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Abstract.  
 
Proportional valves and servovalves are employed in several industrial and aeronautical 

applications. However, both employ sliding spools, which cause high power consumption, 

essentially due to the large pressure drops across the metering orifices. A recent research 

field aims to substitute spool valves with ON/OFF valves that have high switching frequency 

and produce low pressure drops, in order to drastically reduce such high-energy dissipations. 

The aim of this paper is to evaluate the performance of a novel high frequency switching 

four-way two-position (4/2) ON/OFF valve actuated directly by a commercially available 

multilayer piezoelectric actuator, called ring stack.  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 effective flow 

modulation along with low pressure drops and high flow rates are predicted by the 

simulations. 

Keywords. Piezoelectric Actuators, Spool Valves, Digital Hydraulics, ON/OFF Valves, 

Simulink. 

1. INTRODUCTION 

Analog hydraulic valves, both proportional valves and servovalves, have extensively been 

used in lots of industrial and aeronautical applications for several decades [1], [2], [3]. The 

basic function of these valves is to control the oil flow delivered to an actuator by changing 

the opening of the valve metering orifices by means of the main spool displacement [4], [5], 

[6]. Additionally, these control components are crucial in pneumatic systems, such as in vital 

biomedical equipment like lung ventilators for intensive care units, regulating patient gas 
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inhalation and exhalation [7].  However, the use of proportional and servovalves is not 

energy efficient since both employ sliding spools, which cause high throttling losses in the 

system [8], [9]. In a previous study by the authors of this paper, a power dissipation equal to 

7 kW was evaluated for a medium size spool valve considering a pressure drop of 60 bar 

and a flow rate of 60 L/min [10]. In addition, the correct operation of spool valves can easily 

be hindered by oil contamination [4], [5].  

A recent research field aims to substitute commercially available spool valves, both 

proportional and servovalves, with the digital hydraulic technology by means of the use of 

low-cost ON/OFF valves in order to reduce the energy consumption and increase the 

efficiency of the system [11], [12], [13]. Higher reliability, lower energy consumption, more 

precision in machine motions, fewer shutdowns, less loss of production, lower original 

investment and spare parts carrying costs are among the benefits [14], [15]. Moreover, 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 [16].  

A standard definition of digital hydraulics is provided in [16], namely, “a system which 

controls a discrete fluid with a modulated, discrete, digital signal directly to realize active 

and intelligent control of the system output”.   

The digital hydraulic technology can be divided into two main categories; in the first type, 

the hydraulic circuit is composed of a large number of parallel – connected on/off valves; in 

the second type, the hydraulic circuit is based on high frequency switching technologies 

[16]. The two types of digital hydraulic circuits are shown in Figure 1 and Figure 2. 

The circuit shown in Figure 1 is called Digital Flow Control Unit (DFCU). In this system, 

the Pulse Code Modulation (PCM) approach is used. In particular, a precise flow control can 

be obtained through the encoding control of several robust ON/OFF valves connected in 

parallel. Thus, if more precise flow rates are required, more ON/OFF valves need to be used. 

In the DFCU circuit, the ON/OFF valve is normally a closed two-way two-position valve, 

which blocks flow when it is in the unactuated position and passes flow when actuated. If 

there are N switching valves in the circuit, there will be 2N possible combinations, thus, by 

turning the valves on and off, the individual valve flows are combined to form a total flow 

using a binary table.  The main issue of this approach is that numerous ON/OFF valves are 

needed and must be actuated at the same time, necessitating a precise timing of each 

individual valve. 
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Figure 1. Digital Flow Control Unit (DFCU) circuit with simplified drawing symbol, where 

N represents the number of ON/OFF valves.  

Because these valves are ON/OFF, they do not require a spool adjusting flow and can have 

the same architecture as that of poppet valves. A poppet valve is capable of performing 

several working cycles with lower pressure drops than proportional valves because the flow 

area can be designed larger [14]. 

 

Figure 2. Pulse Modulation Switching (PMS) digital circuit using four 2/2 ON/OFF valves. 

