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Abstract

In this paper, a small piezoelectric-hydraulic pump suitable for the braking system of small- and medium-sized UAVs was
developed. In addition, the pressurization characteristics of the pump were analyzed and performance experiments of the
developed pump were conducted. To analyze the pressurization characteristics, AMESim, a verified commercial program,
was used. The modeling of the small piezoelectric-hydraulic pump was carried out by subdividing it into components, including
the piezoelectric actuator, chamber, check valves, and load side. The modeling validity was confirmed via a comparison of
the simulation results with the performance experimental results of the produced pump. It has been found that the simulations
and experiments produced similar results regarding the overall pressurization characteristics.

Keywords Piezoelectric-hydraulic pump - Piezoelectric actuator - Check valve - UAV brake system

1 Introduction

Generally, aircraft employ hydraulic systems that use the
pressure of a hydraulic fluid as their power transmission
medium. These systems are reliable, economical and safe, not
to mention its certainty of operation and compact structural
design. Aircraft braking systems that use general hydraulic
systems require complicated parts such as hydraulic reser-
voirs, servo valves, check valves, and electronic control
devices. However, in the case of UAVs, space constraints
and system complexity make it difficult to apply hydraulic
pressure. In particular, most small- and medium-sized UAVs
currently in use do not use hydraulic pressure for appli-
cations other than braking systems, and general hydraulic
systems are considered inefficient for UAV braking sys-
tems. Therefore, it is necessary to study a small hydraulic
pump that can supply the necessary hydraulic pressure for
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a brake hydraulic system and develop miniaturized and effi-
cient hydraulic brake system technologies [1-4].

A small hydraulic pump requires various hydraulic com-
ponents, including a chamber, actuator, check valves, and
hydraulic circuit. Among them, the actuator accounts for
the largest ratio in efficiency and size. In developing this
miniaturized efficient hydraulic pump, selecting the actuator
is critical in that a small but powerful actuator is needed.
Regarding actuator technology, several types of smart mate-
rials have been studied recently. The most suitable of these
materials for small hydraulic pumps is piezoelectric ceramic
(PZT) [4-7]. By applying a compact smart material pump
that uses a piezoelectric actuator as a drive source to a brake
hydraulic circuit, the size and weight of the brake system
can be significantly reduced. This is highly advantageous for
UAVs where space and weight are limited.

In the present study, a small piezoelectric-hydraulic pump
was developed to satisfy the brake system requirements
of small- and medium-sized UAVs. These requirements
included the exhaust flow rate, high pressure, fast response
speed, and stable operation. The pressurization characteris-
tics of the pump were analyzed and performance experiments
were conducted. Piezoelectric ceramic actuators can gener-
ate greater force than other smart material actuators and can
operate at high speed, but suffer from a very small mechan-
ical displacement. When the mechanical displacement is
small, the exhaust flow rate of the pump decreases. There-
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fore, it is necessary to design a sophisticated check valve that
effectively discharges the small flow rate of the piezoelectric-
hydraulic pump in a single direction. For the present study,
a small sheet spring type check valve was designed to effec-
tively transmit the small flow rate in the output direction. In
this case, the check valve had to be able to adapt well to the
high-speed operation of the piezo-ceramic actuator. The pas-
sive check valve was used to reduce the complexity of the
system to meet the light weight and miniaturization objec-
tives of the study. The small piezoelectric-hydraulic pump
was able to increase the driving speed and obtain the required
flow rate even though the exhaust flow rate was small [§—11].

In this paper, to analyze the pressurization characteristics
of the compact piezoelectric-hydraulic pump, the AMESim
program was used. The hydraulic pump components—the
piezoelectric actuator of the piezoelectric-hydraulic pump,
the chamber, the check valves, and the load—were ana-
lytically modeled. The AMESim simulation results were
compared with the designed piezoelectric-hydraulic pump’s
performance experiment results. The technical model was
used rather than a single component to enable elaborate mod-
eling for the dynamic characteristics of the check valves from
the AMESim program. The flow path through the check valve
to the end of the load was modeled with a pipeline instead of a
simple flow path to obtain more accurate simulation results.
In addition, the performance experiments of the produced
pump confirmed that it could be applied to the brake systems
of small- and medium-sized UAVs. To the authors’ knowl-
edge, research on piezoelectric-hydraulic pumps applied to
small- and medium-sized UAVs is thus far absent in the lit-
erature. Accordingly, the results of the present research are
considered to be the first attempt.

