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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.

© 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Scientific Committee of The 15th International Symposium on District Heating and 
Cooling.

Keywords: Heat demand; Forecast; Climate change

Energy Procedia 148 (2018) 487–494

1876-6102 © 2018 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
Selection and peer-review under responsibility of the scientific committee of the 73rd Conference of the Italian Thermal Machines 
Engineering Association (ATI 2018).
10.1016/j.egypro.2018.08.124

10.1016/j.egypro.2018.08.124

© 2018 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
Selection and peer-review under responsibility of the scientific committee of the 73rd Conference of the Italian Thermal Machines 
Engineering Association (ATI 2018).

1876-6102

 

Available online at www.sciencedirect.com 

ScienceDirect 

Energy Procedia 00 (2018) 000–000  
www.elsevier.com/locate/procedia 

 

1876-6102 © 2018 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)  
Selection and peer-review under responsibility of the scientific committee of the 73rd Conference of the Italian Thermal Machines Engineering 
Association (ATI 2018).  

73rd Conference of the Italian Thermal Machines Engineering Association (ATI 2018),  
12–14 September 2018, Pisa, Italy 

Full simulation of a piezoelectric double nozzle flapper pilot valve 
coupled with a main stage spool valve 

Paolo Tamburranoa,b,*, Riccardo Amirantea, Elia Distasoa, Andrew R. Plummerb 
aDepartment of Mechanics, Mathematics and Management (DMMM), Polytechnic University of Bari, Via Orabona 4, 70125, Bari, Italy 

bCentre for power transmission and motion control (PTMC), Department of Mechanical Engineering, University of Bath, Claverton Down BA2 
7AY, Bath, UK  

Abstract 

This paper develops a detailed simulation model, realized by the software Simscape, which can be a powerful tool to analyze the 
performance of a double nozzle flapper valve actuated by a piezoelectric ring bender. The particularity of this valve is that the use 
of the torque motor and flexure tube is avoided, thus reducing the complexity, manufacturing time and cost of the valve assembly. 
The model accounts for all the real phenomena present in the valve, such as fluid compressibility and fluid viscosity. The viability 
of the valve concept is validated by step tests simulated at different valve openings. It is shown that the response time obtained for 
a supply pressure of 210 bar and necessary to reach 90% of the maximum opening degree (corresponding to a maximum spool 
position of 1mm and maximum flow rate of 60 l/min) is only 6 ms, which is comparable with typical commercially available double 
nozzle flapper valves, but with the advantage of having removed critical components such as the torque motor and the flexure tube. 
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1. Introduction 

Double nozzle flapper servovalves are widely used in industrial and aerospace applications because of their high 
reliability and fast response to input signals. In spite of the high performance levels, these valves present a few 
disadvantages that currently are still unresolved. The main disadvantage is represented by the complexity of the pilot 
stage, which requires high manufacturing costs because of the large number of parts that need to be constructed and 
assembled [1]. Among these parts, the electromagnetic torque motor and the flexure tube are the most critical in terms 
of complexity and duration of manufacture. For this reason, a current research field aims at substituting these parts by 
exploring novel systems for the actuation of the pilot stage.  

The use of piezoelectric actuators can be instrumental in reaching the goal of minimizing the complexity of the 
double flapper nozzle pilot stage, while providing fast response speed typical of piezoelectric materials. In this regard, 
a rectangular bimorph piezo-actuator was proposed to be used in [2] to move the flapper of the double nozzle flapper 
pilot stage. The employed piezo actuator produced a maximum displacement of 0.16mm and a maximum actuation 
force of 2N. Electric feedback was used to achieve spool position control and to compensate for hysteresis, which is 
the major problem associated with the use of piezo-actuators. The architecture proposed in [2] shows that the project 
of substituting the torque motor assembly with a piezo-actuator is viable; however, the actuator used in [2] generated 
too low forces, which were of the same order of magnitude as the flow forces acting on the flapper (see, e.g., the values 
of flow forces retrieved in [3]). With a similar approach, a bimorph-actuated double nozzle flapper servovalve was 
developed in [4]. In this case, the valve control was open loop: the spool was centralized by springs so that its position 
was approximately proportional to the bimorph voltage. 

