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Abstract: This paper experimentally investigates the control performances of a piezostack actuator
direct-drive valve (PADDV) operating at high temperatures. In this study, the PADDV system is
designed based on special specifications featuring a high operating temperature (150 °C) and wide
control bandwidth (200 Hz). After manufacturing the PADDV with design limitations such as size
and maximum input voltage to the piezostack actuator, the displacement of a spool located inside
the valve system, which is directly related to the flow rate, is controlled at several different
temperatures and motion frequencies. In order to undertake this, the PADDV system is installed
inside a heat chamber equipped with air vessels and pneumatic-hydraulic cylinders. The
piezoelectric actuator is partially insulated using an aerogel to prevent permanent damage due to
high temperatures above 120 °C, which is higher than the Curie temperature. To control the valve
system, a PID (proportional-integral-derivative) controller is realized in which control gains are
properly tuned using fuzzy logic according to the change of temperature and frequency. It is shown
from the experimental results that the proposed PADDV with thermal insulation can provide the
target dynamic motion of 200 Hz at 150 °C by implementing the fuzzy-based PID controller.

Keywords: piezoelectric actuator; direct-drive valve; fast motion; spool displacement; high
temperatures

1. Introduction

Hydraulic control systems have been developed and are frequently used in various industrial
fields, including in several different aerial vehicles. Hydraulic systems are integrated with many types
of mechanical systems. The performances of the mechanical components integrated with hydraulic
systems usually depend on the performance of the hydraulic parts, comprising the pumps, cylinders,
and valves. In particular, valves which regulate the flow rate and pressure of the gas or the liquid
significantly affect the performance [1]. The hydraulic control valve is the most important part of the
hydraulic and hydraulic-mechanical systems. Especially in the aerospace field, the hydraulic control
valve is a crucial component or system for the attitude control or tracking control of a desired flight
trajectory because the hydraulic system can generate a high-power density with high accuracy [2-4].
More specifically, the deflection angle of the aileron, elevator, and rudder are normally controlled by
hydraulic actuators associated with the servo valve system [5]. Among many applications in aerospace
engineering, the trajectory control of missiles requires certain special performances such as reliable
resistance against high temperatures, high tracking accuracy and fast dynamic motion [6-8]. In order
to meet these requirements, a special valve system needs to be developed.

As is well known, the spool valve is the most widely used valve for hydraulic servo systems to
control the flow rate and pressure drop, which are proportional to the spool displacement. The spool-
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valve system can be classified into single and two-stage valves. Figure 1 shows the schematic
configuration of each valve system. In the two-stage valve, the air pressure is used to minimize the
operating force [9]. As shown in Figure 1a, air pressures (Ps.ir) are always applied on the end of the
spools and the flapper can control the air pressure by preventing air flow. When one air flow is
prevented, the air pressure is increased. Finally, the spool can move according to the pressure change.
The input pressure of the hydraulic oil (Ps_ruid) is applied and the area of the outlet port is changed by
movement of the spool. This means that the small actuating force acting on the pilot is converted into
a large actuating force for the spool [10]. A solenoid actuator is generally used for the pilot to generate
the actuating force for the flapper. The flow rate can be controlled in a wide range using the two-stage
spool valve. However, it has a low operating frequency (lower than 50 Hz) because of the inertia of the
flapper [11]. The single-stage valve has been studied since the 1990s, as it can solve the problems of the two-
stage valve [12,13]. Because an actuator directly controls the spool, the single-stage valve requires a
large actuating force but has a wide range of operating frequencies. It is natural that the actuator affects
the performance of the valve. Hence, many types of actuators have been applied for single-stage
valves. Currently, the solenoid-type actuator is the most widely used for valve control systems, but it
has the disadvantage of a slow response [14,15]. Furthermore, an advanced actuator capable of
operating sufficiently quickly at high temperatures is needed in many industrial applications. One
solution to these problems involves using piezoelectric actuators in the hydraulic servo valve.

