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Abstract. The article considers the use of adaptive mechatronic bearings in high-
speed microturbines of micro power plants for distributed energy systems. Thrust
gas-dynamic bearings with an elastically pliable bearing surface, namely gas foil
bearings, are considered. The authors propose using bimorph piezoelectric ele-
ments in multilayer foils operating in the generator mode to determine the foils
deformation, as well as in the actuator mode to make the required parameters of
the bearing surface. The technological process of its manufacturing is described.
A mathematical model of such bearing based on the Reynolds equation for a gas
lubricant layer, as well as the equation of the piezoelectric effect, is shown. The
influence of construction parameters, such as materials and thicknesses of corre-
sponding layers in a foil, has been studied. The simulation also shows changes in
the frequency response characteristic of the rotor-bearing system with an active
foil bearing. Changing the bearing stiffness by applying voltage to piezodrives
in foils can result in reducing the amplitude of rotor vibrations if an appropriate
algorithm of voltage changing is used.

Keywords: Bimorph piezoelectric drive · Foil bearing · Active control ·
Microturbines · Vibration · Frequency response

1 Introduction

Currently, one of main trends in energy generation and distribution is using small-
generation plants as a regular source of reserve capacity. About 12 million small dis-
tributed generation units (unit capacity up to 60 MW) with a total capacity of over 220
GW operate in the USA. The growth rate is about 5 GW per year. In EU countries, dis-
tributed generation is about 10% of total electricity production (in Denmark-45%). The
most promising is the process of cogeneration—the joint generation of electricity and
heat using a single source of primary energy. Cogeneration is the most effective solu-
tion for reconstruction of boiler houses which are converted to gas mini power plants.
Cogeneration is also modern and economically effective solution for power supply of
office buildings, shopping centers, and sports facilities [1–3].

For a long time, from the 60 s to the 90 s of the twentieth century, there were
limitations of distributed energy systems due to inadequate technologies. Some limita-
tions were overcome during commercial production of a completely new class of power
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equipment—microturbines (15 kW–1 MW) and low-power radial turbines (2 MW).
Now, some international companies produce rather reliable, simple, and relatively inex-
pensive gas small and microturbines [3]. Their main advantages are compactness, com-
pliance with environmental requirements, low noise and vibration, the technical ability
to change the load quickly without significant efficiency reducing, and good efficiency
in cogeneration. [4–6].

2 Foil Bearings in Microturbines

Compared to large turbomachines, the low weight of microturbines’ shafts reduces its
inertia and provides faster response to changes in power load. The rotating speed of a
microturbine’s shaft can reach 100,000 rpm.Modern generatorswith permanentmagnets
can generate the output voltage about 280 V at such rotation frequency [7–10]. Such
power characteristics allow using thin-walled bimorph piezoelectric drives for changing
characteristics of foil air bearings.

The first foil bearing with such drives was designed in 1992 by Tsumaki Nobuo [11].
The piezoelectric elements operate in generator mode, based on the direct piezoelectric
effect. Such design allows make a system for monitoring the operational condition of a
foil bearing based on signals generated during the deformation of piezoelectric bimorph
elements. Comparing these signals with permissible deformations of foils allows con-
stant monitoring the state of the elastic surface and preventing failures in a rotor-bearing
system. According to the NASA reports and various researches on foil gas-dynamic
bearings, start and stop periods are most dangerous as there is direct contact and fric-
tion between the shaft and the foils. To ensure wear resistance of the surface of elastic
piezoelectric elements, they must be covered with wear-resistant anti-friction coatings
[12, 13].

In general case, a single elastic element of a foil bearing is a multilayer structure
(Fig. 1a). Themiddle layersmust contain an elastic base to provide the rigidity and fatigue
strength of a bimorph piezoelectric element. Piezoceramic plates located on opposite
surfaces of an elastic base must have a different connection sign, as shown in Fig. 1a.
The top layer of the multilayer structure must be a layer of anti-friction wear-resistant
material.

A single stage of assembling the describedmultilayer thrust foil gas-dynamic bearing
with bimorph piezoelectric elements is shown in Fig. 1b. The central base of a composite
foil can be made of copper, beryl bronze, stainless steel, or some other metal. The base
plate increases the mechanical strength of the bimorph, but reduces displacement rate.
The shown base for the composite foil is made of spring steel 65Mn. Protection of the
foil’s surface from corrosion and other damaging external factors was implemented by
covering it with a special varnish, also providing electric insulation properties.

After installing the electrodes, the plate is polarized in a strong constant electric field
and acquires piezoelectric properties. Multilayer technology increases flexibility and
allows for increased actuator movement. At the last stage, the foil top surface is covered
with anti-friction coating using conventional staining techniques (spraying, screen print-
ing, dipping, brushing, etc.). After coating and drying, the solvent evaporates, and the
binders polymerize and provide reliable adhesion to the substrate. The staining method
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Fig. 1 a Scheme and b photo of a thrust foil gas-dynamic bearing with bimorph piezoelectric
elements

is chosen depending on the geometry of the foils, required uniformity and durability of
the coatings [14–16].

