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Abstract
Smart material–based electro-hydrostatic actuators are a potential alternative to traditional hydraulic actuators.
Piezoelectric materials are a type of smart materials that can deliver large blocked forces. In this article, a piezoelectric
stack–based electro-hydrostatic actuator is first introduced by presenting the schematic diagrams of its structure and
work principle. Next, according to the research of the piezoelectric stack–based electro-hydrostatic actuator working
principle, a mathematical model that can describe the dynamic characteristics of piezoelectric stack–based electro-
hydrostatic actuator was established. The output displacement model of the piezoelectric stack–based actuator was
established based on the improved asymmetric Bouc–Wen model. The simulation model was built in MATLAB/Simulink.
Finally, experiments under different working conditions were conducted, as well as the corresponding simulations. The
experimental results demonstrate that the prototype no-load output flow reaches its maximum at 275 Hz and the out-
put flow peak is close to 1.6 L/min. Moreover, the load capacity is more than 20 kg and the maximum load is more than
50 kg according to the trend forecast. The simulation results exhibit good agreement with the experimental results,
which means that the piezoelectric stack–based electro-hydrostatic actuator model is feasible.
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Introduction

Conventional hydraulic actuators are potential choices
for applications in aerospace because they can offer reli-
able performance with high forces and large displace-
ment capabilities. However, typical hydraulic actuators
rely heavily on a distributed pipeline heavily. This is
one of the main disadvantages of using conventional
hydraulic actuators which limits the application of the
conventional hydraulic systems in some fields, such as
unmanned aerial vehicles and rotorcraft.

Intelligent materials and intelligent material–based
actuators have an increasing range of applications both
in aerospace and in civil engineering (Zhu et al., 2016;
Zhu and Ji, 2014; Zhu and Li, 2014, 2015), As a solu-
tion, an intelligent material–based electro-hydrostatic
actuator can be one of the potential alternatives that
can replace the conventional hydraulic actuator system
in the modern aerospace field (Li et al., 2004).

A hybrid hydraulic actuator driven by various intel-
ligent materials, which can eliminate the distributed

pipeline, has recently become a valuable research area.
Integrated, stable, and high-bandwidth actuator sys-
tems have become a necessity for modern airborne
hydraulic systems in the era of power-by-wire. Along
with the development of intelligent material technol-
ogy, the electro-hydrostatic actuator based on intelli-
gent material is becoming an important direction for
the new generation of airborne actuators (Sha and Li,
2004).
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Piezoelectric material, an example of intelligent
materials, is known for its large rigidity, high energy
density, and broad frequency bandwidth. Recently, the
piezoelectric material–based actuator driven by a piezo-
electric stack has been studied widely both locally and
globally. The technology of piezoelectric stack–based
electro-hydrostatic actuator (PEHA) aims to create sys-
tems that allow the application of mechanical power
output through hydraulics without a distributed pipe-
line of a conventional hydraulic system. The basic oper-
ation of the piezoelectric actuator driven by a
piezoelectric stack involves high-frequency bidirectional
operation of the piezoelectric stack, which is converted
to unidirectional motion of the transmission fluid by
flow rectification using a set of passive valves. As a
result, the complexity of the fluid transmission is
reduced using the piezoelectric stack to drive the fluid
directly, and thus, the distributed pipelines can be elim-
inated (Sanders et al., 2004; Tao, 1997). However, the
inherent hysteresis and nonlinearities in piezoelectric
material are the major barriers for establishing a
mathematic model. Moreover, the piezoelectric mate-
rial hysteresis is apparently rate dependent. Generally,
the dynamic hysteresis is of less interest while investi-
gating the performance of actuators, and it is more
important to model the actual hysteretic behaviors of
the actuator. Many hysteresis models have been used
to do this work (Chopra and Sirohi, 2013).