Piezoelectric materials are actively studied and applied in various fields because of their many
advantages, such as their fast response, high power density, and infinite resolution [16]. The
piezoelectric actuator is advantageous for driving a hydraulic servo valve system [17,18]. Hence,
single-stage valves using piezoelectric actuators have been studied [19-22]. Jeon et al. designed a
single-stage valve system actuated using a piezostack actuator [23,24]. The performance of the valve
system was evaluated via a simulation and an experiment conducted at room temperature. However,
using piezoelectric actuators for high-temperature applications is difficult because they have a low
Curie temperature of 150°C. Choi et al. studied the dynamic characteristics and position-control
performance of a piezostack actuator at high temperatures up to 180 °C [25]. They found that the
piezoelectric stack actuator could be operated at a high temperature, but both the displacement and
blocking force rapidly degraded, as expected. Jeon et al. proposed a direct-drive valve system actuated
using a piezostack subjected to high temperatures [26]. The valve system was evaluated at 100 °C, but
the piezostack has a high operating temperature property because it is specially made for high-
temperature applications; thus, an operating temperature of 120 °C was ensured. However, normal (or
general) piezostacks used in hydraulic systems can be widely applied under 60 °C to guarantee high
control performance. In fact, the use of normal piezostacks for hydraulic applications subjected to high
temperatures is a challenge since the precise flow-rate control performance rapidly degrades when the
operating temperature is over the Curie temperature of the piezoelectric actuator.

Consequently, the challenges and contributions associated with this specific control problem are
summarized as follows: (i) a normal piezostack actuator frequently used at room temperature is
applied to the proposed piezostack actuator direct-drive valve (PADDV) system and subjected to a
high operating temperature and high exciting frequency to examine its control performances at high
temperatures. This is challenging since a minor mistake in the adjustment of the high temperature
causes permanent damage to the actuator. In this work, several preliminary tests are undertaken by
increasing the temperature with a fine resolution to determine the maximum operating temperature
which is allowed to apply the piezostack actuator without failure; (ii) a proportional-integral—
derivative (PID) feedback controller is designed and integrated with a fuzzy algorithm considering the
changes of the operating frequency and temperature. The control gains are tuned using an empirical
fuzzy rule with the input frequency and temperature. The choice of appropriate fuzzy variables is
crucial to achieve high control performance at high temperatures; (iii) the control performances of the
PADDYV are experimentally observed in the heat chamber. In this study, the displacement of the spool
is selected as a control variable because it is directly related to the flow rate of the spool valve. Hence,
the performance of the valve system is evaluated by controlling the spool displacement. The
displacement control of the spool is investigated with different frequencies up to 200 Hz and different
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temperatures up to 150 °C. The tests are undertaken without and with partial insulation of the
piezostack using the aerogel.
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Figure 1. Schematic configuration of a valve system. (a) Basic working principle of two-stage valve, (b)
Basic working principle of Single-stage valve.

2. Structure of Direct-Drive Valve

In this study, a direct-drive valve (DDV) system actuated using a piezostack is developed to
provide high precision, a fast response, and reliability. Figure 2a shows the schematic of the PADDV
valve system. The valve system comprises a piezostack actuator, a displacement amplifier, a spool
valve, a gap sensor, an adjust bolt, and a base structure. The small displacement, which is one of the
drawbacks of the piezostack actuator, is overcome using a displacement amplifier. The amplifier, with
the help of a lever-hinge mechanism, can be used to magnify the displacement generated by the
piezostack. A spool valve is used to control the flow rate because the valve can linearly regulate the
flow rate through the position of the spool. As shown in Figure 2a, the spool valve comprises a housing,
a sleeve, a spool, and a return spring. The housing and sleeve have inlet and outlet ports. The inlet port
is always open and has a circular shape to maintain a uniform input pressure, regardless of the spool
displacement. However, the outlet port is normally closed and has a rectangular shape to maintain
linearity between the spool displacement and the flow rate. The return spring is used to return the
spool to the initial position because the considered piezostack is a unipolar piezoelectric actuator. The
position of the spool is controlled using the piezostack actuator, with the help of the displacement
amplifier. Figure 2b shows the manufactured PADDYV valve system.
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Figure 2. The proposed piezostack actuator direct-drive valve (PADDV) system. (a) Schematic
configuration of PADDV, (b) Photograph image of the manufactured PADDV, (c) Mechanical model
of proposed PADDV.