The resulting operational scheme of a multilayer foil of thickness h and length L
with bimorph piezoelement is shown in Fig. 2. F is a force generated by a piezodrive
under applied voltage Uin, and �X is maximal displacement of a free foil. Direction of
force F and displacement �X depends on polarity of applied voltage Uin.

Fig. 2 Operational scheme of a multilayer foil with bimorph piezoelement

3 Modeling of Foil Bearings with Piezoelectric Drives

In order to design an appropriate configuration of the described foil bearing, its mathe-
matical model has been developed. The model takes into account pressure distribution in
a gas lubricant layer, elastic deformation of foils under this pressure and external forces,
and also the piezoelectric effect [17, 18].The diagram of the modelled bearing is shown
in Fig. 3.
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Fig. 3 Diagram of a thrust fluid-film bearing

Calculation of fluid-film bearings, including gas bearings, is based on determining
a pressure field in a lubricant layer. The Reynolds equation for a gas bearing is [19]:
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where p= p(r, ϕ) is gas pressure, ρ is density,μ is viscosity,ω is angle speed,Kr andKϕ

are the corresponding turbulence coefficients. Values of velocities of points on a bearing
surface are as follow:

Vr = Ẋ cosα + Ẏ sin α;
Vϕ = ωr + Ẋ sin α − Ẏ cosα;
Vy = Ż . (2)

The geometry of radial gap is described by a function that also is a part of the
Reynolds Eq. (1): {

h(r, ϕ) = h0 + hk + w∗
w∗ = w + wPE

, (3)

where h0 is initial gap, hk is gap formed by an inclined surface of a foil, w is a value of
a foil deflection under the lubricant pressure, wPE is a value of a foil deflection due to
reversed piezoelectric effect calculated as follow:

wPE = E · dij · l0 (4)

where l0 is a piezoceramic plate thickness, E is strength of electric field, dij is
piezomodule of piezoceramic material.

As the length and the width of a foil are much larger than its thickness, foil can be
considered as thin plates [20]. Thereby, each foil of a thrust foil bearing can be calcu-
lated as a sector plate. Its deflection is described by the Germain–Lagrange differential
equation that in cylindrical coordinates takes the form:(
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where p is pressure on a plate, D is rigidity of a plate at bending, defined as:

D = Eh3

12(1 − μ2)
, (6)

where h is a foil thickness, E is Young’s modulus of the material of a foil, μ is Poisson’s
ratio of the material of the foil. By varying these parameters, it is possible to achieve
different stiffness values of the foil and optimize the whole bearing characteristics [21,
22].

Fig. 4 Dependence of a the generated force and of b the piezoelement’s travel on the voltage

Hysteresis is the property of a physical system not to react instantly to an applied
impact, or not to return fully to its original state after such impact. The hysteresis phe-
nomenon must be taken into account when a piezoelectric actuator in used in open-
circuit control loops. The dielectric and electromagnetic hysteresis appears in piezo-
electric drives under high control voltage and is caused by the behavior of the polarized
crystalline structure and molecular effects in piezoceramics [23].

The value of the hysteresis in a piezoelectric actuator is proportional to the control
voltage (field strength). The “dip” in the curve of the displacement versus voltage usually
starts at 2% (weak signal) and lasts up to 10–15% when a “strong signal” is applied, that
is the highest typical value for shear actuators. For example, if the control voltage of a
piezoelectric actuator with a stroke of 50 μm is increased by 10%, the equivalent dis-
placement increase is approximately 5 μm. In that case, the position repeatability is still
within 1% of the full stroke, or about 1 μm. The smaller displacements are connected
with less unreliability. Comparing to typical travel of foils in thrust bearings during their
operation, resolution of control system about 1 μm is enough to provide an appropriate
range and accuracy of stiffness control in middle- and large-scale microturbines. Dia-
grams illustrating the hysteresis phenomena in piezoelectric actuators are shown in the
Fig. 4. Reduction of the hysteresis influence can be implemented by developing opti-
mal control laws and using closed-loop systems [24–28]. It allows increase the control
accuracy in foil bearings for smaller microturbines and increase their operation speed
as well.
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4 Results of Modeling

Design parameters of a multilayer foil influence a lot on operation of a whole active
foil. Its operation mostly depends on mechanical, including strengths and geometrical,
characteristics of components of a foil, and characteristics of used piezomaterial.