 Higher values of actuation forces were obtained in [5], proposing to control the nozzle-flapper pilot stage by using 
stack-type piezoelectric elements, which can produce very high actuation forces. Two flapper moving mechanisms 
were used to compensate for both hysteresis and the thermal expansion of the piezoelectric elements. The experimental 
results showed that the first flapper moving mechanism can provide a frequency response bandwidth of about 150 Hz, 
and the second system can provide a bandwidth of about 300 Hz at the supply pressure of 210 bar. A maximum flow 
of 24 L/min was achieved with a supply pressure of 240 bar. The main problem associated with such a valve is 
represented by the large mass and dimensions of the stack actuator necessary to obtain a significant strain. 

 To overcome this issue, in [6] a commercially available stack actuator with a flexure amplification system was 
used in place of the torque motor to move the flapper in a flapper nozzle pilot stage. The amplification system allowed 
a maximum displacement of 129 µm and a force of 39 N for the piezoelectric actuator at an input voltage of 150 V. 
The measured value of the -90° phase frequency was 284 Hz; high levels of hysteresis were found in the valve 
operation. However, also the amplified stack actuators present a large mass; therefore, in [7] a ring bender, which is a 
compact piezoelectric actuator, was proposed to be used to actuate the pilot stage for double nozzle flapper valves. A 
single ring bender and two ring benders, mounted in tandem to provide redundancy, were tested in place of the torque 
motor. A novel mounting mechanism was developed to secure the ring benders within the valve. A simplified 
analytical model was developed to study the pilot stage. The full stroke of the pilot stage valve was predicted to be 
150µm when mounted in tandem with an inactive ring bender. However, a full analysis of the pilot stage coupled with 
the main stage valve connected to a hydraulic circuit was not performed. 

Considering the high potential of this architecture, this paper proposes a full detailed simulation of a double nozzle 
piezo valve actuated by a ring bender by using the software Simscape. The interaction between the pilot stage and the 
main stage, connected to a hydraulic circuit, is simulated in detail. All the real phenomena, such as fluid 
compressibility, fluid viscosity and presence of air within the hydraulic oil are taken into account. The aim of the 
simulation is to retrieve the response time of such a valve when subject to step and sine wave tests. 

2. Operating principles of the nozzle flapper piezovalve 

Fig. 1 shows a schematic representation of the proposed piezoelectric valve. The valve is composed of two stages: 
the main stage and the pilot stage. The main stage is a four way three position (4/3) valve: ports P are connected to 
the hydraulic pump, ports T are connected to the storage tank, while ports A and B are connected to a double-acting 
actuator. Depending on the spool displacement X, fluid flows from the pump to the actuator via path P-A or P-B and 
from the actuator to the tank via path A-T or B-T. The operating principle is similar to that of typical double flapper 
nozzle servovalves, in that the pressure difference necessary to move the main stage spool is achieved through a 
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hydraulic bridge composed of two fixed orifices and two nozzles having variable flow areas. The effects of cavitation 
can negatively affect the performance of the nozzles and they can be evaluated by means of numerical models for 
cavitation present in the literature [8]. The variable nozzle areas are adjusted by changing the position of a flapper 
interposed between the two nozzles. When the flapper moves from the central position towards one of the two nozzles, 
the different flow areas across the two nozzles cause a pressure difference at the extremities of the main spool, which 
is forced to move from its rest position. The main difference between typical flapper nozzle servovalves and the 
proposed architecture is that, in the former, the flapper is moved by a torque motor; instead, in the proposed 
piezoelectric valve, the flapper is moved by the deformation of a piezoelectric ring bender actuator.  

In the proposed architecture, an LVDT is employed to measure the main spool position X, thus achieving a closed 
loop control system based on electrical feedback. After being moved from its initial position, the spool will continue 
moving until the actuation force, given by the pressure difference generated at the spool extremities multiplied by the 
spool end area, equals the flow force acting on the spool. Such a pressure difference corresponds to a precise position 
of the flapper: high displacement of the flapper will cause high final displacement of the spool, whereas low 
displacement of the flapper will cause low final displacement of the spool.   

