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Abstract. Despite being widely used in several applications, commercially
available spool valves, both servovalves and proportional valves, are
inefficient components because they cause high power consumption due to
the large pressure drops across the metering orifices. A recent research field
aims at substituting spool valves with on/off valves having high switching
frequency (changing state between open and closed in a few milliseconds or
less) and producing low pressure drops, in order to make the so-called digital
hydraulics possible. In spite of the advantages that it could provide, digital
hydraulics does not have significative industrial applications yet, because of
the difficulty in manufacturing such high frequency on/off valves. Hence,
this paper performs a feasibility study of an on/off poppet-type valve
actuated directly by a commercially available ring stack, which is a
multilayer piezo-actuator capable of generating very high actuation forces
needed for this application. Modulation of the average flow can be achieved
by changing the duty cycle of the pulse width modulation (PWM) signal
driving the piezostack. An inertance tube could also be used to smooth flow
pulsation. The simulations obtained using a detailed Simulink model show
that high switching frequency and very effective flow modulation can be
obtained with this valve architecture along with low pressure drops and high
flow rates, thus making it potentially suitable for digital hydraulics. The
disadvantages of this single stage architecture are the large dimensions of
the piezo stacks, and the high current generated because of both the high
capacitance of the piezo stack and the high frequency switching. However,
large-scale production of these components could help to reduce the costs,
and the simulations show that limiting the maximum current to 10 A still
provides good regulation.
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1 Introduction

Proportional and servovalves are employed in several industrial and aeronautical
applications. The position and velocity of a cylinder is accurately controlled by acting on the
flow rate delivered to the cylinder, which in turn is controlled by acting on the spool position
of the control valve, which can have infinite values depending on the control signal [1, 2].
Proportional valves are mainly used in industrial applications. Instead, in aircraft, flight
control surfaces (e.g. elevators, ailerons, rudders, flaps, etc.) are usually actuated using a
servovalve, because of the faster response and lower weight than a proportional valve. A
proportional valve is usually a single stage configuration in which the spool is directly moved
by solenoids; whereas a servovalve employed in aircraft is usually a two-stage configuration,
in which the spool is actuated by a pilot stage providing hydraulic amplification. Direct-drive
(single stage) servovalves are also manufactured, in which a large linear force motor (LFM)
is used to directly move the spool, thus being suitable for industrial applications. The main
difference between a proportional valve and a servovalve (two stage or single stage) is that
the latter is provided with a bushing sleeve, which allows better manufacturing tolerances,
lower overlaps, and faster response [1, 2].

Regardless of this difference, both proportional and servovalves employ a sliding spool,
which causes high power consumption, due to two main reasons: 1) internal leakage occurs
in the main stage due both to geometrical tolerances necessary to make the spool move and
to geometrical imperfections [3, 4]; 2) the pressure drop suffered by the pressurised oil from
the pump to the cylinder and viceversa is always very high because the oil passes through the
small passages of the main stage [1]. In addition, a third cause of power consumption occurs
for two stage servovalves: 3) even when the valve is at rest, the pilot stage continuously
requires a quiescent flow to operate, which is taken from the pump and is then discharged
into the tank [1].

Research is quite active to study losses 1) and 3), namely, the internal leakage in the main
stage and the quiescent flow in the pilot stage (to be referred to as the internal leakage in the
pilot stage). Concerning the former, current research studies have investigated the effects of
geometrical imperfections, due to wear and manufacturing processes, showing that such
imperfections have a huge effect on the overall leakage [3-6]. Concerning the latter, novel
configurations for the pilot stage have been proposed and are currently being studied taking
advantage of piezo-electric actuators, showing that the internal leakage of the pilot stage can
be reduced using such configurations [7-9].

The second cause of power consumption, namely, the large pressure drops experienced
by the oil when flowing through the main stage, is due to the fact that the main stage is a
spool valve in which the flow rate is changed by acting on its opening degree. Fig.1 shows a
typical circuit employing a 4/3 symmetrical servovalve coupled with a double ended cylinder.
Denoting the flow rate across the valve by O, and the spool position by x, the following
relation exists [1,10]:

()

where the term xw represents the restriction area A4, across the metering sections of the valve
(w being the width of the slots), Cj, is the discharge coefficient (usually comprised between
0.6 and 0.7 for turbulent flows [1]), p is the oil density and Ap,_is the pressure drop across
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the metering section 4, (Ap,, = App_p = Aps_r because the valve is assumed to be
symmetrical).

