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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 Imm and maximum flow rate of 60 1/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 pm 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
150pm 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.

Flapper Ring benders

P,

A Spool B

(2) (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 CMRO8 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 pum, 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
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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:

(p1 — py) A sign(X) — Fippsign(X) — CX —MX =0 ©)]

where p; and p, are the pressures acting on the left and on the right of the spool, respectively; A is the spool end area
(equal to mD? /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; Ff;,,, 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:

QZ
Friow = 2p17,-cosf (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), p; is the oil density, Q is the flow rate, A, is the restricted area through each metering
chamber, and @ is the flow angle. The flow rate trough each metering chamber is calculated as [11]:

2 pp—PT
—_ il 2
¢= CDAT\/; (PP 4pe, 2] /4 ®)
where Cp is the discharge coefficient, pp and p; are the pressure at port P and T, respectively; p,denotes the
minimum pressure for turbulent flow, calculated as follows [11]:

R Ccr
Per = 5 (—1=)? )
Cp |5
In equation (4), which defines the transition from laminar to turbulent regime, Re,, is the critical Reynolds number
and v is the fluid kinematic viscosity. The restricted area is calculated as:
Ar = blX| + Aeak (5)
where b is the width of the slots and A4cqx is the leakage area. The flow angle 6 (to be used in equation 2) is calculated

by using the following relation [11]:

1X1

6 = 0.3663 + 0.8373(1 — eTosd)) ©)
The flow rates g,;and g, flowing through the external chambers of the main spool are calculated as follows:
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where Vies and Viigie 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, Vi eqq, the spool position, X, and the spool surface A4:
Viert = Vaeaa + XAsign(X) 9
Vrignt = Vaeaa — XAsign(X) (10)
In equations 7 and 8, p/ is the oil density at ambient pressure and p; is the actual density of the oil, calculated as
follows:
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where ¢ accounts for the quantity of air present in the oil, £y is the bulk modulus at atmospheric conditions, while
p and p, are the gauge pressure of the oil and the atmospheric pressure; y is the ratio of the specific heat at constant
pressure to the specific heat at constant volume, with p,” 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:

Venam = Vo + 2 (12)
— chhum — EQ
9e="4 “TFat 13

where V) is the geometrical volume of the chamber (equal to the product of an internal diameter D;, and an overall
internal length Liy), Venam 1s the oil volume in the chamber at the gauge pressure p, with ¢. denoting the flow rate
through the chamber.

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

1re(he Pa )1/V
E=E,— o8 — (14)

e V(pa+p)(y+1)/VE°

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

_ 1 (pp_pr)
qo'r B CD,DAT,O\/; [(pp_pr)2+pcrz]1/4 (15)
_ 2 (Pp-p1)
Qo1 = CD,DAT,D\/; [(pp_pl)2+pcr2]1/4 (16)
Recy
Per =5 (—2)" (17
Co |~

where Cp,odenotes the discharge coefficient of the two fixed orifices, A, , denotes the orifice area (equal to nDy% /4,
where Dy 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 k,.;)), the Newton’s second law for the flapper is:

Fprp — 2kpplx|sign(x) _f}lowSign(x) —Cpx —2mik =0 (18)
where Fj, ., is the blocking force of the active ring bender, fu is the absolute value of the flow force acting on the
flapper, and C,,, is the damping factor (accounting for the fluid viscosity); sign(x) 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:

Dy
friow=p1 = pr | == (19)

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

(i—pr)
Ini = CommDnlxo + xl([(m Pr)2+per] (20)

2 —
Anr = CD,nT[Dnl_xo - xl\/;% 21

1 [@r—pr)?+pc 214

Ly (22)

P
Per =7 =( arn
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where g, ; and q,, ,- are the flow rate through the left and right nozzles, respectively; x, denotes the clearance between
the flapper and the nozzles, pr is the discharge pressure, and A4,.,, is equal to nD,? /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 n is the hysteresis nonlinear term:

an _ 4 dvamp avamp| _ 5dvump| | 2
dt v

where a, and o0 are tunlng parameters used to match the hysteresis model to experimental data (the values from [12]
are used), and Ve 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:

Fb,rb:Kd,v(Vamp —n) (24
where Ky, is the ring bender maximum blocking force divided by the maximum operating voltage. The amplifier was
simulated by using a second order transfer function:

Kqwn®

Vamp = 2t s ()

where u is the control voltage that is supplied to the amplifier, and K|, 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:

dVamP — Imax (26)
dt capyp

where Cap,,, 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:

u = Kpe(t) + K; fote(r)d‘r 27

where e(?) is the error between the actual spool position and the demand, while Kp and K; 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 9=60 1/min for a pressure drop P,-Prof 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 Vz..s was considered equal to the spool end area multiplied
by the maximum spool stroke (2mm), thus leading to Ve.s =77 mm?. The damping factor of the main spool was set to
C=10 Ns/m. With regard to the diameter of the variable area nozzles D,, it was assumed equal to 0.5 mm, and the
clearance xy 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 D, and xy would lead to high values of internal leakage (namely, high
values for g, ;and g, ).

The parameters assumed for the ring benders and the amplifier were taken from previous experimental
investigations, namely m=6g, C,s=412 Ns/m, k»=340000 Nm/s, 0,=12000 rad/s, £=0.8, [,o=1A, Cap+»=2x1740 nF,
K.,=20. The area of the fixed orifices was assumed equal to 4,,~0.06 mm?.

The dimensions of the additional chambers (D;,=3 mm, L;,=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 K, =20 and K;=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 p,=966 kg/m?, with a relative gas content
£=0.005. The kinematic viscosity was set to v=6.54 cst and the bulk modulus Ey was assumed equal to 1.126*10° Pa.
The system temperature was set to 50 °C. The simulations were performed by assuming pp=210 bar and p7=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 1/min), 0.6 mm (Q=37 1/min), and 1 mm (Q=61 1/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= 1lmm.
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Fig. 2. spool position vs time: set point= 0.1 mm (a), set point= 0.6 mm (b), set point=1mm (c)
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Fig. 3. Flapper position vs time: set point= 0.1 mm (a), set point= 0.6 mm (b), set point=I1mm (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=Imm. 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 1/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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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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