        
(a)                                                                                                                  (b) 

Fig.1. Schematization of the nozzle flapper piezovalve: (a) no voltage applied to the ring bender and spool in the neutral position, (b) voltage 
applied to the ring bender and spool moving from the left to the right                                                         

As mentioned earlier, the flapper of the pilot stage is proposed to be moved by the deformation of a piezoelectric 
actuator. Piezoelectric actuators exhibit mechanical strain in response to an applied voltage; in addition to undergoing 
mechanical strain, the piezoelectric actuator also produces an actuation force whose intensity decreases with 
increasing mechanical strain. This is due to the fact that a piezoelectric actuator has an intrinsic stiffness; as a result, 
for a given input voltage, the higher the mechanical strain, the lower the actuation force exerted by the piezo-material. 
The maximum actuation force, called blocking force, is obtained at null strain and maximum voltage. Instead, the 
maximum strain, called free stroke, is obtained at null actuation force and maximum voltage.  

The selected piezoelectric actuator is the ring bender, which is a flat annular disc capable of being deformed in a 
concave or convex fashion depending on the polarity of the applied voltage. This choice is due to the fact that, of all 
the commercially available actuators, the ring bender is compact and can produce good levels of both blocking force 
and free stroke. Fig. 1 also shows a picture of the ring bender produced by the manufacturer Noliac, which offers 
different models according to the characteristics of free stroke and blocking force. Model CMR08 was selected 
because it is the model with the maximum blocking force among the available ring benders; it is characterized by a 
blocking force of 39 N and free stroke of ±115 µm, with a diameter of 4 cm. The control voltage ranges from -100 V 
to +100 V. 

As shown in Fig. 1, two ring benders are proposed to be used for the actuation of the flapper of the pilot stage. 
During the normal operation of the valve, only one of the two ring benders is controlled by adjusting the applied 
voltage, whereas the other one is passive, namely it is deformed because it is rigidly connected to the active ring 
bender. This architecture allows the valve to be operated in case of failure of the active ring bender: in such a case the 
passive ring bender is controlled by applying a voltage on it, thus becoming active. This redundancy is particularly 

T 

B Spool 

P T 

A 

pr 
pl 

qo,r qo,l 

P 

qn,l qn,r 

P P 

LVDT 
T 

Flapper 

T 

B 

P T 

A 

pl 

qo,r 

pr 

qo,l 

P 

qn,l qn,r 

pp 

P P 

T 

Q 

Q 

X 

Ring benders 



490	 Paolo Tamburrano  et al. / Energy Procedia 148 (2018) 487–494
4 Tamburrano et al. / Energy Procedia 00 (2018) 000–000 

important in critical applications such as aerospace, in which the control of the actuators must always be ensured for 
safety reasons.     

3. Numerical model 

3.1. Main stage model 

In the numerical model, ports A and B are considered to be hydraulically connected. The main spool is modelled 
using the following equation: 
(𝑝𝑝𝑙𝑙 − 𝑝𝑝𝑟𝑟) 𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑋𝑋) − 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑋𝑋) − 𝐶𝐶𝑋̇𝑋  − 𝑀𝑀𝑋̈𝑋 = 0                                                                                                                (1) 

where pl and pr are the pressures acting on the left and on the right of the spool, respectively; A is the spool end area 
(equal to 𝜋𝜋𝐷𝐷2/4, where D is the diameter of the spool); sign(X) is assumed positive if the spool is moving from the 
left to the right and negative if the spool is moving from the right to the left; 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  is the absolute value of the flow 
forces acting on the main spool, C is the damping factor (accounting for the viscosity of the fluid), and M is the mass 
of the spool. The flow forces must be taken into account for a precise analysis of a spool valve; their value is usually 
very high in a spool valve affecting the spool dynamics, for this reason numerical and experimental investigation are 
present in the literature to reduce the flow forces [9] [10]. The absolute value of the flow force is calculated as follows: 

𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  2𝜌𝜌𝑙𝑙
𝑄𝑄2

𝐴𝐴𝑟𝑟
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐                                                                                                                                                                         (2) 

where the multiplication factor 2 is due to the fact that the oil flows through two metering chambers at the same time 
(P-A and B-T or P-B and A-T), 𝜌𝜌𝑙𝑙  is the oil density, 𝑄𝑄 is the flow rate,  𝐴𝐴𝑟𝑟 is the restricted area through each metering 
chamber, and θ is the flow angle. The flow rate trough each metering chamber is calculated as [11]: 