In order to have fast response speed and good regulation accuracy, the diameter of the
spool is usually comprised between D=5 mm and D=8 mm, whilst the maximum spool
position is of the order of 1 mm. The width of the slots can be as high as 2/3 of the spool
perimeter. With these values, the restriction area A, = xw is very low, causing a large pressure
drop according to equation (1). This pressure drop across the modulating valve causes power
dissipation P;, which can be estimated as follows:

Qv Apa, 2

Py =2
d m

where 7, is the pump efficiency and the factor 2 is due to the fact that two metering sections
are open simultaneously in a 4/3 valve. Considering possible values for a medium-size valve,
namely, Cp=0.7, D=8 mm, x=Imm, w = 2/37nD , p=850 kg/m?, 0=60 1/min, and n,=0.85,
equations (1) and (2) lead to a predicted pressure drop equal to Ap, ~ 30 bar and a power
dissipation equal to P;~7 kW. This loss is further increased because a modulating valve
always needs an upstream pressure relief valve (as shown in Fig.1), which must be always
open in order to set a constant pressure upstream of the modulating valve; therefore, a part
of the flow Q; is discharged through the pressure relief valve, causing additional power
consumption.
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Fig. 1. Typical hydraulic circuit employing a symmetric servovalve coupled with a double ended
cylinder [8].

This simple calculation explains the reason why these power conversion systems are
inefficient in terms of power consumption. A recent research field aims at substituting
servovalves and proportional valves with digital hydraulics, in an attempt to reduce such
high-power dissipations [11-13]. A digital hydraulic circuit can be either that shown in Fig.
2 (a) or that shown in Fig. 2(b) [11]. The former (Fig. 2(a)) is called a digital flow control
unit. It can realize the accurate flow control through encoding control of multiple switching
valves connected in parallel. The switching valves are two-way two-position valves which
are either fully open or fully closed. Each valve is normally closed when in the rest position
and passing flow when actuated. If there are N switching valves in the circuit, there will be
2N possible combinations, therefore flow modulation is obtained by deactivating (status 0)
and activating (status 1) the valves. The valves would typically have flow rates of 1, 2, 4, 8,
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16, etc. L/min according to the binary system [14]. These valves, being ON/OFF, do not need
a spool modulating flow and, therefore, can have the same architecture as that of poppet
valves. These valves have the potential to generate lower pressure drops than proportional
valves because the flow area can be designed large.

The second circuit (Fig.2(b)) is called pulse modulation switching digital circuit. The
valves employed in this circuit are again ON/OFF and are the same as those described in the
previous case but are larger. In this case, a pulse signal (from 0 to 1) is delivered to the digital
valve and flow modulation is obtained by changing the frequency of the pulse signal: the
higher the frequency, the higher the average flow rate obtained. The intermittence of flow
rate obtained with this system can be compensated by using accumulators and inertance tubes
[12, 13]. Also in this case, the use of ON/OFF valve has the potential to drastically reduce
the pressure losses. The second circuit (Fig.2(b)) should be preferred over the first one
(Fig.2(a)), because a lower number of valves is needed in the second one.

In addition to reducing the pressure drops and hence the power losses, the digital
hydraulic technology directly adopts digital signals to control valves without D/A
conversion, which simplifies the control mode and removes the noise sensitivity typical of
servovalves [11].
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Fig. 2. Two schemes of digital hydraulics: digital flow control unit (a) and pulse modulation switching
digital circuit (b).

In spite of the advantages that it can provide, digital hydraulics does not have practical
applications yet, apart from very small circuits, because of the difficulty in manufacturing
the ON/OFF valves required for this purpose. Indeed, these valves must be very fast, of the
order of a few milliseconds, to change state between open and closed. In the literature, there
are some examples of novel valve architectures designed to achieve very fast response, but
these designs are limited to low flow applications and are not suitable for high flow
circuits [11].

In this scenario, the aim of this study is to study a novel ON/OFF valve architecture which
can be manufactured and used in the digital hydraulic circuit shown in Fig. 2(b), towards the
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implementation of digital hydraulics in aircraft and in industrial applications in place of
proportional valves and servovalves. The idea here presented consists in using a piezo-
electric actuator called ring stack, which moves a piston in a poppet valve. The use of piezo-
electric actuators, which has already been proved to be feasible for the direct actuation of
spool valves (see, e.g., [15-19]), can be the right solution for the development of such high
switching ON/OFF valves.