 
The circuit depicted in Figure 2 is called Pulse Modulation Switching (PMS) digital circuit. 
The ON/OFF valves used in this circuit are the same as those used in the DFCU circuit, apart 
from being larger. High frequency switching controlled valves allow the average flow area to 
be adjusted by the Pulse Width Modulation (PWM) technique. In particular, 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 switching frequency has an impact on the 
controllability: the lower the frequency, the higher the controllability obtained. However, a 
low frequency increases the pressure pulsation. Accumulators and inertance tubes are 
normally used to suppress noise and smooth the flow rate obtained [17], [18]. A PMS digital 
circuit can be considered the better solution since it requires fewer valves than those 
employed in a DFCU circuit. 

Considerable research has been done in the past decades into the development of digital 
valves. The basis for the design of such devices is to create a rapid switch from fully open to 
fully closed position in less than 5 ms with very small pressure losses.  
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Regarding the PCM approach, Bower's invention, issued in 1961, is the first to use real PCM 
control with a dual-acting actuator [19]. However, the most general PCM valve system was 
presented by Murphy and Weil in 1962 [20]. In this system, each flow line has its own 
ON/OFF valve series, allowing for meter-in and meter-out flow control. Despite the fact that 
the PCM method and its modifications have actively been patented in the field of hydraulics, 
only few articles appear in the literature [21], [22].  

Regarding the PWM approach, various high frequency switching digital valves were studied 
and developed by several researchers [23], [24], [25]. These valves presented very fast 
response, but the flow rates were limited to low flow applications.  Because of this, apart from 
very small circuits, digital hydraulics has yet to find practical applications. 

In this scenario, this paper proposes a novel high frequency switching 4/2 ON/OFF valve 
architecture that can be manufactured and used in the digital hydraulic circuit shown in Figure 
3, in order to replace proportional and servovalves in aeronautical and industrial applications. 
PMS digital circuits are usually proposed to be equipped with 2/2 ON/OFF valves. In the 
present paper, it is proposed to use 4/2 ON/OFF valves in order to reduce the number of the 
components, as shown in Figure 3.  

 

Figure 3. Pulse Modulation Switching (PMS) digital circuit using two 4/2 ON/OFF valves. 

The idea here investigated thoroughly consists in using a commercially available multilayer 

piezoelectric actuator, called ring stack, to move two inner poppets in the 4/2 poppet valve. 

This idea was partially presented in [10], where a feasibility study of a high frequency 

switching 2/2 ON/OFF valve was performed using a simplified Simulink model in order to 

predict simple open-loop step tests. In this paper, the investigation regards the 4/2 valve, and 

a more complete assessment is performed using a more detailed Simulink model, which is 

now able to simulate closed loop control.  

The PWM technique is proposed to be used. In particular, by changing the duty cycle of the 

input pulse voltage (𝑉𝑐),  different values of the average flow rate (𝑄𝑚𝑒𝑎𝑛) can be obtained. 

The duty cycle, denoted by %DC, is the ratio of the pulse duration (∆𝑡𝑜𝑛) to the overall period 

of the input signal (τ). The latter is kept constant; therefore, the duty cycle (%DC =∆𝑡𝑜𝑛/τ) is 

changed from 0 to 1 and is expressed as a percentage, i.e. from 0% to 100%.  

Firstly, the valve architecture is presented. Then, the improved Simulink model is described. 

After that, the simulation results obtained through open and closed loop control are presented 

and discussed. The findings allow one to understand the benefits and drawbacks, which are 

finally summarised in the conclusions. 
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2. VALVE LAYOUT 

In this section, the valve layout is analysed. The main component of this architecture is the 

ring stack actuator. It consists of a series of piezoelectric ring elements stacked one on top 

of the other and enclosed between two electrodes. The thickness of the layers is of the order 

of 25–100 µm. Various combinations of maximum free stroke and blocking force can be 

obtained depending on the height of the stack. The blocking force is the maximum actuation 

force and is obtained when the actuator is blocked from moving and when the maximum 

operating voltage is applied; the maximum free stroke is the maximum displacement ideally 

achievable for a null actuation force, i.e., when the actuator experiences no resistance to 

movement, and when the maximum voltage is applied. The ring stack with the maximum 

height (200 mm) produced by Noliac is adopted in the numerical simulations, namely, model 

NAC2125-HXX [26]. In Table 1, its main characteristics are shown. 

Table 1. NAC2125-HXX RING STACK: Specifications [26]. 