Figure 2c shows a schematic of the mathematical model of the proposed valve system. The
dynamic equations of the proposed valve system can be obtained with the displacement of the
piezostack actuator (xy) and spool (xs) as follows:

miX, +CuX, + kpixp = kpid33Vpi -F, "
m.X, +c X, +Kk.X, = F —F;
Fs can be obtained as follows:

IL

3%
S r pi L2 I—z (2)

Figure 3 shows the hydraulic model of the spool valve. The pressure drop is generated between
the input pressure (Pi) and output pressure (Po) with jet angle (0). The pressure drop causes a force to
push the spool, and this is called the flow force. Frrepresents the steady flow force, which is calculated
as follows:

F; =24PC; A, cos(6)
A =2D,x sin(H,/ D,), AP =P -P.

1 o]

®)
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Cu is a function of the cavitation number and Reynolds number and is selected in the range of 0.6 to
0.65 [20].

Figure 3. Hydraulic model of the spool valve.

Finally, the dynamic equation of the PADDYV system can be written as follows:

|
2 Lo 2) w
{ms+mpidr +F}XS+{CS+C d,

2 @)

+{ k, +k,d, +4APC{D, cos(d)sin™ [%J} X, = d, 7k dg Vi (1)

The flow rate of the spool valve can be calculated as directly related to the open area as follows:

Q, =C,A\2AP/ p ©)

In this study, VG 46 is used as the actuating fluid, having the density p = 879 kg/m?3.
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Figure 4. Frequency response of the return spring with different stiffnesses: (a) Magnitude, (b) Phase
delay.

To select the spring coefficient of the return spring, the valve system is operated from 10 to 500 Hz.
Four return springs with different stiffnesses are tested to determine the spring constant for the spool-
valve system. Figure 4 shows the experimental results for the magnitude and phase delay in the
frequency domain with difference stiffnesses of the return springs. The sinusoidal signal is applied,
and the maximum and minimum displacement are measured to calculate the magnitude. The
magnitude can be obtained as follows:

] ymaX f B ymln f
Magnitude(dB) = 20log ly | (105—12))—)/ ((10)"'2)] X
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where ymax and ymin are the maximum and minimum displacement of the spool with actuating
frequency (f), respectively. These are the maximum and the minimum displacement of the spool at
10Hz. In this study, the piezostack valve system can be employed at operating frequencies up to 200
Hz. As shown in the figure, the springs with stiffness of 60 and 65 kN/m have resonance frequencies
extremely close to 200 Hz. Hence, a spring with 70 kN/m of stiffness is selected for the valve system.
Tables 1 and 2 list the mechanical properties of the piezostack and manufactured PADDV,
respectively.

Table 1. Mechanical properties of the piezostack actuator.

Specification Symbol Value Unit
Damping coefficient Cpi 150 N-s/m
Stiffness kpi 60 MN/m
Mass Mpi 0.317 kg
Charge constant ds3 6 x107 m/V
Length Iy 0.1 m
Operating temperature 80 °C

Table 2. Mechanical properties of the spool sleeve.

Specification Symbol Value Unit

Mass of spool ms 0.01 Kg
Damping coefficient of spool Cs 200 N-s/m
Spring coefficient of return spring ks 70 kN/m
Diameter of spool Ds 7.145 mm
Height of outlet port Hs 4 mm

Overlap width € 0.01 mm

Width of outlet port a 2 mm

Discharge coefficient Ci 0.61
Jet angle 0 61
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Figure 5. The flow chart and photograph of the experimental apparatus. (a) Experimental flow chart
for the electric and hydraulic flow (b) PADDV installed in inside of the heat chamber.