Thomas Hegewald et al. (2008) proposed a method
based on the Jiles-Atherton model to model the hyster-
esis of the piezoelectric stack–based actuator (PSA)
based on the Jiles–Atherton model. The method used
the concept of electric polarization of the piezoelectric
material and defined a hysteresis operator involved
with an irreversible part and a reversible part of the
polarization. This model provided deep insight into the
physical processes of the polarization and tracked the
hysteresis well; however, the method seems to fail to
describe the dynamic characteristic. The Preisach
model and its simplified Prandtl–Ishlinskii (PI) model
are widely used for modeling piezoelectric material.
Sreeram and Naganathan (1994) used the Preisach
model to model the hysteresis of the PSA. Dong and
Tan (2009) conducted research on the application of
the PI model used in the process of modeling PSA.
However, these models are symmetric or static models
and can be improved. Bouc–Wen model (Ismail et al.,
2009) is a first-order differential equation of simple
form and easy to implement. Since traditional Bouc–
Wen model cannot track the asymmetric characteristic
of the piezoelectric material hysteresis, corresponding
improved models have been proposed. Related research
(Li et al., 2013; Song and Kiureghian, 2006) used
improved forms of the traditional Bouc–Wen model
and make the model capable of describing the asym-
metric characteristics. Zhu Wei and Rui (2016)

proposed a method to establish the dynamic model of
the PSA using an asymmetric Bouc–Wen model and
succeed to track the PSA output displacement within
100 Hz.

PSA is the core component of PEHA. In the early
stage of the study in this field, a PEHA developed by
Konishi (1999) can produce 18 W output power and
reach its maximum output flow at approximately
300 Hz. The piezoelectric stack used here is 55.5 mm
long and its diameter is 22 mm. A piezo-hydraulic
actuator was constructed by Tang et al. (1995), and this
research aimed to solve the active vibration control
problem of rotor dynamic systems. Piezoelectric materi-
als possess the ability to deliver the large force and oper-
ate at high frequency. A piezoelectric stack–based
device developed by Mauck and Lynch (2000) had a
power output of approximately 18 W and a blocked
force of 271.7 N. However, its working frequency was
less than 100 Hz which is relatively low and used passive
valves to perform frequency rectification. Sirohi and
Chopra (2002) developed a compact hybrid hydraulic
actuator that could be driven by magnetostrictive and
piezoelectric stacks. Using piezoelectric stacks, this
actuator had an output power of 2.5 W, blocked force
of approximately 138 N and operated at relatively
higher pumping frequency. Ullmann and Fono (2002)
developed a valveless piezoelectric pump that used
appropriately shaped and directed nozzles to rectify the
flow. Kim and Wang (2010a) conducted a study of
design and nonlinear force control of a power-by-wire
piezoelectric hydraulic pump actuator for automotive
transmissions.

This article aims to research the output flow of the
PEHA and verify the practicability of the PEHA
model. Then, the best output performance of the proto-
type will be found, and in order to provide some guide-
lines for the design of the PEHA. First, the structure
configuration of the PEHA prototype is proposed and
the working principle of the actuator is analyzed.
Second, the overall dynamic mathematical model of
the system is established. Finally, the simulation and
experiment output flow of the prototype is got respec-
tively and the practicability of the model is verified by
comparing experimental output flow with model out-
put flow. To verify the stability of the prototype output
performance, the experiments were carried out under a
no-load condition and a loaded condition, and corre-
sponding simulations were conducted and compared.

Based on the PEHA work principle, a dynamic
model of the piezoelectric-based actuator based on
the improved asymmetric Bouc–Wen model was first
established first. The pump chamber model of the
PEHA, the simplified reed valve model, the fluid model
of the fluid flowing in the tube, and the PEHA hydrau-
lic cylinder model were incorporated into the whole
system model.
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Configuration and working principle of the
PEHA

Structure configuration

First, a PEHA is shown by presenting its structure con-
figuration. PEHA’s primary structure is composed of
four parts: a piezoelectric stack–based pump (PSP), a
fluid transmission and control section (manifold), a
hydraulic cylinder, and an accumulator.

The PEHA utilizes fluid rectification via two one-
way check valves to amplify the small, high-frequency
vibrations of the piezoelectric stack into large motions
of the hydraulic cylinder. An accumulator is connected
to the low-pressure side of the PEHA by a connecting
tube.