Parameter Symbol Unit Value 

Length/outer diameter  do mm 20 

Width/ inner diameter  di mm 12 

Height  H mm 200 

Max. operating voltage  Vmax V 200 

Max. free stroke  xmax µm 325 

Max. blocking force Fb,max N 8450 

Capacitance  Cap nF 79300 

Stiffness  kp N/m 26·106 

A feasibility study of a 2/2 poppet-type valve based on the use of the same piezo actuator 

was performed in [10]. In order to reduce the number of valves from four to two and, thus 

reducing the complexity of the system, a novel 4/2 poppet-type valve architecture, shown in 

Figure 4, is now presented. The valve, in order to be employed in the digital circuit shown 

in Figure 3, must meet the following targets: 

▪ it must switch between open and closed in a very short time interval, i.e., less than 

5 ms; 

▪ it must generate low pressure drops even for high flow rates. A real goal is to 

achieve a maximum pressure drop of 20 bar at 60 L/min; 

▪ it must be robust, since it must switch numerous times a day. 

In the novel 4/2 valve architecture, shown in Figure 4, the ring stack actuator (1) allows the 

poppets (2) to be moved. The latter, which are inserted through the hole of the stack (3), are 

kept in contact with the piezo actuator by means of a spring (4) which in turn ensures a 

correct pre-compression (𝛿0) to the ring stack. Indeed, since the piezo stack actuator cannot 

withstand large pulling forces, a preload must be applied to avoid damage. It has widely 

been proved that a correct value of preload grants a longer lifetime for this type of 

piezoelectric actuator [27]. In particular, the values for the optimum preload range from 20 

to 50 percent of the blocking force [28]. When a differential voltage is applied to the ring-

stack, the poppets are moved from their seat and flow is allowed from Port P to Port A, and 

from Port B to Port T. Taking advantage of the rapid response of the piezoelectric actuator 
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as well as the simplicity of the valve architecture, this valve has the potential to satisfy the 

previously specified targets. 

 

Figure 4. Proposed 4/2 poppet-type valve architecture: closed position (left), open position 

(right). 

3. SIMULINK MODEL 

A numerical model simulating the performance of the valve concept, shown in Figure 4, has 

been developed. The equations of the numerical model, which have been implemented into 

the Simscape Fluids environment [29], are described in the following.  

An amplifier is needed to transform a low input pulse voltage 𝑉𝑐 (from 0 to 5 V) into a high 

output voltage 𝑉𝑎𝑚𝑝 (from 0 to 200 V). A second order transfer function 𝐺(𝑠) is used to 

model the relation between 𝑉𝑎𝑚𝑝 and 𝑉𝑐, as already done in previous studies [10]: 

where s is the complex variable, while 𝑘𝑎, 𝜔𝑛, and 𝜉 are the gain, natural frequency and 

damping ratio of the amplifier, respectively. In the code, it is possible to model the current 

limit 𝐼𝑚𝑎𝑥, thus the rate of change of voltage can be limited according to Equation (2): 

where 𝐶𝑎𝑝  is the capacitance of the ring-stack. 

The blocking force 𝐹𝑏 depends on the amplified voltage  𝑉𝑎𝑚𝑝  as follows: 

where 𝐾𝑉𝐹  is a conversion factor (from voltage to newton). The blocking force 𝐹𝑏 determines 

the actuation force 𝐹𝑎𝑐𝑡, which can be calculated as follows [26]: 

where 𝑘𝑝 is the stiffness of the actuator and 𝑥 is the displacement of the poppets. 

𝐺(𝑠) =
𝑉𝑎𝑚𝑝

𝑉𝑐

=
𝑘𝑎𝜔𝑛

2

𝑠2 + 2𝜉𝜔𝑛𝑠 + 𝜔𝑛
2

, (1) 

(
𝑑𝑉𝑎𝑚𝑝

𝑑𝑡
)

𝑚𝑎𝑥
=

𝐼𝑚𝑎𝑥

𝐶𝑎𝑝

, (2) 

𝐹𝑏 = 𝐾𝑉𝐹𝑉𝑎𝑚𝑝 , (3) 

𝐹𝑎𝑐𝑡 = 𝐹𝑏 − 𝑘𝑝𝑥, (4) 
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The equilibrium of the forces acting on the poppets, when the valve is actuated, can be 

written as follows [10]: 

where  𝑘𝑠 is the stiffness of the additional spring, which ensures a correct  pre-compression 

𝛿0 to the ring stack; 𝐹𝑓𝑙𝑜𝑤   is the flow force acting on the poppets’; 𝐶 and 𝑚 are the damping 

factor (accounting for fluid viscosity) and the mass of the moving parts, respectively. 