𝑄𝑄 = 𝐶𝐶𝐷𝐷𝐴𝐴𝑟𝑟√ 2
𝜌𝜌𝑙𝑙

 
𝑝𝑝𝑃𝑃−𝑝𝑝𝑇𝑇

2
[(𝑝𝑝𝑃𝑃−𝑝𝑝𝑇𝑇

2 )2+𝑝𝑝𝑐𝑐𝑐𝑐2]1/4                                                                                                                                                         (3) 

where CD is the discharge coefficient, 𝑝𝑝𝑃𝑃  and 𝑝𝑝𝑇𝑇   are the pressure at port P and T, respectively; 𝑝𝑝𝑐𝑐𝑐𝑐  denotes the 
minimum pressure for turbulent flow, calculated as follows [11]: 
𝑝𝑝𝑐𝑐𝑐𝑐 = 𝜌𝜌𝑙𝑙

2 ( 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝜈𝜈

𝐶𝐶𝐷𝐷√4𝐴𝐴𝑟𝑟
𝜋𝜋  

)2                                                                                                                                                                             (4) 

In equation (4), which defines the transition from laminar to turbulent regime, 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐 is the critical Reynolds number 
and 𝜈𝜈 is the fluid kinematic viscosity. The restricted area is calculated as: 
𝐴𝐴𝑟𝑟 = 𝑏𝑏|𝑋𝑋| + 𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙                                                                                                                                                                            (5) 
where b is the width of the slots and Aleak is the leakage area. The flow angle θ (to be used in equation 2) is calculated 
by using the following relation [11]: 

𝜃𝜃 = 0.3663 + 0.8373(1 − 𝑒𝑒(− |𝑋𝑋|
1.848))                                                                                                                                                (6) 

The flow rates qs,l and qs,r flowing through the external chambers of the main spool are calculated as follows: 

𝑞𝑞𝑠𝑠,𝑙𝑙 =
𝑑𝑑( 𝜌𝜌𝑙𝑙

𝜌𝜌𝑙𝑙0𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)

𝑑𝑑𝑑𝑑 =
𝑑𝑑( 𝜌𝜌𝑙𝑙

𝜌𝜌𝑙𝑙0)

𝑑𝑑𝑑𝑑 𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + 𝜌𝜌𝑙𝑙
𝜌𝜌𝑙𝑙0 𝑋̇𝑋𝐴𝐴                                                                                                                                             (7) 

𝑞𝑞𝑠𝑠,𝑟𝑟 =
𝑑𝑑( 𝜌𝜌𝑙𝑙

𝜌𝜌𝑙𝑙0𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡)

𝑑𝑑𝑑𝑑 =
𝑑𝑑( 𝜌𝜌𝑙𝑙

𝜌𝜌𝑙𝑙0)

𝑑𝑑𝑑𝑑 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡 + 𝜌𝜌𝑙𝑙
𝜌𝜌𝑙𝑙0 𝑋̇𝑋𝐴𝐴                                                                                                                                        (8) 

where Vleft and Vright are, respectively, the geometric volumes of the left and right external chambers of the main spool, 
which can be calculated as a function of a dead volume, Vdead, the spool position, X, and the spool surface A: 
𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋(𝑋𝑋)                                                                                                                                                            (9) 
𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡 = 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋(𝑋𝑋)                                                                                                                                                         (10) 

In equations 7 and 8, ρl
0 is the oil density at ambient pressure and ρl is the actual density of the oil, calculated as 

follows: 

𝜌𝜌𝑙𝑙 =
𝜀𝜀

1−𝜀𝜀𝜌𝜌𝑔𝑔0+𝜌𝜌𝑙𝑙0

𝜀𝜀
1−𝜀𝜀(𝑝𝑝𝑎𝑎

𝑝𝑝 )
1
𝛾𝛾+𝑒𝑒−𝑝𝑝−𝑝𝑝𝑎𝑎

𝐸𝐸0
                                                                                                                                                                         (11) 
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where 𝜀𝜀 accounts for the quantity of air present in the oil, E0 is the bulk modulus at atmospheric conditions, while 
𝑝𝑝 and 𝑝𝑝𝑎𝑎 are the gauge pressure of the oil and the atmospheric pressure; γ is the ratio of the specific heat at constant 
pressure to the specific heat at constant volume, with ρg

0 denoting the gas density at atmospheric pressure. 