2 Design of Piezoelectric-Hydraulic Pump
for a Brake System

Aircraft brakes are devices that convert the kinetic energy at
landing into thermal energy due to the friction of the disk
brake, thereby stopping the movement of the aircraft [12].
In this study, a lightweight single-engine aircraft with simi-
lar weight and performance characteristics to those of small-
and medium-sized UAVs was selected as a target aircraft
with reference to the FAA Handbook. The main design vari-
ables of the aircraft brake system included the weight of the
aircraft, the braking speed, the number of main wheels, the
required braking distance, and deceleration. Therefore, using
the specifications of the selected aircraft, the requirements of
the brake system were analyzed. The detailed specifications
are shown in Table 1 [13, 14].

Braking pressure can be divided into static pressure and
dynamic pressure. Static pressure is the pressure to maintain
a stopped state when the engine is in operation or when the
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Table 1 Specifications of a target airplane
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Parameters Value
Max. take-off weight [MTOW] 5862 1b
Design landing weight [DLW] 4000 1b
Stall speed
MTOW 70 knots
DLW 65 knots
Deceleration rate
Normal 6 ft/s?
RTO 10 fv/s?
Radius of tires 7.88 inch
Number of main tires 2 inch
Table 2 Design requirements of piezoelectric-hydraulic pump
Parameters Value
Normal operating pressure 450-500 psi
Outlet flow rate > 0.02 cc/stroke
Response time < 30 ms
Operation speed 120-150 Hz

aircraft is stopped. Dynamic pressure is the pressure needed
for the aircraft to stop at landing. It is also the greater of
the two pressures. Based on this value, the normal operating
pressure of the pump was calculated.

The braking energy was calculated under the condition
of the design landing weight (DLW) based on the speci-
fication of the aircraft to be designed, assuming that the
aircraft’s stall speed of 65 knots was the landing speed of
the aircraft. The normal operating pressure of the pump was
chosen to be about 450 psi considering the DLW and brak-
ing energy [15]. The flow requirement is a value that varies
according to the distance between the brake pad and the disk.
The exhaust flow rate of the piezoelectric-hydraulic pump
designed in this study was set to 0.02 cc for a design flow
rate per stroke, considering the expansion of the hydraulic
pipe in part when the brake pad would be in contact with the
disk. The response time for the piezoelectric-hydraulic pump
to form the hydraulic pressure was selected to be 30 ms in
consideration of the ABS function of the brake system [15,
16]. Finally, since the piezoelectric actuator would operate
at high speed, an operating frequency range of 120-150 Hz
was selected. The design requirements of the piezoelectric-
hydraulic pump developed in this study are shown in Table 2.

The piezoelectric-hydraulic pump in this study used
a piston-type pump mechanism and performed four
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operational stages—compression, exhaust, expansion, and
intake—according to the voltage applied to the piezoelectric
actuator, causing pressure to build up on the load side. Fig-
ure 1 shows a schematic diagram with the piston-type pump
mechanism [7, 17].

In the compression process, with both check valves closed,
the pressure inside the chamber rises due to the mechani-
cal displacement of the stacked piezoelectric actuator. In the
exhaust process, when the pressure in the chamber becomes
greater than the cracking pressure of the exhaust port side
check valve, the exhaust port check valve is opened so that
the flow goes out through the exhaust port. In the expan-
sion process, with both check valves closed, the pressure in
the chamber decreases due to the contraction of the stacked
piezoelectric actuator. In the intake process, when the pres-
sure inside the chamber becomes smaller than the cracking
pressure of the inlet side check valve, the check valve of the
inlet side opens, and the fluid is sucked into the chamber.
Through the pumping process of these four steps, the fluid
in the inlet port can be pumped toward the exhaust port.

In this study, the check valve adopted for the piezoelectric-
hydraulic pump was a passive sheet-spring type check valve
that could move according to the high-speed operation of the
piezoelectric actuator. Its shape is shown in Fig. 2 [8].