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 [10]: 

where 𝜇 is the dynamic viscosity of the oil, 𝐷𝑝 and  𝑙𝑝 are the diameter and length of the part 

in contact with the case; c is the radial clearance and 𝜀 is the radial eccentricity. 

 For each metering chamber, the flow forces 𝐹𝑓𝑙𝑜𝑤  and the restriction area 𝐴𝑟 can be 

estimated by the following equations [10]: 

where ρ is the oil density, 𝜃 is the poppets’ angle equal to the flow angle, 𝐷  is its effective 

diameter and 𝑄 is the flow rate, which can be calculated as follows [10]:  

where 𝐶𝐷 is the discharge coefficient and ∆𝑝 is the overall pressure drop across the valve. 

In the model, Port A and Port B are hydraulically connected and the pressure drop   𝑝𝐴 − 𝑝𝐵  

is neglected. Therefore, the pressure drop in Equation (9) becomes: 

The values of 𝑝𝑃 and 𝑝𝑇  are constant input in the model. 

The poppets’ stroke is confined by two stops which restrict its motion between an upper and 

a lower bound. Each stop is represented as a spring combined with a damper. When the 

maximum or minimum displacement is reached, a force 𝐹𝑠𝑡𝑜𝑝 which acts on the ring stack 

can be calculated as [10]:  

where 𝐾𝑠𝑡𝑜𝑝 and 𝐶𝑠𝑡𝑜𝑝 are the spring stiffness and damping of the stop, respectively, with 

𝑥𝑚𝑎𝑥  and (𝑥𝑚𝑖𝑛 = 0) denoting the maximum and minimum displacement of the ring stack.  

𝐹𝑎𝑐𝑡 − 𝑘𝑠(𝑥 + 𝛿0) − 𝐹𝑓𝑙𝑜𝑤 − 𝐶𝑥̇ − 𝑚𝑥̈ = 0, (5) 

𝐶 =
µ𝜋𝐷𝑝𝑙𝑝

𝑐√1 − (
𝜀

𝑐
)

2
, 

(6) 

𝐹𝑓𝑙𝑜𝑤 = 𝜌
𝑄2

𝐴𝑟

𝑐𝑜𝑠𝜗, (7) 

𝐴𝑟 = 𝜋𝐷𝑥𝑠𝑖𝑛𝜗, (8) 

𝑄 = 𝐶𝐷𝐴𝑟√
∆𝑝

𝜌
, (9) 

∆𝑝 = 𝑝𝑃 − 𝑝𝑇 = 2(𝑝𝐵 − 𝑝𝑇) = 2(𝑝𝑃 − 𝑝𝐴), (10) 

𝐹𝑠𝑡𝑜𝑝 = 𝐾𝑠𝑡𝑜𝑝(𝑥𝑚𝑎𝑥 − 𝑥) + 𝐶𝑠𝑡𝑜𝑝

𝑑

𝑑𝑡
(𝑥𝑚𝑎𝑥 − 𝑥), 

for   𝑥 ≥ 𝑥𝑚𝑎𝑥  
(11) 

𝐹𝑠𝑡𝑜𝑝 = 𝐾𝑠𝑡𝑜𝑝(𝑥𝑚𝑖𝑛 − 𝑥) + 𝐶𝑠𝑡𝑜𝑝

𝑑

𝑑𝑡
(𝑥𝑚𝑖𝑛 − 𝑥), 

for   𝑥 ≤ 𝑥𝑚𝑖𝑛 , 

(12) 
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A block called "Constant Volume Hydraulic Chamber" is used to simulate the volume of oil 

contained between (P) and (A), and between (B) and (T). This block simulates a fixed-

volume chamber with rigid walls while also accounting for fluid compressibility. The 

following equations are applied [10]: 

where 𝑉0 represents the geometrical volume of the chamber (equivalent to the product of an 

internal diameter 𝐷0 and an overall internal length 𝐿0), 𝑉𝑐ℎ𝑎𝑚 represents the oil volume in 

the chamber at pressure p, and 𝑞𝑐 represents the volumetric flow rate through the chamber. 