3.2. Pilot stage model 

Two hydraulic chambers are considered in order to evaluate the effects of the fluid compressibility in the lines 
connecting the pilot stage with the main stage: 
𝑉𝑉𝑐𝑐ℎ𝑎𝑎𝑎𝑎 =  𝑉𝑉𝑜𝑜 + 𝑉𝑉0𝑝𝑝

𝐸𝐸                                                                                                                                                                            (12) 

𝑞𝑞𝑐𝑐 = 𝑑𝑑𝑉𝑉𝑐𝑐ℎ𝑎𝑎𝑎𝑎
𝑑𝑑𝑑𝑑 = 𝑉𝑉𝑜𝑜

𝐸𝐸
𝑑𝑑𝑝𝑝
𝑑𝑑𝑑𝑑                                                                                                                                                                         (13) 

where V0   is the geometrical volume of the chamber (equal to the product of an internal diameter Dint and an overall 
internal length Lint), Vcham is the oil volume in the chamber at the gauge pressure p, with qc denoting the flow rate 
through the chamber. 

The bulk modulus E in equations 12 and 13 is calculated as follows: 

𝐸𝐸 = 𝐸𝐸𝑜𝑜
1+𝜀𝜀( 𝑝𝑝𝑎𝑎

𝑝𝑝𝑎𝑎+𝑝𝑝)1/𝛾𝛾

1+𝜀𝜀 𝑝𝑝𝑎𝑎1/𝛾𝛾
𝛾𝛾(𝑝𝑝𝑎𝑎+𝑝𝑝)(𝛾𝛾+1)/𝛾𝛾𝐸𝐸𝑜𝑜

                                                                                                                                                                  (14) 

The flow through the two fixed orifices is calculated as follows: 

𝑞𝑞𝑜𝑜,𝑟𝑟 = 𝐶𝐶𝐷𝐷,𝑜𝑜𝐴𝐴𝑟𝑟,𝑜𝑜√ 2
𝜌𝜌𝑙𝑙

(𝑝𝑝𝑝𝑝−𝑝𝑝𝑟𝑟)
[(𝑝𝑝𝑝𝑝−𝑝𝑝𝑟𝑟)2+𝑝𝑝𝑐𝑐𝑐𝑐2]1/4                                                                                                                                               (15) 

𝑞𝑞𝑜𝑜,𝑙𝑙 = 𝐶𝐶𝐷𝐷,𝑜𝑜𝐴𝐴𝑟𝑟,𝑜𝑜√ 2
𝜌𝜌𝑙𝑙

(𝑝𝑝𝑝𝑝−𝑝𝑝𝑙𝑙)
[(𝑝𝑝𝑝𝑝−𝑝𝑝𝑙𝑙)2+𝑝𝑝𝑐𝑐𝑐𝑐2]1/4                                                                                                                                                (16) 

𝑝𝑝𝑐𝑐𝑐𝑐 = 𝜌𝜌𝑙𝑙
2 ( 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝜈𝜈

𝐶𝐶𝐷𝐷√4𝐴𝐴𝑟𝑟,0
𝜋𝜋  

)2                                                                                                                                                                         (17) 

where CD,0 denotes the discharge coefficient of the two fixed orifices, 𝐴𝐴𝑟𝑟,𝑜𝑜 denotes the orifice area (equal to 𝜋𝜋𝐷𝐷0
2/4, 

where D0 is the diameter of the orifices). The position x of the flapper (calculated with respect to the neutral position 
of the flapper) is determined according to the actuation force and the resistant forces acting on the active ring bender. 
Considering that the two ring benders (active and passive) are identical (having the same mass denoted by m and the 
same stiffness denoted by 𝑘𝑘𝑟𝑟𝑟𝑟), the Newton’s second law for the flapper is: 