Working principle

As shown in Figure 1, the PSP provides energy for the
system as the driving element. The periodic input vol-
tage applied on the piezoelectric stack can form an elec-
tric field that induces polarization in the piezoelectric
material and drives the piezoelectric stack to produce
displacement. Therefore, the pump cavity piston will
move back and forth constantly. Then, the pump cham-
ber will absorb and drain fluid due to the change in the
volume. The micro flow will contribute to the output of
the hydraulic cylinder using the principle of frequency
rectification which is performed by passive unidirec-
tional reed valves.

As shown in Figure 2, the operation of the PSP can
be divided into four distinct stages as follows
(Chaudhuri and Wereley, 2010, 2012):

1. Compression. With sinusoidal electricity supply,
expansion of the piezoelectric stack pushes
hydraulic fluid into the closed pump chamber,
resulting in the increase of pressure in the
chamber.

2. Exhaust. The outlet valve was opened due to the
pressure difference between both side of outlet
valve, so fluid starts to flow out of the chamber
into the outlet tube, and the pressure builds up in
the high-pressure-driven side of the output cylin-
der and resulting in motion of the output shaft.

3. Expansion. The piezoelectric stack starts to
retreat with decreasing applied field, causing a
pressure drop in pump chamber.

4. Intake. The pressure in the pump chamber
drops further to open the intake reed valve
and allows fluid to flow from the low-pres-
sure-driven side of the output cylinder back
into the chamber.

These four stages are repeated every pump cycle and
result in a fluid flow out of the pump through the dis-
charge tube and back into the pump through the intake
tube. Through this stepwise actuation process, the high
frequency, small stroke of the piezoelectric stack is con-
verted into a larger displacement of the output cylinder.

PEHA mathematical model

Based on the above analysis, the mathematical model
of PEHA will be established in this section. The system
model consists of the driving model, the pump chamber
model, the reed valve model, the fluid tubing model,
and the cylinder output model.

PEHA driving model

PSA is the driving element of the PEHA and the mathe-
matical model of the PSA should be established first.

PSA static model based on Bouc–Wen model. The PSA out-
put displacement exhibits nonlinear characteristics of
frequency-dependent hysteresis. First, a static model
was established using the asymmetric Bouc–Wen

Figure 1. Operation principle of PEHA.
Figure 2. Operation stages of PSP.
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model. This hysteresis model is an improvement on the
classical Bouc–Wen model which aims to describe
asymmetric hysteresis systems. The PSA output displa-
cement model based on the asymmetric Bouc–Wen
model can be described as follows (Low and Guo,
1995)

x= a � u� h
_h= _u a� hj ju( _u, h)½ �
u( _u, h)=u1 sgn( _uh)+u2 sgn( _u)+u3 sgn(h)+ g

8<
:

ð1Þ

where x is the output displacement, u is the driving vol-
tage, a is a scaling factor between the output displace-
ment and the input voltage, h is a lag portion of the
output displacement, and d � u represents the linear por-
tion of the output displacement.

PSA dynamic model. Obviously, the hysteresis of the PSA
output displacement is rate dependent. Therefore, a
dynamic model of the PSA is established based on the
system kinetic equations. The output force was divided
into a linear portion and a lag portion according to the
analysis method of the output displacement. A lag seg-
ment was established between the input voltage and lin-
ear force. The response time was identified according to
the PSA step response experiment (Wang et al., 2015;
Zhu and Rui, 2016). The dynamic model of the PSA
can be described as follows

m0€x+ c0 _x+ k0(x� xini)=F0 =
ku

t
e�

t
tu+ kh

_h= _u a� hj ju( _u, h)½ �
u( _u, h)=u1 sgn( _uh)+u2 sgn( _u)+u3 sgn(h)+ g

ð2Þ

where m0, c0, k0 are the equivalent mass, stiffness, and
damping of the piezoelectric stack, respectively. t is the
time constant and ku is the scale factor between the lin-
ear output force and the input voltage.