In the following section, the architecture of the proposed valve is described, along with
the equations implemented in a Simulink code to simulate this valve. The results of the
simulations are then presented and discussed. The results allow advantages and
disadvantages to be deduced and discussed in the conclusions.

2 Methodology

A poppet-type valve directly actuated by a piezo-electric actuator is simulated in this
paper to assess whether it could be employed in the circuit shown in Fig. 2 (b). The valve
must meet the following targets:

v’ it must switch between open and closed in a very short time. A large unit should switch
in less than 5 ms;

v' it must generate low pressure drops even for high flow rates. A real target is to achieve
a maximum pressure drop of 10 bar at 60 L/min for large units;

v’ it must ensure robustness, since it must switch several times a day and thus it is important
to make sure that it is very robust to meet life cycle requirements.

The architecture here explored is shown in Fig. 3. The proposed architecture is based on
the use of a multilayer piezo ring stack actuator produced by the manufacturer Noliac [20].
It is composed of several ring layers which are stacked to fit the needed height or stroke.
Depending on the number of layers, different combinations of maximum free stroke and
blocking force can be obtained. The maximum free stroke is the displacement ideally
achievable corresponding to a null actuation force; instead, the maximum blocking force is
the maximum actuation force achievable when the stack is blocked. The piezo actuator with
the maximum height (200 mm), maximum free stroke (xfe.=326.7 um) and maximum
blocking force (F,max=8450 N) is considered in this analysis, namely model NAC2125-HXX
[20]. This actuator has stiffness k,, =26 000 000 N/m?2.

As shown in Fig.3, the proposed valve is a two-way two-position (2/2) poppet type valve,
in which the ring stack (1) directly moves the valve piston (2), which is inserted through the
hole of the stack (3). To operate correctly, the piezo stack needs a pre-compression &,. The
values for the optimum preload ranges from 20 to 50 percent of the maximum blocking force
[21]. This is achieved by a spring (4), which is also tasked with keeping the piston in contact
with the piezo-stack. The piston must be shaped as shown in Fig. 3 to allow pressure
compensation. When an amplified voltage is applied to the piezo-electric actuator, the piston
is moved from its seat and flow can pass from port P to port A. This valve has the potential
to meet the targets defined previously, taking advantage of the fast response of both the piezo-
electric actuator and the simplicity of its architecture.



E3S Web of Conferences 312, 05008 (2021) https://doi.org/10.1051/e3sconf/202131205008
76° Italian National Congress ATI

o

Fig. 3. Proposed ON/OFF valve architecture to be investigated: closed position (left), open position
(right)

This valve is studied using well-established equations, implemented in a Simulink model.
To predict the performance, p, and p4 are assumed to be constant, with p4 equal to the
atmospheric pressure. When the valve opens, the equilibrium of the forces acting on the
piston can be written as follows [10]:

Fy — kyx — ky(x + 80) — F; — C% —mi =0, 3)

where F), is the blocking force, k,, is the stiffness of the piezostack, x is the displacement of
the valve piston; kg is the stiffness of the additional spring, which is used to provide the
piezo-stack with a pre-compression &, ; the flow force is denoted by Fy; C and m are
respectively the damping factor (accounting for fluid viscosity) and the mass of the moving
parts.

The flow force Frand the flow rate Q are calculated as follows [9, 10, 22]:

2
4
Fr = pQ—COSH, @
4,

- 2(pp=pa)
Q_CDAr/ P )

where Cj, is the discharge coefficient and 6 is the piston angle (see Fig.3) equal to the flow
angle. The restriction area A, is calculated as follows:

A, = nDxsiné, (6)

where D is the effective diameter of the piston. The piston stroke is limited by two stops
which restrict its motion between an upper and a lower bound. Each stop is represented by a
spring coupled with a damper. A force Fi,, acts on the ring bender when the maximum
displacement (x = X,,,4,) and the minimum displacement (x =0) are reached [22]:
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(7
Fstop = Kstop (xmax - X) + Cstop E (xmax - X)

Jor x= Xpmax

_ (®)

Fstop - Kstop (xmin - x) + Cstop a (xmin - x)
forx< 0,

where Ko, and Cgy,p are the stiffness and damping of the mechanical stops.

To evaluate the damping factor of the moving parts, which is due to the frictional forces
acting on it, the following relation can be used [23]:

c = 1Polp ©)
c/u—éﬂ

where p is the dynamic viscosity of the oil, D, and l,, are respectively the diameter and
length of the parts in contact with the case; c is the radial clearance and ¢ is the radial
eccentricity.

