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Abstract: This paper presents a feasibility study using commercially available amplified piezo-stacks
for the direct actuation of four-way three-position (4/3) direct drive servovalves. The prospect of
using amplified piezo-stacks in place of linear force motors is very attractive by virtue of their fast
response speed and low weight. Piezo-stacks equipped with mechanical amplification systems can
give levels of displacement suitable for this application. A very effective amplification system has
recently been produced by some manufacturers and is based on a temperature-independent diamond
structure. This paper details simulations of a 4/3 servovalve directly actuated by such a piezoelectric
actuator with a diamond structure. To this end, well-established equations, implemented in Simulink
by means of the libraries of Simscape Fluids, are used. The proposed architecture shows simplicity of
construction; in addition, very good step response speed and frequency response are predicted by
the simulations.

Keywords: servovalve; direct drive; amplified piezo-stack

1. Introduction

Electro-hydraulic servovalves provide very accurate flow control and a very fast
response in hydraulic systems demanding high performance levels [1,2]. There are mainly
two types of commercially available servovalves: the two-stage type, in which a torque
motor is used to amplify the hydraulic power by means of a pilot stage, and the direct-drive
type, in which the spool is directly driven by a linear force motor. The former can have
mechanical or electrical feedback for the control of the spool position; the latter usually has
only electrical feedback [1]. The former is the most common architecture, since a two-stage
architecture provides several benefits, such as very high actuation forces and low weight in
addition to a fast response speed, thus being very appropriate for aeronautical applications.
However, it has a few shortcomings, such as high manufacturing costs, complex structure,
high leakage in the pilot stage [1], and significant vibration of the torque motor [3]. The pilot
stages are also subject to intense cavitation, and current research studies aim at tackling
this issue by proposing novel solutions and investigations [4–7]. Electrical faults in the
pilot stage may also occur, including permanent magnet demagnetization, aging of the
electrical components, coil faults, amplifier faults, and sensor faults [8].

Direct-drive servovalves are produced by companies such as Moog [9,10], the world-
leading manufacturer of servovalves, using linear force motors (LFMs) to directly move the
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spool inside its bushing sleeve. LFMs, employing rare earth magnets, have larger actuation
forces, better linearity and a faster dynamic response than proportional solenoids, thus
having better performance and wider operation ranges [11].

A direct drive architecture has the disadvantage of having lower actuation forces
than two-stage servovalves; hence, it has lower chip shear capability and a lower response
speed [1]. In addition, an LFM, being approximately the same size as the main stage, is
much larger and heavier than a torque motor. Compared to a two-stage servovalve, a
direct drive servovalve is therefore less convenient for some applications, such as aircraft,
where the actuation forces and weight are important factors. Instead, for those indus-
trial applications where these factors are less important, a direct drive servovalve is an
interesting architecture, especially in terms of simplicity of construction, in contrast to the
complexity of pilot stages, which have many finely toleranced parts, some of them needing
to be assembled manually [1].

This paper investigates whether a direct drive servovalve can be actuated by piezo-
electric actuators (PEAs) in place of linear force motors. A PEA is a device based on the
piezoelectric effect, namely, when an electric field is applied to a piezoceramic material,
actuation force and displacement are generated. The excellent characteristics of PEAs, such
as simple designs, reduced moving parts, high reliability and fast response, make them
useful in several industrial applications [12]. The application of PEAs for the actuation
of valves can allow the settling time to be minimized, as shown in [13], in which a new
microvalve design was actuated by a piezoelectric bending cantilever.

Therefore, as far as the actuation of servovalves is concerned, the use of PEAs instead
of electromagnetic actuators could lead to faster response time; in addition, lower energy
consumption in the stationary state, smaller mass in motion, and simplification of the
mechanical transmission can be achieved [14]. An issue could be hysteresis, which is
quite significant in piezo-electric actuators; however, effective compensation techniques
already exist in the literature [15], and closed-loop control can be used to reduce the effect
of hysteresis.

Commercially available PEAs are rectangular and ring benders, piezo-stacks and
amplified piezo-stacks [14]. Ring benders and rectangular benders were demonstrated to
be suitable for the actuation of the pilot stages of servovalves [16–19]. A novel two-stage
architecture employing two ring benders was studied by us in references [20,21], and its
feasibility was assessed using a detailed Simulink model of the hydraulic, mechanical and
electrical parts.

Those studies proved that ring benders and rectangular benders are suitable for the
actuation of the pilot stages of servovalves; however, they are not appropriate for the direct
actuation of a main spool due to their low displacement and low actuation forces.

Piezo-stacks are different from ring benders and rectangular benders, being composed
of many piezoelectric ceramic layers stacked to form a long actuator. The overall elongation
is given by the sum of the contributions of all layers [22]. A very interesting paper testing a
throttle valve prototype controlled by piezoelectric stacks can be found in [23].