PEHA driving model. As part of the whole system, the
driving model of the PEHA can be described in the fol-
lowing while the PSA is working with other compo-
nents. As shown in Figure 3, the driving part of the
PEHA is considered as a single-degree-of-freedom sys-
tem. The motion equation of the piston is proposed as
follows (John et al., 2008)

(m0 +mp +mr)€xp + (c0 + cr) _xp + (k0 + kB + kd)

xp =F0 � pcAp ð3Þ

where mp, mr are the mass of the piston and the output
rod, respectively; cr is the damping constant of pump
piston; kd, kB is the stiffness of the metal diaphragm
disk spring; pc is the pressure of pump chamber; and
Ap is cross-sectional area of piston.

PEHA pump chamber model

According to the compression stage, the fluid in the
pump chamber is compressed to flow out of the cham-
ber. The fluid bulk modulus is a key parameter to
describe the fluid compression, which can be defined as
(Chaudhuri, 2008; Kim and Wang, 2010)

b= � Dp

DV
V ) dP= � b

dV

V
) _P= � b

_V

V
ð4Þ

where b represents the bulk modulus of the fluid, V is
the volume of the fluid, and DV is the change of the
fluid volume based on the pressure increase Dp.

The pure oil can be considered as incompressible.
However, the bulk modulus will decline dramatically
because of the entrapped air. Therefore, the effective
bulk modulus can be defined as (Kim and Wang,
2009b)

1

be

= la �
pa

p2
f

+ 1� la �
pa

pf

� �
1

bf

ð5Þ

where be represents the effective bulk modulus, pa is
atmospheric pressure, pf is the applying pressure on the
fluid, and la is the entrapped air volume fraction and
can be defined as

la =
Va

Va +Vo
ð6Þ

where Va, Vo are the volume of entrained air and the
oil, respectively. It is clear that the increase in the apply-
ing pressure can improve the effective bulk modulus.

As we know

m= r � V ) _r

r
=

_m=r � _V

V
ð7Þ

As shown in Figure 4, the fluid flow in the pump
chamber can be described as (Kim and Wang, 2009)

_rc

rc

=
(Qin � Qout � Qle)� Ap _xp

Ap(h� xp)
ð8Þ

Figure 3. Kinetic model of PEHA driving part.
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For an enclosed volume, the fluid mass remains
unchanged and formulation (7) can be simplified as

_r

r
= �

_V

V
ð9Þ

According to formulations (4) and (9), we can get

_P=b
_r

r
ð10Þ

Based on formulations (8) and (10), the model of the
pump chamber can be defined as follows (Chaudhuri,
2008; Chaudhuri et al., 2009)

_pc =be

Ap _xp +Qout � Qin � Qle

Ap(h� xp)
ð11Þ

where Qin, Qout, Qle, and h are the intake flow, the out-
let flow, the leakage flow, and the height of pump
chamber, respectively.

PEHA valve model

The actual working conditions of the cantilever reed
valves in the PEHA are rather complicated because of
the fluid–structure interaction problem. To simplify the
problem, a single-degree-of-freedom system is used here
to model the valves (Kim and Wang, 2009; Walters,
2008).

In general, a single-degree-of-freedom model can be
defined as follows

m€x+ c _x+ kx=F ð12Þ

As shown in Figure 5, m, c, k, and F are the system
mass, damp, stiffness, and force, respectively. In the
process of the reed valve modeling, the mass, damp,
and stiffness of the reed valve are replaced by the reed
valve plate equivalent value: mR, cR, kR. P1, P2 repre-
sent the pressures on the two sides of the reed valve,
corresponding to the Pc, Pth and Ptl, Pc in the process
of discharge oil and intake oil. Therefore, the opening
displacement of the inlet valve (xRi) and outlet valve
(xRo) can be expressed as follows

mR€xRi + cR _xRi + kRxRi =AR(ptl � pc)
mR€xRo + cR _xRo + kRxRo =AR(pc � pth)

�
ð13Þ

where AR is the effective area of the reed valve.
The general form of the orifice equation can be writ-

ten as

Q=
cvAo

ffiffiffiffiffiffiffiffi
2 Dpj j

r

q
Dp= p1 � p2.0

�cvAo

ffiffiffiffiffiffiffiffi
2 Dpj j

r

q
Dp= p1 � p2\0

8<
: ð14Þ

where cv is the discharging flow coefficient of the valve
port, and Ao is the orifice area. Therefore, the flow

through the valve can be written as (Chaudhuri A 2008,
Kim GW 2009, Walters TE 2008)

Qin = sgn( ptl � pc)cdwxRi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
r

ptl � pcj j
q

,

xRi =
xRi, xRi.0
0, xRi� 0

�

Qout = sgn( pc � pth)cdwxRo

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
r

pc � pthj j
q

,

xRo =
xRo, xRo.0
0, xRo� 0

�

8>>>>>>>>><
>>>>>>>>>:

ð15Þ

where w is the orifice area gradient.