The actual bulk modulus E is calculated as follows [10]: 

where 𝐸0 is the pure liquid bulk modulus, γ is the gas-specific heat ratio (γ = 1.4), σ is the 

relative gas content at atmospheric pressure and is 𝑝𝑎 the atmospheric pressure.  

An open-loop control can be simulated in which the duty cycle (%DC) of the input pulse 

voltage 𝑉𝑐 can be set, and the output is the mean flow rate 𝑄𝑚𝑒𝑎𝑛 .  Alternatively, a closed-

loop control can be simulated, in which a proportional–integral (PI) controller adjusts the 

duty cycle (%DC) to obtain the desired mean flow rate according to the calculated error 𝑒(𝑡): 

where 𝐾𝑃 and 𝐾𝐼  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 hysteresis of the ring stack is not simulated. 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 [29]. 

4. NUMERICAL RESULTS  

The results of the numerical simulations, which concerned both metering chambers of the 

same valve, i.e., P → A and B → T, are now presented and discussed. The values of the 

operating parameters are reported in Table 1 (regarding the ring stack actuator) and Table 2 

(the system). 

 

 

 

 

𝑉𝑐ℎ𝑎𝑚 = 𝑉0 +
𝑉0𝑝

𝐸
, (13) 

𝑞𝑐 =
𝑑𝑉𝑐ℎ𝑎𝑚𝑏

𝑑𝑡
=

𝑉0

𝐸

𝑑𝑝

𝑑𝑡
, (14) 

𝐸 = 𝐸0

1 + 𝜎(
𝑝𝑎

𝑝
)1/𝛾

1 + 𝜎
𝑝𝑎

1/𝛾

𝛾 𝑝(𝛾+1)/𝛾 𝐸𝑜

, (15) 

(%𝐷𝐶) = 𝐾𝑃𝑒(𝑡) + 𝐾𝐼 ∫ 𝑒(𝑡)𝑑𝑡
𝑡

0

. (16) 
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Table 2. System parameters assumed for the simulations. 

Component Parameter Value Unit 

Oil 

(ISO VG 32) 

Temperature (T) 

Density (ρ) 

Viscosity (µ) 

50 

851 

0.0187 

[°C] 

[kg/m3] 

[kg/(ms)] 

Discharge line Discharge Pressure (pT) 1  [bar] 

Oil chamber 

volume 

Equivalent Diameter (D0) 

Equivalent length (L0) 

Volume chamber (V0) 

60 

50 

2∙10-4 

[mm] 

[mm] 

[m3] 

PiezoValve 

Effective poppets’ diameter (D) 

Piston angle (𝜗) 

Length parts contact case (lp) 

Eccentricity (𝜀) 

Clearance (c) 

Poppets’ damping factor (C) 

Discharge coefficient (CD) 

Conversion factor (KVF) 

Stiffness of add. Spring (ks) 

Pre-compression (𝛿0) 

Stop stiffness (Kstop) 

Stop Damping (Cstop) 

60 

45 

50 

0 

1 

60 

0.7 

42.25 

190000 

8.90 

108 

5000 

[mm] 

[°] 

[mm] 

[mm] 

[µm] 

[Ns/m] 

- 

[N/V] 

[N/m] 

[mm] 

[N/m] 

[Ns/m] 

Amplifier 

Natural frequency (ωn) 

Damping factor (𝜉) 

Gain of the amplifier (ka) 

10000 

1.5 

40 

[rad/s] 

- 

- 

The proposed setting was used in order to obtain switching times of 5 ms; the average flow 

rate was modulated by acting on the pulse width of the input signal 𝑉𝑐. Thus, 𝑉𝑐 was 

simulated as a pulse signal from 0 to 5V with a frequency of 200 Hz (overall period τ =5 

ms) with variable duty cycle (%DC). No current limit was set in the program. 