The volume of oil comprised between the inlet (P) and the outlet (A) is simulated using a
block named “Constant Volume Hydraulic Chamber”. With this block, a fixed-volume
chamber with rigid walls is simulated and the fluid compressibility is taken into account. The
following equations are applied [22]:

Venam = Vo +%' (10)
— AVcham — &d_p (11)
¢ dat E dt’

where V, is the geometrical volume of the chamber (equal to the product of an internal
diameter Dy and an overall internal length Lj), V,jq:m, is the oil volume in the chamber at the
pressure p, with g, denoting the flow rate through the chamber. The actual bulk modulus £
is calculated as follows [10, 22]:

Pa 1/y
1+
e

pal/Y
€5 ponyy Fo

(12)

E=E,

)

1+

where E) is the pure liquid bulk modulus, p, is the atmospheric pressure, y is the gas-specific
heat ratio (y =1.4) and ¢ is the relative gas content at atmospheric pressure.
The amplifier is simulated by using a second order transfer function [24]:

V. — Kqwn® (13)
amp — s2428wps+wn? €’

where V. is the control voltage supplied to the amplifier (from 0 V to 5 V), K|, is the gain of

the amplifier (K, =40), w, is the natural frequency of the amplifier, and ¢ is the damping

factor of the amplifier. Amplifiers for piezoelectric actuators usually generate a low noise
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voltage output, therefore noise is not simulated in this analysis [25]. The current is calculated
using the following equation:

_ AVamp c (14)

== o

where Cq,is the capacitance of the piezo-stack. In the model, it is also possible to limit the
maximum current by setting a maximum value for the current .

The hysteresis of the ring stack is not modelled in this analysis because there are not
experimental data provided by the manufacturer concerning the ring stack employed.

The Simulink solver (Ode 14x) computes the dynamic system's states at successive time
steps (0.01 ms) over a specified time span (25 ms), using information provided by
the model [22].

3 Results

The simulations were performed using the following data, as shown in Table 1. The
parameters of the ring stack (model NAC2125-HXX [20]) are: xf=0.325 mm, F} nax=8450
N, k, =26 10°N/m?* C,,, = 79300 nF. The outer diameter of the ring stack is ¢=20 mm. The
effective diameter of the piston was taken equal to D=60 mm; the piston angle was taken
equal to 8 =45 deg. The discharge coefficient was set to C,=0.7, under the assumption of
turbulent flow (reliable assumption for most of the piston travel given the operating
conditions considered in the simulations) [10].

Table 1. Parameters employed in the simulations.

Parameter Symbol Unit Value
Maximum free stroke Xfree mm 0.325
Max. blocking force Fbmax N 8450
Stiffness of the piezo-actuator kp N/m 26 10°
Capacitance Cap nF 79300
Effective piston diameter D mm 60
Piston angle 0 deg 45
Discharge coefficient Cp - 0.7
Inlet pressure pr bar 11
Outlet pressure p4 bar 1
Mass of the moving parts m g 100
Stiffness of the additional spring ks N/m 190000
Pre-compression 8o mm 8.90
Spring stiffness (mech. stop) Kstop N/m 108
Damping (mech. stop) Cstop Ns/m 5000
Volume chamber Vo m3 2104
Oil density P kg/m? 851
Damping coefficient c Ns/m 60
Natural frequency of the amplifier Wy rad/s 10000
Damping factor of the amplifier I3 - 1.5
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The inlet pressure was set to pp=11 barand p4=1 bar, in order to have an overall pressure
drop of 10 bar (the same results will be obtained for a different inlet pressure but with the
same pressure drop). This was done since, as explained earlier, the objective is to design a
valve which can produce high flow rate with low pressure drop. These parameters allow a
flow rate of about 70 1/min to be achieved at the maximum opening. The mass of the moving
parts was assumed m=100 g. The stiffness of the additional spring was assumed equal to k; =
190000 N/m with a pre-compression §,=8.90 mm, in order to obtain a preload equal to 20%
of the maximum blocking force [21]. The maximum displacement (mechanical stop) is
assumed equal to the maximum free stroke of the ring stack, x,.x=0.325 mm. The spring
stiffness and damping of the mechanical stops were taken equal to Ks;op= 10% N/m and
Cstop = 5000 Ns/m, respectively. The chamber accounting for fluid compressibility, given
the dimensions of the piston, was assumed to have Dy=D=60 mm and Ly= D=60 mm, thus
obtaining Vp = 2 10 m>. The oil was assumed to be ISO VG 32 at 50 °C, characterized by
p=851 kg/m? and 4=0.0187 kg/(m s). The damping factor of the piston was calculated using
equation (9): assuming [, =50 mm, D, =60 mm and an eccentricity equal to zero, the
calculated damping factor was C =60 Ns/m. Concerning the amplifier, the natural frequency
was assumed equal to w,= 10000 rad/s (with damping factor {=1.5), in order to simulate a
high-performance amplifier. With the proposed setting, an input pulse voltage V. from 0 to
5V with a frequency of 200 Hz (overall period 7 =5 ms) was simulated by changing the
duration of the pulse. Keeping the period constant and changing the pulse duration Az, it
means that the duty cycle of the input signal was changed (%DC = 4t,,/t %). The proposed
setting is consistent with the requirement exposed in section 2, since the valve must switch
between on and off in a very short time, and the average flow rate must be regulated by acting
on the pulse width. The use of a 200 Hz input frequency should not be an issue in terms of
lifetime of the piezo-stack. Indeed, tests have shown that multilayer piezo-stacks can perform
billions of cycles without a significative loss of performance even for higher frequencies than
200 Hz if operated under suitable conditions [26]. The main factor affecting the performance
and lifetime of a piezo stack is the applied voltage, which must be limited to the values
specified by the manufacturer. Indeed, some studies have demonstrated that a very high
voltage can accelerate the fatigue failure of piezo stacks [27].