The check valve is an indispensable part of the
piezoelectric-hydraulic pump and is designed to be able to
effectively block the backflow of the fluid under the high-
speed operation conditions of the piezoelectric actuator. In
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this study, the designed check valve was composed of an
inner section that restricted the flow of hydraulic fluid, and
a fixed outer section. The spring stiffness of the check valve
can be changed according to the dimension of the legs and the
material property value. In the preceding study, the dimen-
sion, the material property, and the shape of the check valve
were determined through the parametric study to meet its
operating requirements [9—11]. The natural frequency of the
check valve was designed to have a structure-fluid coupled
natural frequency of 400 Hz or more so that it did not affect
the operation speed of the piezoelectric-hydraulic pump.

The diameter of the pump chamber, which affected the
exhaust characteristics of the piezoelectric-hydraulic pump,
was theoretically calculated through mathematical modeling
and applied to the shape design [17, 18]. The exhaust pres-
sure, P, of the piezoelectric-hydraulic pump indicated the
pressure generated inside the chamber, and is expressed by
Eq. (1).

_ Fiotal o Fy — prch

P = , (H
Ach Ach

where Fy, is the maximum driving force of the stacked piezo-
electric actuator, x,, is the distance the piston actually moved,
Acp 1s the area of the chamber, and K, is the stiffness of the
fluid in the chamber. x, and K¢ could be calculated using
Egs. (2) and (3).

Kitack
X (2)
P Ktack + Kch e
:8 Ach
K = , 3
ch Lch ( )

where K,k is the stiffness of the piezoelectric actuator, Xfee
is the maximum displacement of the piezoelectric actuator,
is the bulk modulus of the working fluid, and Ly, is the height
of the chamber. Further, the actual exhaust flow rate of the
piezoelectric-hydraulic pump, Q, could be obtained using
the area of the chamber, A, the displacement of the piston
by the stacked piezoelectric actuator, x;,, and the operating
frequency, f, as shown in Eq. (4).

Q =60Ach - xp - f. “

To satisfy the requirements of Table 2 obtained based on
the calculation results, a piezoelectric actuator (P-225.40,
PI Company) was selected for the piezoelectric-hydraulic
pump. The selected actuator had a maximum force of
12,500 N and a maximum displacement of 60 pm at a max-
imum operating voltage of 1000 V. Detailed specifications
are shown in Table 3.

The detailed shape of the designed piezoelectric-hydraulic
pump is shown in Fig. 3 and the dimensions are summa-
rized in Table 4. The structure of the piezoelectric-hydraulic
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Table 3 Parameters of piezostack (PZT) actuator

Parameters Value

Size # 39.8 mm, L 94 mm
Max. displacement 60 pm

Blocked force 12,500 N
Capacitance 1300 nF

Stiffness 200 N/wm

Operating voltage 0-1000 V

O-ring > Check
Valves

In/Out
Ports

, 4
Fig. 3 Configurations of the piezoelectric-hydraulic pump

Table 4 Dimensions of the piezoelectric-hydraulic pump

Parameters Dimension

Total length L 128 mm

Cap # 58 mm, ¢ 7.6 mm
Case diameter # 54.8 mm

Piston ?30mm, 7 11.9 mm
Chamber 30 mm, ¢ 0.5 mm
Check valve » 19 mm, ¢t 0.2 mm

pump included a stacked piezoelectric actuator, a piston, two
check valves, and a housing, as shown in Fig. 3. O-rings
were installed where components such as the check valves
and the piston would make contact with the fluid to prevent
the hydraulic pressure from being lost.