Firstly, the effects of the mass of the moving parts on the system was evaluated. Figure 5 

shows open-loop predictions obtained for %DC=80% of the input pulse voltage 𝑉𝑐 and 

different values of the mass, namely, m=100 g, 150 g and 200 g.  In addition to 𝑉𝑐, the time 

history of the amplified voltage (𝑉𝑎𝑚𝑝), of the poppets’ position (𝑥), of the flow rate (𝑄) and 

of the mean flow rate (𝑄𝑚𝑒𝑎𝑛) are plotted.  For clarity, the input voltage is multiplied by 20. 

The graph reveals that the greater the mass, the larger the oscillations of the poppets’ 

position. Since the trend of the flow rate is similar to the trend of the poppets’ position, it is 

important that the mass of the moving parts of the ring stack actuator is taken not too large. 

In addition, accumulators and an inertance tubes can be used to smooth these oscillations 

[17], [18]. However, in all the three cases, the average flow rate computed by the program 

is the same and equal to 𝑄𝑚𝑒𝑎𝑛 = 53.7 L/min.  

The open loop predictions obtained for ∆𝑝=20 bar and m=100 g, while considering 

%DC=40%, and %DC=70% are shown in Figure 6a and Figure 6b, respectively. Along with 

the previous quantities, the blocking force (𝐹𝑏), the actuation force (𝐹𝑎𝑐𝑡), the current (𝐼) and 

the mean current (𝐼𝑚𝑒𝑎𝑛) are plotted. As shown by the graphs, the input pulse voltage (𝑉𝑐) is 

converted into a high pulse voltage by the amplifier (𝑉𝑎𝑚𝑝) in about 1.5 ms, which in turn is 

converted into the blocking force (𝐹 𝑏) by means the conversion factor (𝐾𝑉𝐹). The actuation 
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force (𝐹 𝑎𝑐𝑡), calculated as the difference between the blocking force (𝐹 𝑏) and the internal 

spring force (𝑘𝑝𝑥), allows the poppets to move and reach a certain position. The poppets 

oscillate around the achieved position which, however, is not equal to the maximum free 

stroke (𝑥𝑚𝑎𝑥) due to the resistance forces, i.e., the force of the additional spring and the flow 

force. The varying duty cycle results in different values of the mean flow rate: the greater 

the duty cycle (%DC), the greater the average flow rate obtained.  In particular, a mean flow 

rate of 26 L/min and 46 L/min is obtained for a duty cycle equal to 40% and 70%, 

respectively. In addition, given the rapid response of the high-performance amplifier 

simulated, the regulation is very effective in all two different scenarios. The simulations also 

show a large peak of current equal to 𝐼 =43.5 A, because no current limitation was set in 

these simulations. However, the peak current only occurs for a brief time, while the mean 

current is not high (𝐼𝑚𝑒𝑎𝑛 ≈ 6𝐴).  

In Figure 5 and 6, the overall pressure drop across the valve was set to ∆𝑝=20 bar, because, 

as previously explained, the objective is to design a valve which can produce high flow rate 

with low pressure drops, thus a pressure drop of 10 bar for each metering chamber (P → A 

and B → T) can be regarded as a right choice, as previously explained. 

To evaluate the effects of the flow forces, Figure 7 shows open-loop predictions obtained 

for different values of ∆𝑝 (10, 20, 30 bar), while keeping %DC=80% and m=100 g. As 

shown in the graph, the higher the overall pressure drop, the greater the mean flow rate 

obtained. In addition, as the pressure drop across the valve increases, the generated flow 

forces increase. However, the increased flow forces do not affect the actuation capability of 

the ring stack actuator since the flow forces (expressed in N in the graph) are much lower 

than the actuation force (expressed in hN in the graph) in all the three cases examined, as 

shown in Figure 7b. Thus, the three curves of the actuation forces are coincident (the same 

occurs with the position x (Figure 7a)).  

All the results presented up to this point were obtained through an open-loop control system. 

However, closed loop control is mandatory in real applications. Thus, closed-loop control 

was also simulated using a simple PI controller which changes the duty cycle (%DC) of the 

input control signal (𝑉𝑐) according to Equation (15) to reach the target average flow rate (set 

point). The parameters of the PI controller, which were determined with the use of the 

Ziegler–Nichols method, are  KP = 0.01125 and   KI = 3.6. The back calculation anti-windup 

method was used.  