Figures 4, 5 and 6 respectively show the numerical predictions obtained for %DC=40%,
2%DC=70% and %DC=100% of the input voltage pulse (7). No limitation to the maximum
current was set in the code. The amplified voltage (Vaump), the flow rate (Q), the current (J),
and the piston position (x) are plotted along with the input voltage (V). The input voltage
(Ve), multiplied by 20 for clarity of representation, is plotted as a red line. The amplifier
transforms this input pulse into a high voltage pulse (Vanp), plotted as a blue line. Because of
the time delay of the amplifier, about 1.5 ms are needed to obtain V,,,=200 V. The amplified
voltage makes the piston move, with the piston reaching a maximum position and then
oscillating around this position (see the green line representing the piston position). The
maximum free stroke (0.325 mm) is not reached, because of the resistance forces (force of
the additional spring and flow force). According to the trend of the piston position, a similar
trend of the flow rate is obtained (orange line). Flow is obtained during the ON phase, while
no flow is obtained during the OFF phase. Accordingly, a mean flow rate (see dotted line) is
calculated by the program along the entire simulated test.

As shown in the figures, a similar maximum opening is reached in all the three cases, but
the different duty cycle causes different values of the average flow, which increases with the
duty cycle (26 /min for %DC=40%, 46 I/min for %DC=70%, 70 1/min for %DC=100 %). In
the case of %DC=100 %, the input pulse signal is transformed into a step signal, and the OFF
phase does not exist. In all the three cases, the regulation is very effective, given the fast
response of the simulated amplifier. Large oscillations of the flow rate are noticed. In
practice, there could be less oscillation and the effective damping could be higher; one
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contribution could be hysteresis which would give some dissipation and generate increased
damping. In any case, the oscillations of the flow rate can be smoothed by using an
accumulator and an inertance tube [12, 13].

A very large value of the peak current (black line) is predicted by the simulations, which
means high power consumption and related heating issues. However, this peak value occurs
only for a short time interval; therefore, the average current is much lower.
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Fig. 4. Numerical predictions of amplified voltage (Vymp ), flow rate (@), current (I), and piston position
(x) for V. changing from 0 to 5V with a frequency of 200 Hz and %DC =40 % (no limit for the
maximum current).
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Fig. 5. Numerical predictions of amplified voltage (Vprmp), flow rate (@), current (/), and piston position
(x) for V; changing from 0 to 5V with a frequency of 200 Hz and %DC =70 % (no limit for the
maximum current).
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Fig. 6. Numerical predictions of amplified voltage (Vomp), flow rate (@), current (1), and piston position
(x) for V. changing from 0 to 5V with a frequency of 200 Hz and %DC =100 % (no limit for the
maximum current).

To reduce the peak current, a current limit can be set in the program. In this regard,
Figures 7, 8 and 9 again show the numerical predictions of the amplified voltage (Vamp), flow
rate (Q), current (/), and piston position (x) for 2%DC=40 %, %DC=70 % and %DC=100 %,
but with a maximum current I,,,, =10 A.