𝐹𝐹𝑏𝑏,𝑟𝑟𝑟𝑟 − 2𝑘𝑘𝑟𝑟𝑟𝑟|𝑥𝑥|𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑥𝑥) − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑥𝑥) − 𝐶𝐶𝑟𝑟𝑟𝑟𝑥̇𝑥 − 2𝑚𝑚𝑥̈𝑥 = 0                                                                                                        (18) 

where 𝐹𝐹𝑏𝑏,𝑟𝑟𝑟𝑟 is the blocking force of the active ring bender, fflow is the absolute value of the flow force acting on the 
flapper, and 𝐶𝐶𝑟𝑟𝑟𝑟 is the damping factor (accounting for the fluid viscosity);  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑥𝑥) is assumed positive if the flapper 
moves from the left to the right, negative if the flapper moves from the right to the left. The absolute value of the flow 
force acting on the flapper is approximated by the following equation: 

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓= |𝑝𝑝𝑙𝑙 − 𝑝𝑝𝑟𝑟| 𝜋𝜋𝐷𝐷𝑛𝑛
2

4                                                                                                                                                                        (19) 

where Dn is the diameter of the nozzles. Each variable area nozzle is simulated as an orifice with variable area through 
the following equations:  

𝑞𝑞𝑛𝑛,𝑙𝑙 = 𝐶𝐶𝐷𝐷,𝑛𝑛𝜋𝜋𝐷𝐷𝑛𝑛|𝑥𝑥0 + 𝑥𝑥|√ 2
𝜌𝜌𝑙𝑙

 (𝑝𝑝𝑙𝑙−𝑝𝑝𝑇𝑇)
[(𝑝𝑝𝑙𝑙−𝑝𝑝𝑇𝑇)2+𝑝𝑝𝑐𝑐𝑐𝑐2]1/4                                                                                                                                 (20) 

𝑞𝑞𝑛𝑛,𝑟𝑟 = 𝐶𝐶𝐷𝐷,𝑛𝑛𝜋𝜋𝐷𝐷𝑛𝑛|−𝑥𝑥0 − 𝑥𝑥|√ 2
𝜌𝜌𝑙𝑙

 (𝑝𝑝𝑟𝑟−𝑝𝑝𝑇𝑇)
[(𝑝𝑝𝑟𝑟−𝑝𝑝𝑇𝑇)2+𝑝𝑝𝑐𝑐𝑐𝑐2]1/4                                                                                                                             (21) 

𝑝𝑝𝑐𝑐𝑐𝑐 = 𝜌𝜌𝑙𝑙
2 ( 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝜈𝜈

𝐶𝐶𝐷𝐷√4𝐴𝐴𝑟𝑟,𝑛𝑛
𝜋𝜋  

)2                                                                                                                                                                         (22) 

where 𝑞𝑞𝑛𝑛,𝑙𝑙 and 𝑞𝑞𝑛𝑛,𝑟𝑟 are the flow rate through the left and right nozzles, respectively; 𝑥𝑥0 denotes the clearance between 
the flapper and the nozzles, 𝑝𝑝𝑇𝑇  is the discharge pressure, and 𝐴𝐴𝑟𝑟,𝑛𝑛  is equal to 𝜋𝜋𝐷𝐷𝑛𝑛

2/4. 
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3.3. Control system model 

Piezoelectric hysteresis was considered by implementing the Bouc-Wen hysteresis model, described and used in 
[12]. The Bouc-Wen model is represented by equation 23, where 𝑛𝑛 is the hysteresis nonlinear term: 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝛼𝛼𝑑𝑑𝑣𝑣

𝑑𝑑𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
𝑑𝑑𝑑𝑑 − 𝛽𝛽 |𝑑𝑑𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎

𝑑𝑑𝑑𝑑 | 𝑛𝑛 − 𝛿𝛿 𝑑𝑑𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
𝑑𝑑𝑑𝑑 |𝑛𝑛|                                                                                                                                   (23) 

where α, β and δ are tuning parameters used to match the hysteresis model to experimental data (the values from [12] 
are used), and Vamp is the output voltage from the amplifier. The hysteresis non-linear term allows the blocking force 
to be expressed as a function of the output voltage from the amplifier as follows: 
𝐹𝐹𝑏𝑏,𝑟𝑟𝑟𝑟=𝐾𝐾𝑑𝑑,𝑣𝑣(𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑛𝑛)                                                                                                                                                                     (24) 

where Kd,v is the ring bender maximum blocking force divided by the maximum operating voltage. The amplifier was 
simulated by using a second order transfer function: 

𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 =
𝐾𝐾𝑎𝑎𝜔𝜔𝑛𝑛2

𝑠𝑠2+2𝜉𝜉𝜉𝜉𝑛𝑛𝑠𝑠+𝜔𝜔𝑛𝑛2
𝑢𝑢                                                                                                                                                                   (25) 

where u is the control voltage that is supplied to the amplifier, and 𝐾𝐾𝑎𝑎 is the gain of the amplifier. In addition, to model 
the current limit, the rate of change of voltage is limited according to the following equation: 
𝑑𝑑𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
𝑑𝑑𝑑𝑑 = 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚

𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟
                                                                                                                                                                                   (26) 

where 𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟  is the capacitance of the piezoelectric ring bender. The control output to the amplifier is adjusted through 
a PI controller, which calculates the value of u (saturation limits -5 V and 5V) through a proportional-integral action 
employing a clamping anti-wind up method: 
𝑢𝑢 = 𝐾𝐾𝑝𝑝𝑒𝑒(𝑡𝑡) + 𝐾𝐾𝐼𝐼 ∫ 𝑒𝑒(𝜏𝜏)𝑑𝑑𝑑𝑑𝑡𝑡

0                                                                                                                                                             (27) 

where e(t) is the error between the actual spool position and the demand, while KP and KI are the proportional and 
integral gains. 

4. Assumed parameters 

The simulation of the double nozzle flapper piezovalve was performed by assuming some parameters consistently 
with commercially available valves. The geometrical parameters of the main stage were assumed equal to those of a 
typical medium-size valve, capable of providing a flow rate of about Q=60 l/min for a pressure drop Pp-PT of 210 bar 
and a maximum displacement of ±1 mm. To achieve such values for the flow rate, the diameter of the spool was taken 
equal to D=7 mm and the width of the slots was assumed equal to about a half of the spool perimeter, namely b=10mm. 
The mass of the spool was set to M=20g. The dead volume Vdead was considered equal to the spool end area multiplied 
by the maximum spool stroke (2mm), thus leading to Vdead =77 mm2. The damping factor of the main spool was set to 
C=10 Ns/m. With regard to the diameter of the variable area nozzles Dn, it was assumed equal to 0.5 mm, and the 
clearance x0 was assumed equal to 0.05 mm. These are common values employed in the scientific literature to study 
nozzle flapper valves [3]. Higher values for both Dn and x0 would lead to high values of internal leakage (namely, high 
values for qn,l and qn,r). 

The parameters assumed for the ring benders and the amplifier were taken from previous experimental 
investigations, namely m=6g, Crb=412 Ns/m, krb=340000 Nm/s, ωn=12000 rad/s, ξ=0.8, Imax=1A, Caprb=2x1740 nF, 
Ka=20. The area of the fixed orifices was assumed equal to Ar0=0.06 mm2. 

The dimensions of the additional chambers (Dint=3 mm, Lint=40 mm) were calculated by estimating a possible 
hydraulic volume comprised between the variable area nozzles and the fixed orifices.  

All the discharge coefficients were assumed equal to 0.7. With regard to the PI parameters, they were assumed 
equal to Kp =20 and KI =700. The properties of the oil were considered equal to those of Hyjet, commonly used in 
aerospace applications. Specifically, the density of the oil was taken equal to ρl

0=966 kg/m3, with a relative gas content 
ε=0.005. The kinematic viscosity was set to 𝜈𝜈= 6.54 cst and the bulk modulus E0 was assumed equal to 1.126*109 Pa. 
The system temperature was set to 50 °C. The simulations were performed by assuming pP=210 bar and pT=1 bar. 

5. Results of the simulations 

In order to evaluate the effectiveness of the double nozzle flapper piezovalve, step tests have been simulated by 
imposing different values for the set point. The controlled variable is the main spool position X, whereas the control 
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variable is the voltage applied to the active ring bender. The simulations were performed with a time step of 0.01 ms 
in order to enhance the accuracy of the simulations. Fig. 2 shows the time history of the simulated spool position 
obtained during three step tests: the set point trend is plotted as a red line; the black line denotes the time trend of the 
simulated spool position. The simulated test starts with the spool and the flapper being in the neutral position (X=0 
and x=0). Then, values of 0.1 mm (Q=6 l/min), 0.6 mm (Q=37 l/min), and 1 mm (Q=61 l/min) are imposed as the set 
points for the spool position. As visible in the graphs of Fig.2, the time necessary to reach 90% of the set point (i.e., 
90% rise time) is very short, specifically a value of 2.8 ms is registered for X=0.1mm, 4.1 ms for X=0.6 mm, and 6.3 
ms for X=1mm. The overshoot is 30% of the set point for X=0.1 mm, 8.3 % for X= 0.6 mm and 4% for X= 1mm.  