In order to evaluate the effectiveness of the piezo-valve, step tests have been simulated by 

imposing different values for the set point. The controlled variable is the average flow rate, 

whereas the control variable is the duty cycle of the input pulse voltage applied to the ring 

stack. In these simulated closed-loop step tests, the parameters assumed for the simulations 

were again those presented in Table 1 (regarding the ring stack) and Table 2 (the system). 

In addition, the mass of the moving parts and the overall pressure drop across the valve were 

set equal to ∆p=20 bar and m=100g, respectively. 

Figure 8a and Figure 8b show the time history of the simulated mean flow rate obtained 

during two step tests, i.e., 𝑄𝑚𝑒𝑎𝑛 =40 L/min and 𝑄𝑚𝑒𝑎𝑛 =55 L/min. As visible in the graphs, 

the time necessary to reach 90% of the set point (i.e., 90% rise time) is very short, 

specifically a value lower than 10 ms is registered for 𝑄𝑚𝑒𝑎𝑛 = 40 L/min and for 𝑄𝑚𝑒𝑎𝑛 =  
55 L/min. 
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Figure 5. Open loop predictions simulated for (%DC)=80% of the input pulse voltage 𝑉𝑐 

(from 0 to 5 V) and different values of 𝑚 (∆𝑝=20 bar): Amplified Voltage (𝑉𝑎𝑚𝑝), Poppets’ 

Position (x) , Mean Flow (𝑄𝑚𝑒𝑎𝑛) and Flow Rate (𝑄). 

 

(a) 

 

(b) 

 

Figure 6. Open loop predictions simulated for two different duty cycles of the input pulse 

voltage 𝑉𝑐 (from 0 to 5 V) (m=100g, ∆𝑝=20 bar): (a) (%DC)=40%; (b) (%DC)=70%. 
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 (a) 

 

(b) 

Figure 7.  Open loop predictions simulated for (%DC)=80% of the input pulse voltage 𝑉𝑐 

(from 0 to 5 V) and different values of ∆𝑝 (𝑚=100g): (a) Amplified Voltage (𝑉𝑎𝑚𝑝), 

Poppets’Position (𝑥),  Flow Rate (𝑄), Mean Flow (𝑄𝑚𝑒𝑎𝑛); (b) Blocking Force (𝐹𝑏), 

Actuation Force (𝐹𝑎𝑐𝑡), Flow Force (𝐹𝑓𝑙𝑜𝑤). 
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 (a) 

 

(b) 

 

Figure 8. Closed loop results (m=100 g, ∆p=20 bar): (a) 𝑄𝑚𝑒𝑎𝑛=40 L/min; (b) 𝑄𝑚𝑒𝑎𝑛=55 

L/min. 

5. CONCLUSIONS 

A new fast switching 4/2 ON/OFF valve based on the use of a piezo ring stack was proposed. 

The piezovalve has characteristics comparable to proportional and servovalves, thus it offers 

new possibilities for utilizing digital hydraulics in different industrial and aeronautical 

implementations.  

The performance of the new valve architecture was evaluated using detailed and well-

established equations implemented in a Simulink code. Firstly, the results obtained with an 

open-loop control system were presented: by changing the duty cycle of the input pulse 

voltage, it was possible to change the average flow obtained through the valve. The 

simulations showed that the control strategy is very effective: an average flow rate of 53.7 

L/min was obtained for (%DC)=80%, an overall pressure drop across the valve equal to 20 

bar and a mass of the moving parts equal to 100 g.  
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Afterwards, in order to evaluate the effectiveness of the piezo-valve, the results, obtained 

with a closed-loop average flow rate, were discussed. The parameters of the closed-loop 

controller were determined by the Ziegler–Nichols method. It was shown that the interval 

time necessary to reach 90% of the set point is very short, i.e. lower than 10 ms for 40 L/min 

and for 55 L/min. 

Through both the analysis of the characteristics of the ring stack and the simulation results, 

it is possible to define the advantages and disadvantages aspects of the proposed architecture. 

The negative aspects are the large size and the high cost of the ring stack, and the need for a 

high-performance amplifier. The positive aspects are the simplicity of the architecture, the 

low pressure drops and the very fast response time.  

In conclusion, this paper showed that the use of digital hydraulics in industrial and 

aeronautical applications is feasible and interesting features can be obtained, such as the low 

energy consumption. 
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