3. Thermal Effect on Valve Performance

To evaluate the control performances of the proposed valve system and controller under high-
temperature conditions, an apparatus is used together with a large heat chamber. Figure 5a shows the
schematic configuration of the experimental flow chart. The temperature is regulated by the heat
chamber (BK-HTDO-8100, Bookwang Tech Co., Gyeonggi-do, Korea) to obtain the required experimental
conditions, and the air temperature can be controlled between room temperature and 300 °C. First, an
electric apparatus is constructed using a computer and sensors. The signals obtained from the sensors
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are saved, and the input signal is generated using a computer with the help of analog-to-digital
converters (AD/C) and digital-to-analog converters(DA/C) (DS1104 R&D Controller Board, dSPACE,
Paderborn, Germany). A voltage amplifier (EC750SA, NF Corporation, Yokohama, Japan) is used to
amplify the input signal obtained from the computer and is applied to the piezostack up to 150 V. A
gap sensor (KD-2306 2SMT, KAMAN, Bloomfield, CT, USA) is used to detect the spool displacement,
and the position data are transferred to the computer. Secondly, the hydraulic part is set up to generate
the pressure drop. The initial pressure is generated by a nitrogen pressure vessel, and the pressure is
changed to the hydraulic pressure using the pneumatic-hydraulic cylinder. The cylinder has a
hydraulic volume of 1 L, and three cylinders are used for the experiment. Two pressure sensors (210-
40-011-04, Paine Electronics, LLC, East Wenatchee, WA, USA) are placed in the inlet and outlet ports
of the valve system. A flow meter (FT-08AEYB-LEA-3, Flow Technology Inc., Tempe, AZ, USA) is used
to detect the flow rate of the hydraulic fluid. The sensors and the piezostack valve system are located
in the heat chamber. The piezostack is insulated from the heat using an aerogel. Figure 5b shows an
image of the experimental apparatus inside the heat chamber. In this study, the piezostack actuator is
made of lead-zirconate-titanate (PZT) ceramic. The maximum operating temperature of the
piezostack used with the PZT materials is 80 °C, which is approximately half the Curie temperature,
as the used PZT ceramic has a Curie temperature of 150 °C. The operating temperature in this study is
150 °C. Hence, the spool displacement of the valve system is first evaluated considering the effect of
heat. The force generated by the PZT piezostack actuator decreases as the temperature increases.

Figure 6 shows the input voltage required to obtain a spool displacement of 0.3 mm. To control
the displacement of spool, a traditional PID controller is used. The P, I, and D gains are chosen via the
trial-and-error method. To evaluate the heat influence, the temperature of the piezostack actuator is
increased from 30 to 120 °C. As shown in Figure 6a, an input voltage of 90 V yields a spool displacement of
0.3 mm. However, the input voltage is increased by increasing the temperature, as shown in Figures 6b—d.
At 120 °C, an input voltage of 147 V is needed to obtain a spool displacement of 0.3 mm. The spool
cannot reach the desired position when the temperature of the piezostack actuator is above 120 °C.
This implies that the actuating performance of the piezostack significantly decreases and the
possibility of permanent damage to the piezostack increases.
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Figure 6. Influence of heat on the spool displacement without control action. (a) 30 °C, (b) 90 °C, (c) 110
°C, (d) 120 °C.
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Hence, in this study, the piezostack is insulated using an aerogel, i.e., a synthetic porous material,
to prevent the piezostack from being permanently damaged because of the high-temperature air (150
°C) inside the heat chamber. Figure 7a shows the temperature variations in the heat chamber and in
the piezostack actuator with the heat insulator. As indicated by the results, the temperature inside the
heat chamber is 150 °C after 20 min of heating, and the temperature of the piezostack has increased to

112 °C after 40 min.
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Figure 7. Temperature variation and step responses of the valve system, (a) Temperature variation, (b)
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Step response at 30 °C, (c) Step response at 150 °C.