There are more examples of applications of piezo-stacks for the direct actuation of
servovalves [24], but the main disadvantage is given by the large dimensions of the piezo-
stacks needed for this purpose. Indeed, as a rough estimate, a piezo-stack that is 15 cm
long can produce a maximum free stroke of only 240 µm in one direction [14]; therefore, to
obtain a displacement of 500 µm in one direction, a very large piezo-stack (about 30 cm
long) is needed.

An amplified piezo-stack actuator allows for higher displacement to be achieved com-
pared to a piezo stack. It is composed of a piezo-stack and an amplification system which
is adopted to increase the displacement of the piezo-stack [14]. By virtue of the increased
displacement, the direct actuation of a main spool is feasible. In the literature, there are two
studies proposing servo-valves directly driven by amplified piezo-stacks [25,26]. In both
cases, the mechanical amplifier is based on a lever mechanism. This valve configuration,
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despite providing a limited maximum flow rate (around 8 L/min for an inlet pressure of
40 bar [26]), shows that the concept is viable.

The idea here investigated thoroughly consists in using, in place of linear force motors,
commercially available amplified piezo-stacks having diamond amplification mechanisms
for the direct actuation of servovalves, in order to exploit the advantages that such amplified
piezo stacks can provide, such as fast response and low weight. This idea was presented
in [27], where a preliminary feasibility study was performed using a simplified Simulink
model in order to predict simple open-loop test tests. In this paper, a more complete
assessment is performed using a more detailed Simulink model, which is now able to
simulate hysteresis and to simulate closed-loop control. In addition to more open-loop step
tests, the effects of using different amplifiers and of using different operating pressures
are evaluated; closed-loop test tests are also simulated along with a detailed closed-loop
frequency analysis aimed at obtaining the Bode plot of the proposed valve architecture.

Firstly, two possible configurations, using one or two amplified piezo-stacks, are
presented in this paper. Then, the improved Simulink model, employed to predict the
performance of one of these configurations, in terms of maximum displacement and
maximum flow rate, step response speed and frequency response, is described. Advantages
and disadvantages of this architecture, deduced by the simulation results and by the
analysis of the characteristics of the amplified piezo-stack, are finally discussed in detail.

2. Materials and Methods
2.1. Direct Drive Servovalve Actuated by Amplified Piezo-Stacks

A few manufacturers produce amplified piezo-stacks designed to provide good levels
of displacement thanks to mechanical amplification systems. The amplification system
based on the configuration called “diamond structure”, produced by Noliac [14], is one of
the most effective because of its low weight, temperature independence, and good levels of
displacement and actuation force achievable. The structure, as shown in Figure 1, consists
of four piezo-stacks elements connected in pairs with a moving slider which is in the
central (neutral) position when no differential voltage is applied. Furthermore, there is an
internal mechanism which creates a preload to ensure the correct position of each member
during operation. When a differential voltage is applied to the two pairs of piezo-stacks,
the length of a pair is increased, while the length of the other one is decreased, thus causing
the movement of the slider from the central (neutral) position.
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Figure 1. Operating principle of an amplified stack actuator with a diamond structure [14].

This system can operate in two different modes depending on how the input voltage
is applied. The first way is to provide the actuator with a voltage signal which may vary
from −100 V to +100 V. The neutral position occurs for zero voltage applied; positive
values move the slider in a direction, whilst negative values move the slider in the opposite
direction. In the second way of operation, the input voltage is varied from 0 to +200 V, and
the neutral position is obtained for a voltage equal to +100 V; when the voltage is greater
or less than +100 V, the slider moves in one direction or the other.

As stated by the manufacturer, the amplified piezo-stack has the same performance
regardless of the direction of movement. Furthermore, any change in the operating tem-
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perature will have no effect on the displacement despite stack thermal expansion due to
the symmetry of the mechanism [14], and this is a significant advantage compared to lever
mechanisms, which do not have any temperature compensation system [25,26].

Noliac produces three amplified piezo-stacks with a diamond structure. In Table 1,
the main characteristics of the three amplified piezo-stacks produced by Noliac are shown,
such as size, maximum blocking force, maximum free stroke, and stiffness.

Table 1. Amplified stack actuators produced by Noliac: specifications [14].

Parameter Unit NAC2641 NAC2643 NAC2645

Length ×Width × Height mm 14 × 70.5 × 26.1 14 × 102.4 × 28 14 × 134.2 × 30.6
Max. free stroke (working in one direction), xmax µm 300 625 950

Max. free stroke (working in two directions), ±xmax µm ±150 ±312.5 ±475
Stiffness, kp N/µm 1.3 0.9 0.7

Max. blocking force, Fb,max N 195 281 332
Max. actuation force at 20 ◦C, Fact,max N 250 250 250
Max. actuation force at 50 ◦C, Fact,max N 200 200 200

Overall mass, 2mp g 84 122 160
Capacitance, Cap µF 7.2 13 20

The size of the amplified piezo stacks increases with the maximum free stroke pro-
duced (xmax). Model NAC2645 is the largest; however, its overall weight is only 160 g,
thus being much lighter than typical valve electric actuators (both solenoids and linear
force motors).