PEHA fluid model

The fluid model is shown in Figure 6.
As shown in Figure 6, at the exhaust stage, the fluids

flow out of the chamber into the discharge tube and
accumulate in the hydraulic cylinder. Therefore, the
pressure of the high-pressure-driven side of the hydrau-
lic cylinder increases and pushes the hydraulic cylinder
piston. The working process in the low-pressure side of
the hydraulic cylinder is similar, causing the fluid will
flow back to the pump chamber.

The definition of the Reynolds number can be
defined as

Re =
rvd

m
ð16Þ

where r is the oil density, v is the fluid velocity, m is the
oil dynamic viscosity, and d is the diameter of the tube.

Figure 4. Working process of the pump chamber.

Figure 5. A single-degree-of-freedom model for reed valve.
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According to the definition, the flow state can be sim-
plified as incompressible laminar flow in the tube.

From the perspective of energy conservation, the
kinetic energy of the fluid suffers losses for the follow-
ing reasons: the fluid resistance because of the presence
of oil viscosity, inertial force because of the velocity var-
iation, minor loss, and the influence of the fluid capaci-
tance. Considering the above factors comprehensively,
and the model for the fluid flowing in the high-pressure
side tube can be derived as (Chaudhuri and Wereley,
2012; Kim and Wang, 2009)

pth � pch = _QoutLHh +QoutRHh +Dpmih ð17Þ

_pch =bech

Qout � _xcpAcp

(x0cp + xcp)Acp
ð18Þ

where pch is the pressure at the interface of the high-
pressure side tubing and the hydraulic cylinder; pth is
the pressure at the interface of the high-pressure side
tubing and the pump chamber; LHh, RHh are the fluid
resistance and inductance in the high-pressure side tub-
ing; bech is the effective bulk modulus of the high-
pressure side of the hydraulic cylinder; xcp is the displa-
cement of the hydraulic cylinder output rod; Acp is the
effective area of the cylinder piston; and x0cp is the ini-
tial position of the cylinder rod.

The fluid resistance LH can be calculated according
to the following formula

LH =
rlt

At
ð19Þ

where lt, At are the length and cross-sectional area of
the high-pressure side tube, respectively.

According to the Hagen–Poiseuille equation, the
fluid resistance can be derived as follows

Dpvis =
128m

pD4
lQ) Rht =

8pmlht

A2
t

ð20Þ

where Dpvis represents the viscosity loss because of the
viscous fluid.

The minor loss of the fluid flowing through the
entrance and corner can be expressed as follows

DPmi =
r

2

Xn= 3

i= 1

ji

Q2
out

A2
t

� �
ð21Þ

where ji is the minor loss coefficient which can be refer-
enced (Chaudhuri, 2008).

In general, the working process of the fluid flowing
in the low-pressure side tube from the cylinder to the
accumulator port and the working process of the fluid
flowing in the low-pressure side tube from the accumu-
lator to the inlet valve port are similar. The model
expressions of the three processes are the same.

PEHA hydraulic cylinder model

According to the analysis above, the pressure on the
two sides of the piston is not equal and acts as the
power source of the hydraulic cylinder output rod
motion.

Additionally, the motion of the output rod is influ-
enced by such factors as viscous and friction force and
gravity. Therefore, based on Newton’s laws of motion
and kinetic equations in general, the PEHA hydraulic
cylinder model can be simply defined as (Kim and
Wang, 2010; Tan et al., 2010; Walters, 2008)

mc€xcp + cc _xcp = ( pch � pcl)Acp � Ff � mcg ð22Þ

As shown in Figure 7, mc represents the mass of the
load (including the output rod), cc is the movement
damping, and Ff is the total motion friction.