3 Pressurization Simulation
of the Piezoelectric-Hydraulic Pump

The modeling of the piezoelectric-hydraulic pump was
largely divided into the modeling of the major components
such as the piezoelectric actuator, hydraulic chamber, check
valves, and solenoid valve. AMESim, a widely used commer-
cial program for hydraulic modeling, was used. The purpose

of the AMESim modeling is to predict the dynamic behav-
ior of the piezoelectric-hydraulic pump using a simulation.
In addition, the parameters affecting the dynamic character-
istics of the piezoelectric-hydraulic pump are analyzed and
applied to the pump design to improve its performance effec-
tively. The cross-sectional area of the piezoelectric-hydraulic
pump piston along with the stroke of the piezoelectric actua-
tor will influence discharge flow per stroke. The dimensions
of the pump chamber also affect the load pressure formed
by piezoelectric actuators. Larger piston cross section will
result in larger discharge flow rate, but lower load pres-
sure formation. Therefore, using the AMESim modeling,
an optimal piston cross-section and chamber dimensions
were selected in order for the flow rate and load pressure
to meet the requirements of the brake system. Furthermore,
the piezoelectric-hydraulic pump design was validated by
comparing the results of the AMESim simulation and the
pump experiment. The AMESim model of the piezoelectric-
hydraulic pump circuit is shown in Fig. 4.

To analyze the pressurizing behavior characteristics of the
small-sized piezoelectric-hydraulic pump, it was necessary
to model the piezoelectric actuator first. After setting the
parameter value of the piezoelectric actuator, the input volt-
age with the frequency was applied and the displacement
of the actuator was obtained. The responses of the actuator
with input values of 1000 V and 120 Hz using AMESim are
shown in Fig. 5. This result matched the given data sheet
of the piezoelectric actuator (P-225.40), thus confirming that
the actuator modeling was suitable.

The pressurization simulation results for the load side
using the designed AMESim model are shown in Fig. 6. The
time to reach 450 psi, which is the normal operating pressure
of the load part, was about 30 ms. This result satisfied the
pump’s requirement given in Table 2. The hydraulic chamber
modeling was conducted using the corresponding compo-
nents to the piston mass and the fluid chamber. The inlet
check valve was modeled to suck fluid from the hydraulic
reservoir when the piezoelectric actuator was in operation
and prevent the reverse flow of fluid that entered from the
hydraulic reservoir. The cracking pressure of the inlet check
valve was set at 0.5 atm.

For the check valve of the exhaust port, it is necessary to
transmit the pressure of the chamber to the load side when
operating the piezoelectric actuator. In addition, to elabo-
rately model the dynamic characteristics of the check valve,
a flapper valve, mass, and spring components were used
instead of a single component. The flow path through the
check valve to the solenoid valve was also modeled with a
pipeline, and the solenoid valve was modeled for the pres-
surization characteristics of the hydraulic pump. By turning
off the solenoid valve, it is possible to close the hydraulic
circuit and simulate the pressurization characteristics. Open-
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Fig. 4 AMESim modeling for
piezoelectric-hydraulic pump
system
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Fig.5 Simulation of piezostack actuator displacement
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Fig.6 Simulation of pressurization characteristics at load side (900 V,
120 Hz)

ing the solenoid valve enables an open hydraulic circuit to
be formed.
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Fig.7 Components of the piezoelectric-hydraulic pump

4 Performance Test of the Manufactured
Piezoelectric-Hydraulic Pump

In order to verify the performance of the designed
piezoelectric-hydraulic pump, an actual piezoelectric-
hydraulic pump, shown in Fig. 7, was manufactured based
on the design results. The various parts of the designed
piezoelectric-hydraulic pump were modularized to facilitate
part replacement.

Components were manufactured via precision machining,
and the check valves were made using wire-cut electric dis-
charge machining because they were thin and complicated
in shape. The produced parts of the piezoelectric-hydraulic
pump are shown in Fig. 7.

For the performance test of the manufactured
piezoelectric-hydraulic pump, the experimental devices
such as a DAQ program, high voltage amplifier, pressure
sensor, needle valve, and electronic scale were constructed,
as shown in Fig. 8. The pressure sensor, Model A-10 of
WIKA Corporation, was used for pressure measurement.
The pressure sensor has a Wheatstone bridge to read the
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Fig. 8 Experimental schematic and setup

change of the resistances installed inside it. The output of
the bridge is proportional to the applied pressure, and the
input signal of 0-250 bar produces the output signal of
4-20 mA. The DAQ program used ‘dSPACE’ and was able
to collect and create the digital and analog signal data. The
high voltage amplifier amplified the generated signal and
applied it to the piezoelectric actuator at a given driving
speed. To obtain the high voltage output at the required
driving frequency of 150 Hz, the E-481 model from PI
Company was used.