The maximum free stroke xmax is the maximum displacement theoretically obtained
for a null actuation force, namely, when no load is applied. If the amplified piezo-stack
works in both directions (push and pull mode), the maximum free stroke is one half of that
obtained when the amplified piezo-stack works in one direction only (either push or pull
mode). In the case of a push and pull mode of operation, the maximum free stroke provided
by model NAC2645 is ±0.475 mm, which is very similar to the displacement obtained by
a linear force motor (about ±0.5 mm [1]). Therefore, the values of the displacement are
compatible with the direct actuation of a spool valve.

The blocking force Fb is the actuation force produced when the slider is blocked, the
blocking force increases proportionally to the amplified voltage applied to the actuator,
and the maximum blocking force Fb,max is obtained when the voltage is at its maximum.
The actuation force Fact is given by the difference between the blocking force Fb and the
internal elastic force of the amplified piezo-stack, which is characterized by a stiffness
kp. The manufacturer advises against exceeding a limit for the actuation force in order to
protect the internal mechanism. This limit in the actuation force, which changes with the
temperature, being Fact,max = 250 N at 20 ◦C and Fact,max = 200 N at 50 ◦C, is sufficiently
high to allow the opposing forces in a spool valve (i.e., flow forces and friction) to be
counteracted; however, this represents a limitation as far as the chip shear capability is
concerned, since the force required to shear contamination particles that can be caught
between the edges of a metering section can exceed 200 N. This is the same drawback
occurring with solenoids and linear force motors. If high chip shear forces are needed, two
amplified piezo-stacks can be employed to move the sliding spool.

Figure 2 shows two different solutions to directly actuate a four-way three-position
(4/3) servovalve, (the most used in industrial and aircraft applications [1]), employing the
amplified piezo-stack actuators with a diamond structure.

The first solution (Figure 2a) makes use of only one amplified piezo-stack, operating
in pull/push mode, whose slider is directly connected with the spool. When the slider
pushes the spool to the right, flow modulation is allowed from Port P to Port B, and
from Port A to Port T. Alternatively, when the slider pulls the spool to the left, Port P
is connected to Port A, while Port B is connected to Port T. To compensate for the low
stroke and to achieve reasonable values of flow rate, large slots can be used, as occurs
with direct drive servovalves actuated by linear force motors. A linear variable differential
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transformer (LVDT) must be used to compensate for hysteresis and to achieve closed-loop
spool position control.

Figure 2b shows another architecture characterized by two amplified piezo-stacks,
each connected to the end faces of the spool. With this solution, larger blocking forces can
be achieved, since both amplified piezo stacks can generate a force (one pushing the spool,
the other one pulling the spool). This solution can increase the chip shear force capability
of the valve. However, this solution is more complicated and expensive than the previous
one. Again, an LVDT is to be used for closed-loop control to compensate for hysteresis.
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4/3 servovalve: (a) one actuator; (b) two actuators.

2.2. Numerical Model of the Direct Drive Servovalve Actuated by an Amplified Piezo-Stack

In this study, the performance of the simpler architecture proposed, namely, that
shown in Figure 2a, has been assessed using well-established equations implemented in
Simulink through the libraries of Simscape Fluids [28].

The main equations implemented in Simulink are described in the following, with
reference to the spool moving only from the left to the right for the sake of simplicity, as
shown in Figure 3.
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An amplifier is needed to transform a low input control voltage Vc (ranging from −5
to +5 V in this study) into a high output voltage Vamp (ranging from −100 V to +100 V). A
second order transfer function G(s) is used to model the relation between Vamp and Vc, as
already done in previous studies [20]:

G(s) =
Ka ωn,a

2

s2 + 2 ζa ωn,a s + ωn,a2 , (1)

where s is the complex variable, while Ka, ωn,a and ζa are the gain, natural frequency and
damping ratio of the amplifier, respectively. To model the current limit, the rate of change
of voltage is limited according to Equation (2):

(
dVamp

dt
)max =

Imax

Cap
, (2)

where Cap is the capacitance of the amplified piezo-stack.
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Piezoelectric hysteresis is taken into account by implementing the Bouc–Wen hystere-
sis model, described and used in [17,20], which allows for the calculation of the hysteresis
nonlinear term n:

dn
dt

= α
dVamp

dt
− β

∣∣∣∣dVamp

dt

∣∣∣∣ n− δ
dVamp

dt
|n|, (3)

where α, β and δ are parameters to be adjusted in order to adapt the hysteresis model to
a specific case. The hysteresis non-linear term n is used to correct the blocking force Fb
because of hysteresis, as follows [17,20]:

Fb = Kb
Fb,max

Vmax
(Vamp − n), (4)

where Kb is a correction factor, to be tuned in order to match the numerical model with the
experimental data provided by the manufacturer, Fb,max is the maximum blocking force,
and Vmax is the maximum amplified voltage.