Parameters identification method and
experimental system configuration

PSA dynamic model parameters identification

To identify the parameters of the PSA dynamic model,
two special working conditions are selected here to sim-
plify the identification process. And the model is
divided into a linear part and a nonlinear part.

Identification method of the linear part parameters. The PSA
can be simplified to a linear system while the driving
voltage amplitude is less than its rated working voltage
(Zhu and Rui, 2016; Zhu and Wang, 2012). And this
means that the hysteresis part of the output

Figure 6. Illustration of the fluid in the tube.

Figure 7. Schematic of fluid flow in hydraulic cylinder.
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displacement can be ignored. Therefore, the PSA model
can be written as

m€xs + c _xs + k(xs � x0)=
ku

t
e�

t
tu ð23Þ

_h= _u a� hj ju( _u, h)½ � ð24Þ

u( _u, h)=u1 sgn( _uh)+u2 sgn( _u)+u3 sgn(h)+ g ð25Þ

Under zero initial conditions, the transfer function
of the simplified model according to the Laplace trans-
form can be written as

x(s)

u(s)
=G(s)=

kut

ts+ 1
� 1

ms2 + cs+ k
ð26Þ

where m, c, and k are the mass, damping, and stiffness
of the piezoelectric stack, respectively, and can be
obtained according to the performance test results per-
formed by the product vendor. Therefore, the time con-
stant t can be obtained by a step response experiment
of the PSA. Finally, the coefficient ku can also be
obtained by a step response experiment of the PSA.

Identification method of the nonlinear part
parameters. Likewise, the PSA can be simplified to a
quasi-static system when the driving voltage frequency
is low enough. This means that the impact of the out-
put displacement variation and the time constant t is
small. Thus, the velocity term and the acceleration term
can be ignored. Meanwhile, (1=t)e�t=t’1 (Zhu and
Rui, 2016; Zhu and Wang, 2012). Therefore, the PSA
model can be written as

kx= kuu+ kh ð27Þ
_h= _u a� hj ju( _u, h)½ �

u( _u, h)=u1 sgn( _uh)+u2 sgn( _u)+u3 sgn(h)+ g

�

ð28Þ

According to formulation (27), we obtain

k _x= ku _u+ k _h ð29Þ

The driving voltage is limited to be small enough so
that we can ignore the hysteresis part of the output dis-
placement and formulation (28) can be written as

_h= _u � a ð30Þ

Assuming that (ui, xi) is the solution of equation (29)
in the ith (i = 1, 2,., N1) experimental period and
according to formulations (29) and (30), we obtain

ai =
k _xi � ku _ui

k _ui

ð31Þ

Therefore, we can get

a=
1

N

XN

i= 1

k _xi � ku _ui

k _ui

ð32Þ

And in the four different areas, formulation (28) can
be expressed as

_u(t).0 and h.0, _h= _ua� _uh(u1 +u2 +u3 + g)

_u(t).0 and h\0, _h= _ua+ _uh(� u1 +u2 � u3 + g)

_u(t)\0 and h.0, _h= _ua� _uh(� u1 � u2 +u3 + g)

_u(t)\0 and h\0, _h= _ua+ _uh(u1 � u2 � u3 + g)

Therefore, four independent experimental data are
enough for solving simultaneous equations to identify
the parameters u1, u2, u3, and g. Generally, in the four
different areas, each set of u1.ui.uN and correspond-
ing h1.hi.hN can obtain a set of solutions. An optimal
solution can be obtained according to the principle of
least squares. In summary, with the experimental data
collected by the laser displacement sensor and force sen-
sor under certain driving conditions, it is possible to
identify the above parameters.

Simulation model configuration and parameters

The PEHA simulation model is shown in Figure 8.
Based on the analysis above, the simulation model

of the PEHA is established in MATLAB/Simulink. The
major parameters of the PEHA simulation model are
listed in Table 1.