The step response of the valve system using the chosen return spring is observed with an input
voltage of 100 V without controlling the room or high-temperature conditions. The time constant,
which is 63.2% of its final value, is measured using the step input. Figure 7b,c show the results of the
step-response test conducted at room temperature and at 150 °C. The time constant of the valve system
is 1.6 ms, and the generated spool displacement is 0.41 mm at room temperature. At the high
temperature, the time constant and final displacement of the system are 1.8 ms and 0.27 mm,
respectively; moreover, the time constant slightly increases and the generated pool displacement

decreases because the stiffness of the piezostack actuator decreases.

Voltage (V)
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4. Control Responses

The piezostack is influenced by heat; thus, the properties of the piezostack such as the blocking
force, displacement, and hysteresis change. This implies that the piezostack is a temperature-
dependent, nonlinear system. Therefore, a fuzzy algorithm is used to control the system at various
temperatures, because a fuzzy controller can control a nonlinear system. Furthermore, the fuzzy
controller does not require a precise mathematical model. The fuzzy logic is far closer to human
language than traditional logical systems and can process ambiguous input values such as warm and
cold. The fuzzy logic can convert the linguistic strategy into an automatic control strategy on the basis
of expert knowledge. The expert knowledge yields better results than conventional control logic. In
particular, the methodology of the fuzzy logic controller (FLC) is very useful in cases of complex
calculations for qualitative, inexact, or uncertain interpretations. The FLC comprises two essential
parts: a set of linguistic control rules and a compositional rule of inference. In this study, a PID
controller which can change gains automatically using a fuzzy algorithm is designed.

Fuzzifier ]—-[ Interface H Dcfu77iﬁcr]~-|
Engine i

i

1

]

Desired
Displacement

Voltage PADDV .
Amplifier System

Sensor

Figure 8. Schematic of the fuzzy PID(proportional-integral-derivative) controller.

Figure 8 shows a schematic of the PID controller together with the fuzzy algorithm. The PID
controller has a feedback mechanism, which is commonly used in industrial fields. In the PID
controller, an error (e(t)) between the desired and actual output values is used. This error is then
applied for the correction based on the proportional, integral, and derivative terms. The normal PID
controller is expressed as follows:

(1) =k e(0)+ fe(t) +K, et )

However, the PADDV system is a temperature-dependent system because the properties of the
piezostack actuator change based on the temperature, as previously mentioned. Therefore, the gains
of the PID controller must be changed to control the valve system at various temperatures. The fuzzy
algorithm has two input and two output variables. The inputs are the temperature and operating
frequency, and the outputs are the k» and ki gains, which are the gains of the PID controller. Figure 9
shows the membership functions of the input and output variables. In this research, a triangular fuzzy
number is used because the method has a low calculation amount compared with other method such
as trapezoidal, bell-shaped, non-convex, etc. As shown in Figure 9a,b, the temperatures and

oo

frequencies are classified as “cold”, “warm”, “hot”, and “extreme hot” and “extreme low”, “medium
low”, “low”, “normal”, “high”, “medium high”, and “extreme high”, respectively. The figures show
the range of each value and perform the function of the fuzzification of the input temperature and
frequency. This can provide necessary definitions to define linguistic control rules. Tables 3 and 4 list
the fuzzy inference rule between the input and the output, and the rules are determined by many

experimental results. The input membership functions and the fuzzy rules can provide necessary
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definitions to define the linguistic control rules. Figure 9¢,d show the membership functions of the
output variables; from those, the gains of the PID controller are determined. In other words, the figures
perform the function of the defuzzification and provide control gains.

Table 3. Fuzzy rules for P gain (kp).