The blocking force Fb determines the actuation force Fact, which can be calculated as
follows [14]:

Fact = Fb − kp x, (5)

where kp is the stiffness of the actuator and x is the displacement of the slider (equal to the
spool position).

The equilibrium of the forces acting on the spool can be written as follows [29]:

Fact − Ff −
(
Cp + Cs

) .
x−

(
mp + ms

) ..
x = 0, (6)

where x is the displacement of the spool; Cp and Cs are the damping factors of the amplified
piezo-stack and of the spool, respectively; mp and ms denote the mass of the moving parts
of the amplified piezo-stack (assumed to be one half of the overall mass of the amplified
piezo-stack) and the mass of the spool, respectively. In the model, the spool position is
measured by an ideal translational motion sensor; the sensor is assumed ideal since the
corresponding Simulink block does not account for inertia, friction, delays, and energy
consumption of the sensor [28]. To evaluate the damping factor of the spool, which is due
to the frictional forces acting on the spool, the following relation can be used [30]:

Cs =
µπDsls

c
√

1− ( ε
c )

2
, (7)

where µ is the dynamic viscosity of the oil, Ds and ls are the diameter and length of the
spool, respectively; c is the radial clearance and ε is the radial eccentricity.

The flow force is calculated by using the following simplified equation [22,28]:

Ff = 2ρ
Q2

Ar,s
cosθ, (8)

where the factor 2 considers two metering chambers being opened simultaneously, ρ is
the oil density, Q is the volumetric flow rate, and θ is the velocity angle with respect to
the horizontal direction; Ar,s is the restriction area in each metering chamber, calculated
as follows:

Ar,s = bx i f x ≥ c, (9)

Ar,s = Al,s = bc i f x < c, (10)

where b is the overall slot width, and Al,s is the spool leakage area [31].
The flow rate through each metering section of the main stage is calculated using the

orifice equation [29]:

Q = CD Ar,s

√
2∆p

ρ
, (11)
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where CD is the discharge coefficient and ∆p is the pressure drop across the restriction area
Ar,s. In the model, Port A and Port B are hydraulically connected and the pressure drop
pB − pA is neglected. Therefore, the pressure drop in Equation (11) becomes:

∆p= pA − pT= pP − pB= (pP − pT)/2 (12)

The values of pP and pT are constants for the supply and tank pressures, respectively.
Open-loop control can be simulated, in which the input voltage Vc can be set, and the

output is the spool position. Otherwise, closed-loop control can be simulated, in which
a proportional–integral (PI) controller adjusts the voltage Vc to obtain the desired spool
position according to the calculated error e(t):

Vc = Kpe(t) + KI
∫ t

o e(τ) dτ, (13)

where Kp and Kl denote the proportional and integral gain, respectively. The derivative
action is not considered in the controller since it is highly sensitive to noise in the process
variable signal.

The Simulink solver (Ode 14x) computes the dynamic system’s states at successive
time steps (0.1 ms) over a specified time span, using information provided by the model [28].
Ode14x uses a combination of Newton’s method and extrapolation from the current value
to compute the model’s state at the next time step, as an implicit function of the state and
the state derivative at the next time step [28]. This solver requires more computation per
step than an explicit solver, but is more accurate for a given step size [28].

The code is made available at [32].

3. Results

The results of the numerical simulations are now presented and discussed. Firstly, the
hysteresis model was validated against the data provided by Noliac on their website [14].
Figure 4 shows the hysteresis curve (displacement of the slider x vs. amplified voltage
Vamp) provided by the manufacturer for model NAC2643 (the only hysteresis curve avail-
able), plotted as an orange curve. The simulated hysteresis curve (plotted in blue) was
obtained using the above-mentioned equations with the tuned parameters α = 0.7, β = 0.013,
δ = 0.03 and Kb = 1.19, by applying a 1 Hz sinusoidal input voltage Vc with a 5 V amplitude
(from −5 V to +5 V), with no load applied (i.e., Ff = Cs = Cp = ms = Q = 0), and using
the characteristics of model NAC2643 (Fb,max = 281 N, kp = 900,000 N

