with the PZT supplied)
experimental tests were carried out to assess the performance of the active
ATB. Passive tests were conducted to evaluate the main static features of the
bearing (load, stiffness and air consumption as function of the air gap height).
The active static tests were used to quantify the ATB’s capacity to reject
external step disturbance and to track reference paths.

3.1 Passive performance
In the passive tests, load F , air flow rate Q and stiffness K of the ATB were
assessed as functions of the air gap height h. Passive tests were carried out
with a 0.4, 0.5 and 0.6 (absolute) MPa supply pressures. Figure 12 shows
the passive test bench set-up. This test bench consists of a granite table , a
loading system with three supporting columns , a lead screw arrangement ,
a handwheel and a central movable link . Here, the load is applied by manually rotating the wheel and thus imposing different vertical force through
the spherical tip of the movable link . The corresponding air gap height h
and air consumption Q allow ATB’s static features to be identified. A mean
air gap height was computed considering three different points, designated by
T1, T2 and T3, shown in Figure 13. These make it possible to roughly assess
the bearing’s tilt at each working condition. These displacements measurement were carried out by means of three LVDT dial gauges for their small
size and ease of positioning. During the test, a load cell (FUTEK LRF300) ,
mounted between the spherical tip and the movable link , allows the applied
load to be recorded and monitored, whereas, at the same time, the ATB’s air

Title Suppressed Due to Excessive Length
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Fig. 12 Static test bench.

Fig. 13 Positions of the points of interest for the static tests. This view shows the plan
view of the active ATB without mounting the compliant cross beam.

consumption was evaluated by means of a flow-meter, inserted in the feeding
channel upstream the bearing. The bearing’s stiffness curves was numerically
computed differentiating the load curve considering the following definition:
k=−

dF
dH

(11)

3.2 Active performance
A second test bench (see Figure 3(a)) has been adopted to asses the system’s
capacity to compensate external force disturbances. This test bench, conversely
to the previous one, allows for mass and air pad vertical motions. In this
way, controlled height variations can be compensated therefore evaluating the
accuracy of the system positioning. The actively controlled ATB was placed
between its counter surface and a moving part. This moving part consists
of the two vertical columns, each one connected to two horizontal crossbars.
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Relative motion between the moving and stationary parts of the test bench is
possible thanks to the two air bushings. Static loads are applied through several
calibrated weights placed on the upper crossbeam of the movable structure.
The forces applied to the ATB are measured by three circumferentially and
symmetrically placed load cells which are bolted between the air pad counter
surface and the stationary part. This set up was designed to be considered
a single degree of freedom system, as the aerostatic cylindrical guides allow
only vertical translation. The physical model in Figure 3(b) clarifies this set-up
architecture (see also Section 2). Static and dynamic loads are applied onto
the system to evaluate the response and its capacity for rejecting external
force disturbances (Section 3.2.1). Moreover, the system’s frequency response
function was evaluated in open and closed loop configuration (Section 3.2.2
and 3.2.3 ). When the system was set up in open loop configuration, the
system’s bandwidth was evaluated by applying in input to the piezo actuator
voltage sine waves with small amplitude over a angular frequency bandwidth
from 0 to 1000 rad/s . Similarly, the closed loop servo system bandwidth was
investigated on the basis of the system response to several reference sine paths
with small amplitudes imposed as input to the digital controller.
3.2.1 Step Force Response
The step force test was carried out on the dynamic test bench (Figure 3(a)). In
this test configuration a static load of about 190 N was applied on the upper
crossbar of the moving structure by means of calibrated weights. An additional
negative step load of 25 N was applied onto the system by cutting the rope on
which an additional mass is suspended to the moving structure. Under these
conditions, the measured air gap height, the air bearing stiffness and the air
consumption are respectively 6 µm, 35 N/µm and 1.1 l/min ANR, as can be
seen from the system’s static features (see Figures 14, 15 and 16). The applied
force and the controlled height were simultaneously measured with capacitive sensors (8810 Microsense series) and three dynamic load cells (KISTLER
Type 9313AA1), as shown in the scheme of Figure 3(b). Compensations were
achieved through stroke variations of the piezo actuator. This stroke variations
depend on the control voltage supplied at the piezo actuator terminals by the
digital controller. The value of the supplied control voltage is computed from
the controller on the basis of the current position error.
3.2.2 Open Loop Frequency Response
This test was performed to experimentally and theoretically investigate the
FRF G2 (s) (see Figure 5), in which Vpzt (s) is in input and ZG2 (s) in output.
The test was performed in presence of a static load of about 190 N, a supply
pressure of 0.4 MPa (absolute) and a correspondent initial air gap height of
about 6 µm. The system was excited with different step voltage sine waves from
0 to 1000 rad/s. The amplitude of sinusoids was voluntary chose small (Vpzt
= 10 V) in order to study the neighbour of the considered working position.
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3.2.3 Closed Loop Frequency Response
This test was performed to experimentally and theoretically investigate the
FRF WZGRef. /ZG2 :
WWZG

Ref.

/ZG

=
2

C(s) · G2 (s)
1 + C(s) · G2 (s)

(12)

stepped sine waves from 0 to 1000 rad/s were imposed on the system. Also
in this instance, the amplitude of sinusoids was chosen small (Rs = 1 µm) in
order to study the neighbour of the considered working position.