Temperature
Frequency
Cold Warm Hot Extreme Hot
Extreme Low 0.12 0.12 0.12 0.12
Medium Low 0.12 0.12 0.12 0.12
Low 0.12 0.12 0.12 0.12
Normal 0.12 0.12 0.18 0.18
High 0.23 0.2 0.18 0.18
Medium High 0.25 0.2 0.18 0.2
Extreme High 0.3 0.2 0.2 0.2
Table 4. Fuzzy rules for I gain (ki).
Temperature
Frequency
Cold Warm Hot Extreme Hot
Extreme Low 80 80 80 80
Medium Low 180 180 180 180
Low 280 280 210 210
Normal 310 310 250 250
High 430 360 330 280
Medium High 550 430 360 330
Extreme High 620 500 430 430
Cold Warm Hot Extreme Hot EL ML L N H MH EH
1.0 1.0
08 08
98 0.6
04l
0.4
02}
0.2
0.0
0 20 40 60 80 100 120 140 00030 60 80 120 150 180 210
Input variable (Temperature (-C)) Input variable (Frequency (Hz))
(@) (b)
1.2 1.2
02 025 210 250 310 330
i 012 018 023 03 ol 180} |280] (360 430 500 550 620
08t 0.8
0.6} / 0.6
04t 04
02t 02
0805 040 015 020 025 030 035 % "Tro0 200 00 400 500 ‘ 500 700
Output Variable (P Gain) Output Variable (I Gain)
(c) (d)

Figure 9. Membership functions, (a) Temperature input, (b) Frequency input, (c) P gain output, (d) I
gain output.
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In this study, the center-average defuzzification method is used to calculate the output value,
which is defined as follows [27]:
Z Ci M z
o= Zotull) ®)
S (2)
where ¢, ci, and e are the output value, the center value of the i-th output membership function, and
the product rule, respectively. Equation (7) can be rewritten as follows:

u ——Zc"%(z) e +—Zci"u°(z) e(t)+ ie
0= ZE)) e+ Z2) ok, et o

ky and ki are re-expressed using Equation (8). k4 is determined as 0.0001 according to the experimental
results. To evaluate the proposed valve performance, the flow rate is first evaluated using the spool
displacement. Figure 10a,b show the experimental results for the flow rate at room temperature for
each frequency. Errors are observed in the flow-rate data below 3.78 Lpm (liter per minute) because
the flow meter can only detect flow rates ranging from 3.78 to 37.8 Lpm. The flow-rate data properly
follow the displacement of the spool, although the sensor exhibits an error at low flow rates, as shown
in Figure 10a. However, a large error is observed in the flow-rate data obtained from the flow meter
with a time delay, as shown in Figure 10b, because the flow meter and indicator (LA-5-A-V1F1, Flow
Technology Inc., Tempe, AZ, USA) have time delays of 4 and 20 ms, respectively. Therefore, in this
work, the displacement of the spool is selected as the control target because the flow rate is directly
related to the spool displacement; the flow rate can be calculated using the spool displacement and
properties of hydraulic oil with temperatures according to Equation (5). It is noted here that the
response time of the flow meter is not sufficient to deal with the fast motion between the input and
output (about 200Hz). This is the reason why the gap sensor is used to measure the spool displacement.
Figure 10c,d show the control results obtained at room temperature using the normal PID controller.
As shown in the figure, the displacement of the spool follows the desired displacement at operating
frequencies of 1 and 10 Hz. The same PID gains are observed in the results, which are 0.12, 80, and
0.0001 for the P, I, and D gains, respectively. However, the gains differ at 200 Hz: 0.3, 620, and 0.0001
for P, I, and D, respectively.
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Figure 10. Tracking control results via PID controller at 30°C, (a) Results from displacement sensor and
flow meter at 1 Hz (b) Results from displacement sensor and flow meter at 10 Hz (c) Tracking control
at 1 Hz, (d) Tracking control at 10 Hz.