µm , mp = 60 g). The
amplifier employed in previous studies was assumed to be used in these simulations [20];
it is characterized by ωn,a = 1400 rad/s and ζa = 1.5 (Imax = 1 A). Its cut-off frequency
(calculated as the frequency at which the amplitude ratio is −3 dB) is 83 Hz. The good
correspondence between the simulation curve and the manufacturer’s curve shows the
accuracy of the hysteresis model.
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After the validation of the hysteresis model, the architecture of Figure 2a was simulated
using the full numerical code described in Section 2.2. The amplified piezo-stack employed
in the simulations was model NAC2645, being capable of producing the highest value
of maximum free stroke (xmax = ±475 µm working in push/pull mode). The maximum
blocking force of this model is Fb,max = 332 N; its stiffness is kp = 700,000 N/m. The overall
mass of the amplified piezo-stack comprising the case (which is the heaviest part, being
realized in stainless steel [14]) is 160 g; as already mentioned, in the simulations, the mass
of the moving parts of the amplified piezo-stack mp was assumed to be one half of the
overall mass, namely, mp = 80 g. Given the very similar characteristics between model
NAC2643 and model NAC2645, the same tuned parameters α = 0.7, β = 0.013, δ = 0.03 and
Kb = 1.19 were used in this analysis to simulate the hysteresis of model NAC2645. In this
regard, Figure 5 shows how the hysteresis curve of model NAC2645 changes according to
the frequency of the input voltage Vc (sine wave from −5 V to +5 V), with no load applied
(i.e., Ff = Cs = Cp = ms = Q = 0), and with ωn,a = 1400 rad/s and ζa = 1.5 (Imax = 1 A).
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Vc (sine wave from −5 V to +5 V).

Concerning the simulation of the entire valve architecture of Figure 2a, a large size
spool was used in the simulations, having a diameter of 15 mm and a mass of 30 g. The slot
width was taken equal to 2/3 of the whole spool perimeter; therefore, b = 31.42 mm. The
clearance was assumed to be c = 3 µm, being a typical value of servovalves [31], leading
to Al,s = 0.09425 mm2. The oil was assumed to be ISO VG 32 at 50 ◦C, characterized by
ρ = 851 kg/m3 and µ = 0.0187 kg/(m s). The damping factor of the spool was calculated
using Equation (7): assuming a spool length equal to ls = 50 mm and an eccentricity
equal to ε = 1 µm (common values for servovalves [1]), the calculated damping factor is
Cs = 15 Ns/m.

Concerning the discharge coefficient, it was assumed, for simplicity, to be constant
and equal to CD = 0.7. Because of the large pressure drops used in the simulations,
this assumption can be considered valid for a large part of the spool stroke, when the
flow is turbulent and, for turbulent flows, the discharge coefficient in servovalves is
constant, ranging from 0.65 to 0.7 regardless of the spool position [1,33], unlike the discharge
coefficient in proportional valves which can have different values even for turbulent flows
depending on the notch geometry and on the spool position [34]. The flow in the metering
chamber of a servovalve is laminar only for very low values of the Reynolds number,
usually for Re < 200 to 400 [1,29]; therefore, an error is introduced only at the very small
opening degrees, without affecting the overall simulation. Similar considerations can be
made for the flow angle, whose value was experimentally and numerically estimated to be
around 69◦ for turbulent flows in servovalves [29,30,33]. Therefore, θ = 69◦ was imposed in
Equation (8) to calculate the flow forces. Concerning the simulation of the amplifier, it was
operated from −100 V to +100 V (the control voltage Vc being comprised between −5 V
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and +5 V, thus Ka = 20), the sign of the signal determining the direction of slider movement.
All these parameters are reported in Table 2 for completeness.

Table 2. Parameters employed in the simulations.

Parameter Symbol Unit Value

Spool diameter Ds mm 15
Spool length ls mm 50

Width of the slots b mm 31.42
Spool mass ms g 30

Spool damping coefficient Cs Ns/m 15
Clearance c µm 3

Leakage area Al,s mm2 0.09425
Discharge coefficient CD - 0.7

Flow angle θ deg 69
Oil density (ISO VG 32 at 50 ◦C) ρ kg/m3 851

Max. blocking force Fb,max N 332
Stiffness of the piezo-actuator kp N/m 700,000

Capacitance Cap µF 20
Maximum current Imax A 1

Gain of the amplifier Ka - 20
Maximum amplified voltage Vmax V 100

Hysteresis parameter α - 0.7
Hysteresis parameter β - 0.013
Hysteresis parameter δ - 0.03
Hysteresis parameter Kb - 1.19

Figure 6a shows the time history of the spool position simulated in a step test in which
the control voltage Vc was initially changed from 0 V to +5 V, and then from +5 V to 0 V,
with an inlet pressure pP = 71 bar and a discharge pressure pT = 1 bar (overall pressure
drop pP− pT = 70 bar), using the parameters of Table 2. Figure 6b shows the corresponding
time history of the actuation force. The different curves were obtained for different values
of the damping factor of the amplified piezo-stack, namely, Cp = 10, 50, 90, 140 Ns/m, since
the damping factor of the amplified piezo-stack depends on the geometry of the housing in
which it is placed (affecting how the oil is displaced). Therefore, we can assume that it is
possible to obtain these values by properly designing the geometry of the housing.
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Figure 6. Open-loop step tests simulated for different values of Cp and ωn,a = 1400 rad/s (mp = 80 g; pP − pT = 70 bar):
(a) spool position; (b) actuation force.