Having limited the maximum current, the time delay of the amplifier is increased to about
2 ms. The shape of the curves has changed accordingly. Although the response time of the
amplified voltage is worsened because of the current limit, these graphs show that the flow
modulation is still effective and similar values of the mean flow are obtained compared to
the previous case with no current limit.

However, a further reduction of the maximum current leads to poor response. Indeed, Fig.
10 shows the numerical predictions of the amplified voltage (Vamp), flow rate (Q), current (1),
and piston position (x) for %DC=70 % and maximum current I, =5 A. Because the
response time of the amplifier is now very close to one half of the period (5 ms), due to the
current limit, it is shown that the valve cannot be fully closed during the OFF phase (the
piston does not come back to x=0), thus leading to poor regulation.
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Fig. 7. Numerical predictions of amplified voltage (Vprmp), flow rate (@), current (1), and piston position
(x) for V; changing from 0 to 5V with a frequency of 200 Hz and %DC =40 % (I g, = 10 A).
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Fig. 8. Numerical predictions of amplified voltage (Vomp), flow rate (@), current (), and piston position
(x) for V. changing from 0 to 5V with a frequency of 200 Hz and %DC =70 % (4 = 10 A).
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Fig. 9. Numerical predictions of amplified voltage (Vomp), flow rate (@), current (/), and piston position
(x) for V. changing from 0 to 5V with a frequency of 200 Hz and %DC =100 % (I,q, = 10 A).

300 ——— input valtage x 20 I(\1)
Ampiified votage (V)
~———— Flow rate (I/min)
ol T e e, fa M A M
Current (A)
Position (mm) \‘\

\\>\\
s | =

/N NN
A T T

. VN N N
Y Y

0 0.005 0.01 0.015 0.02 0.025
Time (seconds)

Imin; V ; A; mm
g

=
S

Fig. 10. Numerical predictions of amplified voltage (Vamp), flow rate (@), current (I), and piston
position (x) for I/, changing from 0 to SV with a frequency of 200 Hz and %DC =70 % (Iqx = 5 A).

Therefore, the peak current must be taken larger; this means that a high current amplifier

is needed for this purpose. The peak current occurs only for a short period of time; however,
its effects on the heat generated should be investigated properly.
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Apart from this, the previous graphs have shown that the proposed valve architecture is
feasible and, by virtue of the low pressure drops, has the advantage of significantly reducing
the power losses compared to a spool valve.

4 Conclusions

Digital hydraulics is a promising new field with the potential to offer previously
unachievable efficiencies. Its success will depend on the development of novel high
switching ON/OFF valves. A large unit should switch in less than 5 ms, generating very low
pressure drops even for high flow rates (i.e., 10 bar at 60 L/min). In this paper, a feasibility
study of a new valve architecture based on the use of a piezo ring stack was performed. The
proposed valve is a 2/2 poppet type valve, in which a ring stack directly moves the valve
piston inserted through the hole of the stack. Well established equations, implemented in a
Simulink model, were used to simulate this valve. In the simulated control system, the input
pulse voltage was varied from 0 to 5V with a frequency of 200 Hz; by changing the duty
cycle of the pulse, it was possible to change the average flow through the valve. The
simulations showed that this control strategy is very effective: a maximum flow rate of 70
1/min was obtained for a pressure drop of 10 bar and 2%6DC =100 %; the reduction of the duty
cycle allowed the average flow rate to be reduced accordingly by keeping the pressure drop
set to 10 bar. The main issue of such a control strategy is the high peak current generated,
due both to the high capacitance of the ring stack and to the high frequency of the pulse.
Simulations were also performed by setting a current limiter in the code to reduce the peak
current. It was predicted that limiting the maximum current to 10 A does not affect the
regulation of the valve. However, for a lower current limit, the response of the amplifier
worsened, thus affecting the valve regulation, which was very poor in these conditions.

The results of this study can be summarised by listing the disadvantages and advantages
of the proposed solution. The disadvantages are the large size of the ring stack (the length of
the stack employed is 200 mm), the need for a high-performance amplifier, and the high peak
current generated. The main advantage is the low pressure drop generated by this architecture
and, hence, the much lower power consumption than a spool modulating valve. This study
lays down the basis for deeper investigations of the studied architecture, including
experimental tests aimed at assessing the effects of hysteresis and peak current generated.
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