Figure 11 shows the control results obtained at room and high temperature using the fuzzy PID
controller. As shown in Figure 11a,b, the performance results obtained at the frequencies of 1 Hz are
similar to those of the normal PID controller operating at a high temperature. The tracking error
increases at high temperatures because the heat affects the system, as shown in Figure 11c,d.
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Figure 11. Tracking control results via fuzzy PID controller at 1 Hz, (a) Tracking control result at 30 °C,
(b) Tracking control result at 150 °C, (c) Tracking error at 30°C, Tracking error at 150 °C.

Figure 12 shows the control results of the spool displacement at 200 Hz. Figure 12a represents the
tracking control results with respect to the room temperature. As shown in the figure, the result shows
a time delay of 75.6°. Although this time delay is considerable, the spool can follow the desired
displacement. At 200 Hz, the P, I, and D gains are 0.3, 620, and 0.0001, respectively. Figure 12b shows
the displacement—control result at 150 °C with the same PID gains. The spool displacement cannot
respond at an operating frequency of 200 Hz and a high temperature using the same PID gains. The
valve system with the fuzzy PID controller has largely the same performance at 200 Hz without gain
tuning, as shown in Figure 12c. The gains are automatically tuned according to the frequency and
temperature. The time delay increases from 75.6° to 79.2° because the stiffness of the return spring
decreases owing to the heat. However, the system remains stable in a certain range because the phase
delay is below 180°.
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Figure 12. Tracking control results with 200 Hz, (a) Tracking control result via PID controller at 30 °C,
(b) Tracking control result via PID controller at 150 °C with same PID gains at 30 °C, (c) Tracking control
result via fuzzy PID controller at 150 °C.
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5. Conclusion

In this work, the piezostack actuator direct-drive valve (PADDV) system was designed and its
control performance was evaluated at high temperatures. An experimental apparatus was constructed
using a heat chamber and high-temperature resistant sensors for testing the valve system at high
temperatures. The step response of the valve system was analyzed using the return spring at high
temperature with a step input voltage. It has been observed that the time constant is increased as the
displacement of the spool is decreased. In order to evaluate the spool tracking performance, both a
classical PID controller and PID controller integrated with a fuzzy algorithm was designed and
implemented in the valve system, which was subjected to temperatures up to 150 °C. The results
achieved from the control realization are summarized as follows.

The PID controller can be used to control the valve system up to a frequency of 200 Hz at room
temperature. However, the valve system cannot be controlled using the same gains under the
frequency variation. Therefore, a fuzzy algorithm was applied to tune the gains according to the
temperature and operating frequency. The performance of the system is satisfactory at low frequencies
and between room temperature and 150 °C. The valve system exhibits the time delay at frequency of
200 Hz for the entire temperature range because the stiffness of the return spring is designed
considering high-temperature conditions. Although the system exhibits a time delay, the spool
performance which follows the desired displacement is satisfactory.

The results of this study show that the PADDV with the thermal insulation using the general
piezostack actuator can be practically used to control the flow rate at various high operating
temperatures required in many components or systems. However, for successful practical application,
the durability of the valve system using the piezostack actuator at high temperatures over long
operating periods should be investigated thoroughly. Such a study will be conducted in the near future.

Nomenclature
Xp Displacements of the piezostack
Xs Displacements of the spool

Vi Input voltage

mpi  Mass of the piezostack

Cpi Equivalent damping coefficient of the piezostack
ki Stiffness of the piezostack

dss Charge constant of the piezostack

ms Mass of the spool

Cs Damping coefficient of the spool

ks Stiffness of the spool

Fyi Force exerted by the piezostack

Force transmitted from the displacement

Fs

magnification device
dr Amplification ratio of the displacement amplifier
I Mass moment of inertia of the lever

X, /L, Angular acceleration of the lever
AP Pressure drop
Ca Drag coefficient
2 Jet angle
Ao Open area of the outlet port
Ds Diameter of the spool
H; Height of the outlet port
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Qs Flow rate

p

Density of the hydraulic oil
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