All the curves of the spool position in Figure 6a show oscillations, which are quite
large for small values of Cp, while becoming negligible for larger values of Cp. Therefore,
the response is very good for high values of Cp, with less than 10 ms being predicted on
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average to reach a stable condition. Instead, for low values of Cp, the output takes more
time to reach a stable condition because of the large oscillations. This suggests that, if the
housing of the amplified piezo-stack produces low values of the damping factor, changes
can be made to the housing in order to increase the damping factor and reduce possible
oscillations of the spool. However, in all the cases (regardless of the value of Cp), the time
interval taken to reach 90% of the maximum opening is very short, being of the order
of 5 ms.

The spool displacement reached for Vc = +5 V is about 0.43 mm, which is similar
to that achievable with linear force motors (±0.5 mm), and a high value of flow rate is
achieved at the maximum opening (51 L/min for pP − pT = 70 bar). When the control
voltage returns to 0 V, the simulated spool position is greater than zero because of the
hysteresis occurring in the amplified piezo-stack; this confirms that closed-loop controls
must be employed to cope with hysteresis.

Concerning the actuation force, calculated as the difference between the blocking force
(Fb) and the internal spring force (kpx), the graph of Figure 6b reveals that the maximum
value imposed by the manufacturer (Fact,max = 200 N at 50 ◦C) is never reached. This is
due to the fact that the blocking force (black curve) has the same trend as the amplified
voltage (red curve), and the maximum blocking force (Fb,max ' 330 N) is obtained when
Vamp = +100 V. Because of the time interval taken by the amplifier to transform +5 V into
+100 V, the maximum blocking force is obtained approximately in correspondence of the
maximum opening, when the elastic force is maximum; as a result, the actuation force is
always well below 200 N. Notably, the values of the actuation force become negative after
about 2 ms for low values of the damping factor. This happens when the internal spring
force momentarily exceeds the blocking force.

The curves of Figure 6a,b were obtained using an amplifier having ωn,a = 1400 rad/s;
it is evident that the response time of this amplifier has a great effect on the response of
the valve, since the blocking force has the same trend as that of the amplified voltage. To
evaluate the effects of using a different amplifier, Figure 7a,b, respectively, show the time
history of the spool position and of the actuation force simulated for the same conditions
as those of Figure 6a,b, but using a different amplifier having ωn,a = 2800 rad/s (while
maintaining ζa = 1.5 and Imax = 1 A). Its cut-off frequency (calculated as the frequency
at which the amplitude ratio is −3 dB) is 162 Hz. These curves show that the use of an
amplifier with higher natural frequency can further improve the response time of the valve.
Indeed, for high values of Cp, the time taken to reach a stable position is only slightly
longer than 5 ms. In all the cases, regardless of the value of Cp, the time interval taken to
reach 90% of the maximum opening is less than 3 ms, denoting a very fast response.
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Figure 7. Open-loop step tests simulated for different values of Cp and ωn,a = 2800 rad/s (mp = 80 g; pP − pT = 70 bar):
(a) spool position; (b) actuation force.
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The results that are going to be presented from now on were obtained using the
former amplifier, having ωn,a = 1400 rad/s, keeping in mind that the transient response
can further be shortened by using amplifiers with higher natural frequencies. Figure 8
shows open-loop step tests, from Vc = 0 V to Vc = +5 V, predicted for different values of
the overall pressure drop (pP − pT). The results were obtained using the parameters of
Table 2, Cp = 90 Ns/m, mp = 80 g, and ωn,a = 1400 rad/s. As shown in the graphs, the
response (initial part of the spool position curve) remains almost unchanged regardless
of the pressure drop, which is typical of a direct drive valve. It is noteworthy that high
levels of inlet pressure can be sustained by the valve, and hence, high flow rates can be
reached (72 L/min at 200 bar). Note that the final spool position (for Vamp = +100 V) slightly
decreases with the pressure drop, since the flow force increases with the pressure drop.

Actuators 2021, 10, 156 12 of 17 
 

 

 

Figure 8. Open-loop step tests simulated for different values of �� − �� (�� = 90 Ns/m; ��=80 g; 

��,� = 1400 rad/s). 