Modeling was held using the equations above and the following main parameters
of a rotor-bearing system: bearing outer diameter is 100 mm, inner diameter is 40 mm,
number of foils is 6, rotor mass is 5.5 kg, piezoelectric material is an analogue to CTS-19
with piezoelectric modules (d31 d33 d15) of (−170 350 400) × 10−12 C/N. The variable
parameters are: material of the central base of a multilayer foil, namely the Young’s
modulus of the material E and the ratio of thicknesses of the central base and of a
piezoelectric plate:

Rh = δ − hp
hp

, (7)

where δ is foil thickness, hp is thickness of piezoelement.
All variations of the parameters above were studied with the range of applied voltage

U of 0.100 V DC. Also, all modeling results for foil travel were obtained for free ends
of foils under static load equal to the rotor weight, and the weight is distributed on all
foils.

Different ratios of thicknesses of the central base and of a piezoelectric plate at
constant thickness of a foil δ of 0.9 mm result in its different travel. Combinations of
tested parameters are shown in Table 1. The results of calculation are shown in Fig. 5a.

Table 1 Combinations of layers thicknesses of a foil

Foil thickness δ, (mm) Piezoelement thickness hp, (mm) Parameter Rh

0.9 0.48 0.875

0.9 0.45 1

0.9 0.3 2

0.9 0.225 3

0.9 0.15 5

The calculation shows that maximal travel is obtained at minimal thickness of the
central base and maximal thickness of a piezoelement plate. The minimum thickness of
the central base is limited by limits of its elastic deformation.

Deformation of a multilayer foil also depends on mechanical properties of the mate-
rial of the central base that can be described by the Young’s modulus E. The studied
materials were aluminum with E of 70 GPa, copper with E of 110 GPa, and steel with E
of 200 GPa. The results of calculation are shown in Fig. 5b. They show that foil’s travel
range almost does not depend on the material of the central base, so almost any metal
that meets other requirements can be used for it.
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Fig. 5 a Foils maximal travel under load depending on applied voltage and full foil and piezodrive
thickness ratio; b foils maximal travel under load depending on applied voltage and foil material

One of the main effects of using controllable foil bearings is direct controlling of
stiffness of a rotor-bearing system caused by its changed shape and the generated force. It
also leads to indirect control of damping characteristics, but they are not considered in this
article.As the stiffness influences on critical frequencies values in a rotor-bearing system,
changing it causes changing the critical frequencies and the rotational speeds at which a
resonance phenomenon is observed. Operation at resonance frequency causes extreme
loads on bearings and can damage its elements due to high vibrations amplitude. This
problem is actual for high-speed flexible shafts ofmicroturbines that usually have several
critical frequencies within the operating frequencies range. The results of modeling a
rotor-bearing systemwith active foil bearings and its influence on the system’s frequency
response is shown in Fig. 6. Applying voltage to piezodrives changes the parameters of
stress–strain state of a whole foil, including its stiffness. Direction of changes depends
on polarity of applied voltage. In the modeled system, increasing the voltage results in
increasing a foil’s and, consequently, a whole bearing’s stiffness. Changing bearing’s
stiffness results in shift of critical frequencies of a rotor-bearing system.
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Some important points inFig. 6 during accelerationof a rotor are namedwithnumbers
1–4. After reaching the point 1, the voltage applied to piezoelectric drives in foils was
increased from 0 to 60 V. The shifted frequency response leads to shift of the resonance
zone and decrease of vibration amplitude. Point 2 is connected with the reverse process
in the rotor-bearing system. Points 3 and 4 show the effect similar to points 1 and 2,
but for higher rotation frequencies. Such operation is possible for an active thrust foil
bearing and cannot be implemented without changing the bearing characteristics in a
conventional passive foil thrust bearing.

Fig. 6 Rotor-bearing rigidity and frequency response depending on voltage applied to piezoelec-
tric drives
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5 Discussion

Applying foil bearings in microturbine power generation sets allows increasing rotation
speed and efficiency of power generation. Though, vibrations problem is still actual for
such systems. Vibrations can be even more dangerous due to high rotation speed. The
modeled operation of a rotor-bearing system during its acceleration to a typical rotation
speed shows that control system reduces vibrations amplitude by changing the system’s
frequency response.

Developing a rotor-bearing system with thrust foil bearings with piezoelectric drives
should include several important steps. First of all, the construction of a multilayer foil
should be considered in details. Thematerials and their parameters, including thicknesses
of layers, determine the resulting parameters of a bearing. Since the considered approach
is relatively new and there are no well-established approaches to design of multilayer
foils, some obtained results can help in choosing parameters of a designed bearing.
Besides, designing of an active foil bearing should include determining the system’s
frequency response at various values of voltage applied to piezoelectric drives. The result
should be an algorithm of adjusting the voltage that would result in maximal distance of
the rotor-bearing system from its resonance frequencies for all rotation frequencies. Also
other nonlinear hydrodynamic effects and rotor instabilities can be taken into account in
such algorithms. The obtained frequency response of an adjustable rotor-bearing system
also should be must be correlated with the planned operating modes of the microturbine
plant, especially at themost unstable and dangerousmodes, such as starts, stops, changes
of load due to different reasons.
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