The needle valve connected to the exhaust port of the
piezoelectric-hydraulic pump played an important role in
the exhaust performance test of the piezoelectric-hydraulic
pump. When the needle valve was opened, the flow rate in
the no-load state could be measured. If the needle valve
was blocked, a closed-loop hydraulic circuit such as that
in a brake system formed. The pressure of the exhaust port
could be measured using a pressure sensor. In addition, Mil-
PRF-83282, generally used in actual aircraft hydraulic brake
systems, was used as the hydraulic fluid.

To determine the flow characteristics of the piezoelectric-
hydraulic pump, no-load flow experiments were conducted
according to the following process. First, the needle valve
connected to the exhaust port was opened, and the flow rate
after passing through the needle valve was measured using
an electronic scale. With the zero point of the electronic scale
aligned, a sin wave input, which had the driving frequency
of the stacked piezoelectric actuators, was applied for 30 s
to obtain the exhaust flow rate in the no-load state. At each
time point, the peak value of the driving voltage was kept con-
stant at 900 V. For the accuracy of the experimental data, the
average value of the results obtained from several repeated
experiments was used.

The graph in Fig. 9 shows the no-load exhaust flow rate of
the piezoelectric pressure pump according to the operating
frequency. The experimental results show that the exhaust
flow increased linearly up to 80 Hz and converged to a con-
stant value. The exhaust flow rate most likely converged as a
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Fig. 9 Experimental results of pump outlet flow rate (no-load pressure)

result of the piston inertia, fluid inertia, and operating char-
acteristics of the check valve. The maximum no-load exhaust
flow rate was 205 cc/min at 140 Hz.

The experiments on the pressurizing characteristics for
the manufactured piezoelectric-hydraulic pump were car-
ried out according to the following process. First, the on/off
solenoid valve connected to the exhaust port of the stacked
piezoelectric-hydraulic pump was closed. Once the solenoid
valve was closed, the flow path from the check valve of
the exhaust port of the piezoelectric-hydraulic pump to the
solenoid valve formed a closed-loop hydraulic circuit such
as that in a brake system. Next, the input voltage was sub-
sequently applied to the stacked piezoelectric actuator while
changing the driving frequency. Then, the hydraulic pressure
at the load side behind the exhaust port of the piezoelectric-
hydraulic pump was measured using a pressure sensor. As
in the exhaust flow measurement experiment, the operating
frequency was changed from 10 to 150 Hz in units of 10 Hz
while the driving voltage was kept constant at 900 V.

The measurement value of the hydraulic pressure at
the load side for the stacked piezoelectric-hydraulic pump
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Fig. 10 Experimental results of pump outlet pressure (with closed loop)

according to the change in operating frequency is shown in
Fig. 10. As the operating frequency increased, the hydraulic
pressure at the load side increased. Using this result, it
was determined that as the operating frequency increased,
the pressurization characteristics of the stacked piezoelec-
tric actuator and the check valve could be obtained more
effectively. The maximum hydraulic pressure at the load side
occurred at 130 Hz and 750 psi.

The flow rate and load pressure from the existing
piezoelectric-hydraulic pumps are between 3 and 450 cc/min
and 3-100 psi, respectively [1-4]. The piezoelectric-
hydraulic pump designed in this paper has a flow rate of
205 cc/min with a load pressure of up to 750 psi. Although
the flow rate is about medium compared to the existing
piezoelectric-hydraulic pumps, the load pressure is very high.
This shows that the piezoelectric-hydraulic pump of this
study was developed for the brake system. The discharge
flow rate of the piezoelectric-hydraulic pump developed in
this study is sufficient to compress the brake hydraulic closed
circuit within the required time to form the load pressure.
The piezoelectric-hydraulic pump applied for a brake sys-
tem requires the ability to form the load pressure even more
than the flow rate. The ability of the existing piezoelectric-
hydraulic pumps to form the load pressure does not meet the
requirements of the brake system and, therefore, cannot be
applied to the brake system. However, experiment and simu-
lation have confirmed that the piezoelectric-hydraulic pump
developed in this paper can form the load pressure beyond the
normal operating pressure required by the brake system. As
aresult, it is deemed that the piezoelectric-hydraulic pump in
this study is effectively applicable to the small- and medium-
sized UAV braking systems.