Test bench configuration

As shown in Figure 9, a signal generator was used to
provide a sinusoidal bias voltage signal, which was
amplified by the power amplifier and drive the piezo-
electric stack. An eddy current displacement was used
to measure the PSA output displacement. The displace-
ment data and the output signal of the power amplifier
were stored by the oscilloscope at the same time. A
laser displacement sensor was used here to measure the
PEHA hydraulic cylinder output displacement. A force
sensor is installed in the bottom of the PSA, the output
signal of the power amplifier and the force data were
also stored by the oscilloscope at the same time.

The accumulator plays an important role in the sys-
tem. It can provide a bias pressure to prevent cavita-
tion, improve the stiffness of fluid, compensate for
leakage of fluid, and assist in applying a pre-stress on
the piezoelectric stack. During the PEHA experiment,
the accumulator was closed after compensating for
leakage to exclude its influence.

According to the model above, the parameters were
identified through experiments and mathematical deri-
vation, and the dynamic model of PSA and PEHA was

1354 Journal of Intelligent Material Systems and Structures 29(7)



built in MATLAB/Simulink. Experimental and simula-
tion results are shown in the following.

Simulation and experimental verification

PSA output displacement experiment

Based on the preparation above, the PSA output displa-
cement experiment and simulation were performed, and
the results are shown in Figure 10.

Considering that the piezoelectric stack cannot with-
stand reverse voltage, a sinusoidal voltage signal with

DC bias was chosen as the driving signal. The driving
signal generated by amplifier was 100 Vpp, 50 DC
(Direct-current). The driving signal generated by ampli-
fier was 100 Vpp, 50 DC. The experiment data were
collected by using different frequency sinusoidal vol-
tage. The results are shown in the following.

PEHA output performance experiment

Output flow is a comprehensive indicator of the cylin-
der output force and speed. Therefore, it is used as a

Table 1. PEHA simulation parameters.

Name Unit Symbol Value

Piezoelectric stack mass kg m0 0.062
Piezoelectric stack damp N s m–1 c0 2000
Piezoelectric stack stiffness N/m k0 70e6
Time constant S t 5e–5
B-W model parameters1 mm/V a 0.57
B-W model parameters2 mm/V a 0.2392
B-W model parameters3 V–1 g 20.0839
B-W model parameters4 V–1 u1 0.1109
B-W model parameters5 V–1 u2 20.1075
B-W model parameters6 V–1 u3 0.0803
Pump piston mass kg mp 0.012
Pump chamber height mm h 0.5
Pump chamber radius mm rc 23
Pure oil bulk modulus MPa bf 1800
Orifice area gradient 1 w 3.14 3 10–3

Fluid density kg/m3 r 875
Reed valve thickness mm hR 0.15
Entrained air fraction – la 5%
Tube diameter mm Dt 4
Reed valve equivalent mass kg mR 1e–3
Reed valve stiffness N/m kR 13500
Reed valve damp N s m–1 cR 7
Reed valve area m2 AR 1.256e–5
Orifice flow coefficient – cv 0.7

Figure 8. MATLAB/Simulink simulation model for PEHA.
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major indicator to measure the output performance of
the PEHA. The PEHA no-load performance and load
performance were tested under different conditions.
Because the piezoelectric stack used in this research
cannot withstand reverse voltage, the input voltages in
the following experiments were all sinusoidal signals
with DC bias. The rated voltage of the piezoelectric
stack used here cannot exceed 150 V. To achieve a
higher output flow and protect the piezoelectric stack
as well, the magnitude of the driving voltage did not
exceed 140 Vpp. Meanwhile, the working frequency
was limited to 450 Hz while the input voltage was
140 Vpp with 70 VDC due to the power limitation of
the power amplifier.

The PEHA output flow was inferred by measuring
the cylinder shaft displacement, and the trend of the
output flow with increasing frequency under different
accumulator bias pressures is shown in Figure 9. The
tests were conducted under 0.6 MPa bias pressure and

1.0 MPa bias pressure, respectively. Input voltage is
140 Vpp with 70 VDC. The results are shown in the
following.

As shown in Figure 11, under no-load condition, the
prototype output flow reached the maximum at 275 Hz
within the 450 Hz range with different driving voltages
and bias pressures. While the input voltage was
140 Vpp and the bias pressure was 1.0 MPa, the proto-
type maximum output flow was close to 1.6 L/min.
From the comparison of the two pictures, it is clear
that the enhancement of the bias pressure can promote
the output flow. According to the effective bulk modu-
lus definition, increasing the bias pressure will reduce
the volume fraction of the entrained air in oil and
reduce the compressibility of the oil. Therefore, the
energy consumed in oil compression will be reduced
and the energy transfer efficiency will be improved.
This is confirmed by both the experiment and simula-
tion results.