4 Results
4.1 Static Validation Tests
4.1.1 Passive Test Results
Results of the test are shown in Figures 14, 15, 16.

Fig. 14 Passive test results: displacement evaluated on T1, T2 and T3 with 0.4, 0.5 and
0.6 MPa absolute supply pressures.

Here, as expected, the curves show an almost linear proportionality with
the supply pressure. Figure 14 shows the ATB load curves of the air gap
heights at points T1, T2, T3 and its mean at each working condition. By
evaluating the air gap heights at T1, T2 and T3 (see Figure 13) it appears
that the tilt has a maximum value of about 2 µm on the curve at 0.4 MPa for
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Fig. 15 ATB stiffness curve at absolute supply pressures: 0.4, 0.5 and 0.6 MPa.

Fig. 16 Consumption curve at different relative supply pressures: 0.4, 0.5 and 0.6 MPa.

a load of about 250 N, whereas in all other regions it may be negligible. This
test was repeated both increasing and decreasing the static load in sequence.
From the experimental results it did not appear hysteresis phenomena. Figure
15 exhibits the bearing stiffness at different supply pressure (0.4, 0.5 and 0.6
MPa) and it shows that the system is stiffer when the air gap height is around
5 µm. Air consumption curves are shown in Figure 16, where, as expected, the
flow rate Q increases with the air gap height approaching to the maximum
flow rate at the minimum measured load. When the air consumption reach
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its maximum the curve exhibits a plateau which theoretically means that the
sonic flow condition is reached in minimum ATB’s restrictors sections .
4.2 Active Test Results
4.2.1 Step Force Test Results
Figure 17 shows the controlled height ∆H, payload F and system’s control
voltage Vpzt trends before and after the step force application (at 4.4 s). The

(a) Force acting onto air bearing .

(b) Control voltage (amplified) to the actuator.

(c) Air bearing’s controlled height.
Fig. 17 Step force test results.

initial load was about 215 N and a negative step force of about 25 N was applied
to the system (see Figure 17(a)) to test the system’s capacity of rejecting step
force disturbances. In this instance, the system was set up in closed loop
configuration with a PI digital controller, since steady-state errors have to
be compensated for. As it is possible to see from Figure 17(b), the initial
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value of the system’s control voltage Vpzt was deliberately set to 5 V to allow
negative and positive errors to be compensated for. The system’s nominal
control voltage can vary from 0 to 100 V. Figure 17(c) shows the trend of
controlled height variation ∆H before and after the step force step application.
As it possible to see, after the step force application the set point was reached
thus verifying the system’s capacity for rejecting step force disturbances. The
system’s performance is limited due to the maximum control loop frequency
(6283 rad/s) at which the determinism can be preserved.
4.2.2 Open Loop Frequency Response Results
Figure 18 shows in blue solid and dashed lines the experimental and the theoretical system FRFs. In this case (open loop configuration), the transfer function G2 (s) is investigated. With reference to Figure 5, the input is the control
voltage Vpzt and the output is the related vertical displacement ZG2 . The test
consists in imposing small variations of the system’s control voltage Vpzt =10
V over a frequency bandwidth from 0 to 1000 rad/s. It is possible to gather
from the system’s Bode diagram that the FRF is typical of a poorly damped
system with a single degree of freedom, as in the proposed theoretical model.
Results indicate that the system’s resonance is about 700 rad/s. As stated
before, the system resonance frequency depends in a non linear manner from
the supply pressure Ps and the the air gap height h which in turn influence the
air gap stiffness and damping coefficients. Concerning the system modelling,
it is possible to notice that experimental data are in good agreement with the
model both for the magnitude and phase.

Fig. 18 Open an closed loop Bode diagrams.
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4.2.3 Closed Loop Frequency Response Results
Figure 18 shows in red solid and dashed lines the experimental and the theoretical system’s FRF when the system considered in the previous test (Section
4.2.2) is set up in closed loop configuration (see block diagram of Figure 5),
therefore, the investigated FRF is WZGRef. /ZG2 . The test consist in imposing
stepped sine reference paths from 0 to 1000 rad/s. Concerning the system
modelling, also in this test experimental data are in good agreement with the
model results both for magnitude and phase.

5 Conclusion
Active compensation is a promising method for improving ATB static and
dynamic performance. Literature presents many active compensated systems
which employ different ways of model air bearings and several control techniques.
This paper describes the design and modelling of an actively compensated
thrust bearing which exploits the support compensation method. This effective
but expensive technique consists in compensating controlled height variations
through the shrinking/stretching action of a piezoelectric actuator. This ATB
was developed by integrating a conventional ATB with a multilayer piezoelectric actuator, a digital control system and a compliant mechanism. Several
kinds of passive tests (with the PZT not supplied) were carried out to verify
the feasibility of this integration and demonstrated the serviceability of the active ATB’s operating principle. Different active tests were performed to assess
the system’s capacity for rejecting external force disturbances and for evaluating the system’s bandwidth and phase when the control loop is running out.
Step force test results demonstrated that the servo control system was effective as regards the set-point problem, since the system was able to reject force
disturbances restoring the initial value of the controlled height after the step
force application. The system’s bandwidth and phase were theoretically and
experimentally investigated in open and closed loop configurations by imposing stepped sinusoidal excitation with small amplitude from 0 to 1000 rad/s.
Concerning the model validation, the comparison between experimental and
theoretical Bode diagrams shows the good accuracy of the model.
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