 
 
 
 
 
 
 

(a)                                                                (b)                                                                      (c) 

Fig. 2. spool position vs time: set point= 0.1 mm (a), set point= 0.6 mm (b), set point=1mm (c) 

 

 
 
 
 

 

 

(a)                                                               (b)                                                                      (c) 

Fig. 3. Flapper position vs time: set point= 0.1 mm (a), set point= 0.6 mm (b), set point=1mm (c) 

Fig. 3 shows the time history of the flapper displacement achieved in the three step tests (set points=0.1mm, 0.6 
mm and 1mm). From the analysis of the flapper position vs time, it is possible to better understand the valve dynamics. 
It is revealed that initially the flapper underwent a high displacement from the neutral position towards the left nozzle. 
This caused the main spool to move with high velocity and to overcome the set point, thus producing the overshoots 
visible in Fig.2. In the case of X=0.6mm and X=1mm, the flapper reached the maximum deflection, and remained in 
the maximum position for a longer time in the case of X=1mm. In the case of X=0.1mm, the maximum deflection was 
not reached because of the lower set point. In all the case studies, when the set point was overcome producing an 
overshoot, the flapper was moved forward towards the central position in order to move the spool backwards, until a 
stable position for the spool was obtained. It must be noted that in the steady state condition, the flapper did not reach 
the neutral position, but it was maintained slightly displaced towards the left nozzle, in order to generate a pressure 
difference at the spool ends which was capable of counteracting the flow force acting on the spool. It is notable that 
the final flapper position increases as the set point increases, since the higher the set point, the higher the flow forces.  

Fig. 4 shows the time history of the flow rates flowing through the variable nozzles. Initially, when the flapper is 
in the position x=0mm, the flow rates are identical and equal to 0.42 l/min. When the flapper is moved towards the 
left nozzle, the flow rate through the left nozzle decreases while the flow rate through the right nozzle increases. A 
small difference between the flow rates is registered when the flapper is in the final position, with this difference 
increasing with the final spool position.  

Finally, Fig. 5 reports the frequency responses obtained for amplitude = ±0.1 mm (Fig. 5a), amplitude= ±0.6 mm 
(Fig. 5b), and amplitude=±1mm (Fig. 5c). It is noted that also the frequency response of the valve is remarkable; in 
fact, at 100 Hz and ±1mm amplitude, the phase shift is around -90 deg. 
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(a)                                                               (b)                                                                      (c) 

Fig. 4. Flow rates through the variable nozzles vs time: set point= 0.1 mm (a), set point= 0.6 mm (b), set point=1mm (c) 

  

 

 

 
(a)                                                               (b)                                                                      (c) 

Fig. 5. Frequency response at 100 Hz: amplitude= ±0.1 mm (a), amplitude= ±0.6 mm (b), amplitude=±1mm (c) 

6. Conclusions 

This paper has developed a full simulation model capable of predicting the performance of a novel piezoelectric 
two-stage servovalve. This valve is constituted by a main stage spool coupled with a double nozzle flapper 
amplification system having the particularity of being actuated by a piezoelectric ring bender instead of the commonly 
used torque motor. Having removed the torque motor, this novel design reduces the complexity and manufacturing 
costs of double nozzle flapper servovalves. The model, which reproduces all the real phenomena present in such a 
complex hydraulic system, has allowed step and sinusoidal tests to be simulated for a supply pressure of 210 bar, thus 
predicting the valve design potential. It has been shown that the interval time necessary to reach 90% of the set point 
is about 3 ms for X=0.1mm, 4 ms for X=0.6 mm, and 6 ms for X=1mm. With regard to the frequency response, at 100 
Hz and ±1mm amplitude, the phase shift is around -90 deg. 
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