Furthermore, the output flow begins to decline when
the frequency exceeds 275 Hz because of the following
potential restricting factors: (1) the fluid–structure cou-
pling effect may severely limit the response speed of
reed valves, therefore, exacerbating pump backflow at
high working frequency, (2) the inertial force has a sig-
nificant effect on the flow condition and decreases the
output flow at high working frequency, and (3) the
impact of the fluid resistance and the PSA output dis-
placement hysteresis and other factors become con-
straints of great significance. More importantly, under
different input voltages and bias pressures, the PEHA
model simulation results can reflect the prototype

Figure 10. PSA output displacement experiment and simulation.

Figure 9. Experimental test bench.
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output flow change trend well with error within accep-
table limits.

As the driving element of the system, it can be
assumed that a larger piezoelectric stack strain will lead
to a larger output flow. The magnitude of piezoelectric
stack strain is positively correlated with the driving vol-
tage. Therefore, the prototype was tested under
1.0 MPa bias pressure with different input voltages,
100 Vpp with 50 VDC and 140 Vpp with 70 VDC.
The experiment and simulation results are shown in
Figure 12.

As shown in Figure 12, a larger magnitude of the
input voltage corresponds to a larger output flow. The
PEHA model simulation results still match the experi-
mental results well under different voltage magnitudes.

As an execution device, PEHA load capacity is an
important performance index. To research the pro-
totype load capability, the PEHA output perfor-
mance was tested by increasing weights attached to
the bottom of cylinder output shaft. The experiments
were conducted under 1.0 MPa bias pressure with
140 Vpp input voltage. The results are shown in the
following:

As shown in Figure 13, the PEHA prototype output
flow was reduced as the weight increases, and output

flow still achieved nearly 1.0 L/min while driving 20 kg
weight, which indicates that the prototype has a fairly
good load capacity. Furthermore, the simulation results
match the experiment results well while the prototype
driving weight.

According to the experiment and simulation results,
while the operating frequency was in the vicinity of
275 Hz, the prototype output flow was relatively high.
225, 275, and 325 Hz were chosen to research the out-
put flow change trend. The experiments were conducted
under 1.0 MPa bias pressure with 140 Vpp input vol-
tage. The results are shown in the following.

As shown in Figure 14, for a specific working fre-
quencies, the output flow drops steadily as the load
increases, and the maximum load capacity is appar-
ently far more than 20 kg at certain frequencies, which
shows that the prototype has a relatively good load
capacity. The model still predicts the trend of the out-
put flow well.

Conclusion

1. The prototype maximum no-load output flow is
close to 1.6 L/min at the peak frequency of

Figure 11. No-load output flow of different bias pressures.

Figure 12. No-load output flow of different voltage magnitudes.
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275 Hz. The load capacity is apparently more
than 20 kg at certain frequencies.

2. The oil compressibility, reed valve response,
inertia, and leakage should be considered in the
process of prototyping and modeling. Those
factors can be major limitations of the PEHA
performance.

3. The accumulator plays an important role in the
system. It can provide a bias pressure to prevent
cavitation, improve the effective bulk modulus
of the fluid and compensate for fluid leakage.

4. The PSA dynamic model was established based
on the asymmetric Bouc–Wen model. The
model can predict the trend of the PSA output
displacement well within 400 Hz.

5. A PEHA time-domain model which consists
of the electrical–mechanical, mechanical–
hydraulic transformation was established in
MATLAB/Simulink. A PSA model, a pump
chamber pressure model, a reed valve model,
and a fluid model in the tube and hydraulic
cylinder were established. The experimental
results and simulation results agree with each
other well, which demonstrates the feasibility of
the model.
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