In Figures 6–8, the mass of the moving parts of the amplified piezo-stack actuator 

was set to �� = 80 g. To evaluate the effects of the mass of the moving parts of the ampli-

fied piezo-stack upon the step response, Figure 9 shows simulated open-loop step tests 

for different values of this mass, namely, �� = 80, 130, 180, and 230 g (with ��  being 

changed from 0 V to +5 V; �� − ��  = 70 bar; �� = 90 Ns/m; ��,� = 1400 rad/s). These 

graphs reveal that large oscillations of the spool position are predicted for large values of 

��. Therefore, it is also important that the mass of the moving parts of the amplified piezo-

stack actuator is taken not too large, in order to limit the oscillations of the spool position 

and, therefore, of the flow rate.  

 

Figure 9. Open-loop step tests simulated for different values of �� (�� − �� =70 bar, �� = 90 

Ns/m; ��,� = 1400 rad/s). 

All the results that have been presented up to this point were obtained through an 

open-loop control system, in order to assess the potential of the proposed architecture in 

terms of response speed. However, open-loop control is not able to cope with hysteresis, 

and closed-loop control is necessary for real applications. Therefore, closed-loop control 

was also simulated using a simple PI controller which changes the control signal (��) ac-

cording to Equation (13) to reach the target position (set point). The parameters of the PI 

controller, which were determined taking advantage of the Ziegler–Nichols method, are 

�� = 5.8 and �� = 4100. The imposed saturation limits were �� = ±5 V; the back calculation 

anti-windup method was used. As explained previously, this closed-loop control needs 

an LVDT to measure the spool position. Alternatively, in the literature, there are some 

open-loop control strategies with piezo-electric actuators that do not need any position 

sensor, are easy to handle and cost effective [35]. 

In the simulated closed-loop step tests, the set point was changed with a step size of 

0.2 mm and 0.4 mm (Figure 10), and with a step size of 0.4 mm and 0.8 mm (Figure 11). In 

38 l/min 

51 l/min 58 l/min 67 l/min 

72 l/min 

x/
m

m
 

V
o

lt
ag

e
/V

 

x/
m

m
 

V
o

lt
ag

e
/V

 
Figure 8. Open-loop step tests simulated for different values of pP − pT (Cp = 90 Ns/m; mp = 80 g;
ωn,a = 1400 rad/s).

In Figures 6–8, the mass of the moving parts of the amplified piezo-stack actuator was
set to mp = 80 g. To evaluate the effects of the mass of the moving parts of the amplified
piezo-stack upon the step response, Figure 9 shows simulated open-loop step tests for
different values of this mass, namely, mp = 80, 130, 180, and 230 g (with Vc being changed
from 0 V to +5 V; pP − pT = 70 bar; Cp = 90 Ns/m; ωn,a = 1400 rad/s). These graphs reveal
that large oscillations of the spool position are predicted for large values of mp. Therefore,
it is also important that the mass of the moving parts of the amplified piezo-stack actuator
is taken not too large, in order to limit the oscillations of the spool position and, therefore,
of the flow rate.
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Figure 9. Open-loop step tests simulated for different values of mp (pp − pT = 70 bar, Cp = 90 Ns/m;
ωn,a = 1400 rad/s).

All the results that have been presented up to this point were obtained through an
open-loop control system, in order to assess the potential of the proposed architecture in
terms of response speed. However, open-loop control is not able to cope with hysteresis,
and closed-loop control is necessary for real applications. Therefore, closed-loop control
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was also simulated using a simple PI controller which changes the control signal (Vc)
according to Equation (13) to reach the target position (set point). The parameters of the PI
controller, which were determined taking advantage of the Ziegler–Nichols method, are
Kp = 5.8 and KI = 4100. The imposed saturation limits were Vc = ±5 V; the back calculation
anti-windup method was used. As explained previously, this closed-loop control needs
an LVDT to measure the spool position. Alternatively, in the literature, there are some
open-loop control strategies with piezo-electric actuators that do not need any position
sensor, are easy to handle and cost effective [35].

In the simulated closed-loop step tests, the set point was changed with a step size of
0.2 mm and 0.4 mm (Figure 10), and with a step size of 0.4 mm and 0.8 mm (Figure 11). In
these simulated closed-loop step tests, the overall pressure difference across the valve was
set to pp − pT = 70 bar, with Cp = 90 Ns/m and mp = 80 g. The parameters of Table 2 were
used again in these simulations, along with ωn,a = 1400 rad/s.
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Figure 10. Simulated closed-loop step tests ±0.2 mm (pp − pT = 70 bar, Cp = 90 Ns/m, mp = 80 g;
ωn,a = 1400 rad/s).
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Figure 11. Simulated closed-loop step tests ±0.4 mm (pp − pT = 70 bar, Cp = 90 Ns/m, mp = 80 g;
ωn,a = 1400 rad/s).