Figure 11 compares the AMESim simulation results and
actual experimental results on the process of forming the
hydraulic pressure at the load behind the exhaust port of the
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Fig. 11 Comparison of pressurization characteristics at load side (exper-
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piezoelectric-hydraulic pump. The experimental results in
Fig. 11 were obtained by measuring the process in which the
hydraulic pressure at the load behind the pump exhaust port
accumulated when the piezoelectric-hydraulic pump was
driven at the operating frequency of 120 Hz. The time to reach
the normal operating pressure (450 psi) required to operate
the brakes was within about 30 ms, which matched the sim-
ulation results. In the AMESim simulation results, there was
a slight difference in values compared to the experimental
results of the actual hydraulic pump during the pressurization
stage. This occurred because the fluid structure interaction
(FSI) dynamic behavior of the check valve and its shape
were not considered in the model. Therefore, for more accu-
rate modeling, the FSI dynamic behavior and the check valve
shape had to be included in the simulation model. In addition,
in the case of the actual piezoelectric-hydraulic pump, fluc-
tuations occurred in the pressure graph due to the imperfect
seal of the check valve. However, it was impossible for the
check valves to perfectly synchronize with the piezoelectric
actuator without the leakage from the intake and exhaust unit.
Therefore, by comparing the average value of the fluctuation
occurring at every step with the simulation results, it was
confirmed that the AMESim modeling was done properly.

In addition, the relation between the input voltage to the
piezoelectric-hydraulic pump versus the hydraulic pressure
at the load behind the exhaust port was measured experimen-
tally. The results are shown in Fig. 12. Several experiments
were conducted to increase the reliability of the results,
and the mean value was used. The simulation results using
AMESim for the relationship between the input voltage and
the load pressure are also shown in Fig. 12. Comparing the
simulation results and the experimental results, it was found
that both results were very consistent and that the AMESim
modeling was performed properly.
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As shown in Fig. 12, it was found that the ratio of input
voltage versus load pressure had linearity. The input voltage
and the output pressure had an accurate ratio in the high volt-
age section, but the pressure formation hardly occurred in
the low voltage section of 100 V or less. From Figs. 11 and
12, it was confirmed that the AMESim modeling of the small
piezoelectric-hydraulic pump was done properly. In addition,
in the future, a comprehensive investigation into modeling
should pave the way for the development of a lightweight
small piezoelectric-hydraulic pump with improved perfor-
mance.

5 Conclusions

In this study, a small piezoelectric-hydraulic pump suitable
for the braking system of small- and medium-sized UAVs
was developed. In addition, the pressurization characteris-
tics of the pump were analyzed and performance experiments
of the developed pump were conducted. To analyze the pres-
surization characteristics of the small piezoelectric-hydraulic
pump, the AMESim program was used. The hydraulic pump
in its entirety, including the piezoelectric actuator, chamber,
check valves, and load side, was modeled. To elaborately
model the dynamic characteristics of the check valves in the
AMESim program, a technical model rather than single com-
ponents was constructed. The flow path through the check
valve to the solenoid valve was also modeled with a pipeline
rather than a simple flow path to obtain more accurate sim-
ulation results. Furthermore, the validity of the analytical
modeling was verified by comparing the analysis results with
the performance experimental results of the manufactured
pump.

Experiments on the no-load exhaust flow rate, the
hydraulic pressure at the load side behind the exhaust part,

and the pressurization speed of the piezoelectric-hydraulic
pump showed that the maximum exhaust flow rate was
205 cc/min at 140 Hz, the maximum load pressure was
750 psi at 130 Hz, and the time to reach the normal oper-
ating pressure (450 psi) required for braking operation was
within about 30 ms. It was concluded that these results sat-
isfied the pump requirements. Comparing the experimental
results of the pressure formation process with the simula-
tion results, there was a slight difference in values during the
pressurization stage. This occurred because the fluid structure
interaction (FSI) dynamic behavior of the check valve and its
shape were not considered in the model. In this study, it was
nevertheless confirmed that the pressurization characteris-
tics modeling of the developed small piezoelectric-hydraulic
pump was carried out appropriately.
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