These graphs show that the closed-loop control system allows the spool to reach the
desired set points in short time intervals (overall, less than 10 ms to reach 90% of the set
point). This reveals that such a simple closed-loop control system is capable of coping with
the hysteresis that occurs in the amplified piezo-stack actuator.

The closed-loop frequency response of the valve is now discussed. The Bode Plot
of hydraulic valves, in addition to depending on the supply pressure, usually depends
on the amplitude of the input signal due to nonlinearities. Therefore, the Bode Plot is
often obtained for an amplitude of the input signal equal either to 50% or to 100% of the
maximum value [1]. The Bode Plot predicted for the proposed valve is shown in Figure 12,
including both the magnitude diagram (i.e., the amplitude ratio) and the phase diagram,
obtained for pp − pT = 70 bar, Cp = 90 Ns/m, mp = 80 g, ωn,a = 1400 rad/s, along with
the parameters of Table 2, and for an input sine wave (set point) having an amplitude of
0.4 mm (close to the maximum opening). The dimensionless amplitude ratio in dB was
calculated using the formula 20 log10(xout/xin), where xin = 0.4 mm is the amplitude of
the input sine wave (set point) and xout is the amplitude in mm of the output wave (actual
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spool position). The phase diagram reports the phase lag in degrees between the input
wave and output wave.
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Figure 12. Bode Plot for input amplitude = 0.4 mm (pp − pT = 70 bar, Cp = 90 Ns/m, mp = 80 g;
ωn,a = 1400 rad/s): (a) magnitude plot; (b) phase plot.

The plot shows that the predicted closed-loop frequency response is very good, with
the phase shift being −54◦ for a frequency of 50 Hz (see Figure 13), and −105◦ for a
frequency of 100 Hz (see Figure 14). The nonlinearity of the system is confirmed by
Figures 13 and 14, showing that the spool position is not exactly a sine wave.
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Figure 13. Sine wave response for input amplitude = 0.4 mm and frequency = 50 Hz (pp − pT = 70 bar,
Cp = 90 Ns/m, mp = 80 g; ωn,a = 1400 rad/s): spool position vs. time.
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Figure 14. Sine wave response for input amplitude = 0.4 mm and frequency = 100 Hz (pp − pT = 70 bar,
Cp = 90 Ns/m, mp = 80 g; ωn,a = 1400 rad/s): spool position vs. time.
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4. Discussion

This study has assessed the idea of using commercially available amplified piezo-
stacks with a diamond amplification mechanism for the actuation of direct drive servo-
valves. This solution has the potential to exploit the advantages that these piezo-actuators
can provide, such as fast response and low weight. In this work, two architectures were
proposed, depending on the number of amplified piezo-actuators used (one or two).
The performance of the simpler architecture, in which only one amplified piezo-stack
actuator pushes and pulls a spool inside a 4/3 valve, was evaluated using detailed and
well-established equations implemented in a Simulink code. Hysteresis was simulated
by an accurate model, which was validated against experimental data. The amplified
piezo-stack actuator considered in the simulations was the NAC2645 model produced by
Noliac, which provides values of displacement and actuation force very similar to those
obtained by a linear force motor. In the simulations, a large spool was considered, having
a diameter of 15 mm and a mass of 30 g. Firstly, the results obtained with an open-loop
control system were presented; then, the results obtained with closed-loop spool position
control, needed to cope with hysteresis, were discussed. Both step and frequency response
results were included.

Through both the analysis of the characteristics of the amplified piezo-stack and the
simulation results, it is possible to define the favorable aspects of the proposed architecture.
The actuation forces are sufficient to overcome the opposing ones that are present in a
servovalve (friction and flow forces), and the piezo-electric actuation can guarantee a fast
response. In this regard, in the simulated open-loop tests, the time interval predicted to
reach 90% of the maximum opening was less than 5 ms using an amplifier with 1400 rad/s
natural frequency and less than 3 ms using an amplifier with 2800 rad/s natural frequency.
Small oscillations in the response can be obtained, provided that the damping factor of the
amplified piezo stack actuator, which can be changed by adjusting oil flow in the housing,
is not too small. High inlet pressure levels can be sustained by the valve and therefore high
flow rates can be achieved (about 70 L/min at 200 bar). The use of closed-loop control can
allow hysteresis to be successfully coped with. A very good closed-loop frequency response
was predicted, the phase shift being −105◦ for a frequency of 100 Hz and an amplitude
of 0.4 mm, using an amplifier with 1400 rad/s natural frequency. The parameters of the
closed-loop controller were determined taking advantage of the Ziegler–Nichols method; a
descent approach could be used to further improve the results.

In conclusion, this analysis showed that the use of amplified piezo-stack actuators
for the direct actuation of servovalves is feasible and has interesting features, especially
in terms of response speed. The cost of amplified piezo-stack actuators is currently high
(about 2000 euros); however, the cost could be reduced in the future by the large-scale
production of these actuators.
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