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ABSTRACT
Servohydraulic systems are widely used for actuation where high force and fast response are needed,
and the servovalve is the type of control valve which provides the highest performance for such systems.
In aerospace, servovalves are used for many safety critical systems, such as flight control, steering and
braking. However, during the last fifty years the conventional two stage servovalve design for aerospace
applications has hardly changed. Due to the desire for increased energy efficiency, there is a need to
make valves more efficient and lighter. A new type of servovalve for aerospace applications is therefore
investigated. Increased efficiency implies that leakage should be small, and other key requirements are
reliability, robustness and low manufacturing cost. The aim of this research is to provide background
knowledge so that in the future an improved two stage servovalve can be manufactured. The prototype
valve in this research will not be lightweight, but will provide knowledge for a future researcher or
manufacturer to create a light weight servovalve.
A two stage servovalve was designed with a multi-layer piezoelectric ring bender actuating a low
leakage small spool as a first stage to control a second stage spool with electrical position feedback.
The valve body was manufactured through Additive Manufacturing.
A dynamic model of the complete valve was developed and correlated with experimental data. The
model included the drive amplifier for the piezoelectric ring bender, the ring bender with hysteresis,
first stage spool with overlap and the second stage spool. This showed that hysteresis and overlap had
a significant effect on valve behaviour.
A second stage spool position controller was developed to counteract the non-linear behaviour due to
the piezoelectric hysteresis and the dead-band due to the first stage overlap. The controller also includes
a feed forward path to increase the bandwidth of the valve. This controller outperforms a conventional
Proportional-Integral controller and is also less sensitive to amplitude change.
Mounting a ring bender sufficiently stiffly so that it can generate a high blocking force, but also in such
a way that the deformation and hence the free displacement of the ring bender is not constrained, is a
significant challenge. An analytical model to optimize the ring bender mount has been developed. This
model can be used to find the optimum mount overlap at the outer edge of the ring bender, and the
optimum thickness of the mount.
An extensive investigation of the durability of the ring bender in Hyjet has been completed. Hyjet is a
tradename for a fire-resistant phosphate-ester hydraulic fluid commonly used in civil aerospace. The
ring bender will quickly start to break down if the Hyjet reaches the electrical connections. The Hyjet
will penetrate the ceramic and create an electrical circuit between the electrical connection, the Hyjet
and the outermost internal electrode. The breakdown of the ring bender can probably be eliminated by
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protecting the ceramic with an impermeable layer of material. In this research a metallic foil applied to
the surface of the ring bender was investigated.
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1 INTRODUCTION
This chapter gives an overview of the research project, an introduction to servovalves and torque
motors, motivation for the research, aim and objectives, the original contribution and the structure or
the thesis.

1.1 OVERVIEW AND MOTIVATION
The conventional two stage servo valve layout for aerospace applications has not changed considerably
in the last fifty years. However, it is believed that due to a desire for reduced energy usage there is a
need to make valves more efficient and lighter. A new type of servovalve for aerospace applications is
therefore needed.
Key drivers for aerospace hydraulic servovalve designs are to reduce weight, reduce manufacturing
costs and improve efficiency. The efficiency can be improved by reducing the internal leakage. By
reducing the internal leakage the airline companies can save up to 2000 USD per valve per year of fuel
cost [1][2]. In a typical single-aisle airliner there are approximately 40 hydraulic servovalves, which are
the key control components in electrohydraulic actuation for primary flight control, landing gear
deployment, on-ground braking and steering [2].
In conventional two-stage servovalves a torque motor is used for the pilot stage. The torque motor,
however, is relatively heavy, can be time-consuming and expensive to set-up, and may require
significant manual intervention [3]. If not adjusted precisely, the first stage amplifier may not provide
stable operation, and there is a continual flow loss (and power loss) through the nozzles or jet. An
alternative approach is required, providing a more cost-effective design, being both more efficient and
lighter, and which is amenable to automated manufacture.
In regards to reducing the weight of a servovalve the amount of material used needs to be reduced.
Additive Manufacturing (AM) is becoming mature enough to be able to produce parts of a standard that
can be used in an aerospace environment. A good enough standard would be to obtain material
properties of the AM part that are close to wrought material properties or obtain enough knowledge of
the material properties that any differences could be taken into account during the design process. AM
is a relatively new manufacturing method providing new possibilities when it comes to design and since
material is only added where needed the finished part will be lighter.
The internal leakage of the valve is another area where energy can be saved. Conventional valves have
a quiescent first stage internal leakage, as hydraulic fluid is constantly pumped through the jet or nozzle.
This implies significant energy loss. Consequently, a new first stage has been designed to reduce the
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internal leakage. By using a small first stage spool with significant overlap, the internal leakage is
reduced.
The control of the first stage in a conventional valve is done by a torque motor. A torque motor is a
complex, heavy and expensive device, due to winding of the coils, and the fine manufacturing tolerances
of the flexure tube. Additionally, it requires a significant amount of manual work to install and to set
up properly. Piezoelectric actuators are in comparison relatively light and simple. Piezoelectric
actuators have previously been tested successfully for several servovalve applications. In this research,
a piezoelectric ring bender was used to control the first stage. A ring bender is a small annular disc that
can dome in a convex and concave fashion in response to an applied voltage. Its weight is a fraction of
a conventional torque motor and it is less complex, since it is one part made from multiple layers of
piezoelectric ceramic and electrodes.
Since the complexity and precision manufacturing of valve parts make them expensive and more timeconsuming to set up, future valves need to be simple and easy to assemble. To further mechanically
simplify the valve and to provide a greater flexibility of the controller design, the second stage feedback
could be done by an electrical signal instead of the conventional feedback wire used in mechanical
feedback valve.
The following section provides background on different hydraulic servovalve designs.

1.2 HYDRAULIC SERVOVALVE BACKGROUND
Hydraulic control systems are widely used in the industry. Servovalves are used within hydraulic
control systems when high force, fast response, high power to weight ratios and greater position control
accuracy are demanded [3][4]. Servovalve is usually a two-stage device where the first stage works as
an amplifier to the second stage, and the second stage is typically a sliding spool. Servovalves amplify
a low electrical input signal to a high hydraulic force [5]. The second stage positioning feedback is
conventionally made through mechanical feedback using a ‘feedback wire’. In traditional two stage
servovalves with mechanical feedback and a torque motor, the steady state spool position is proportional
to the electrical input current to the torque motor [6][7]. This is achieved by a feedback spring exerting
a feedback torque on the torque motor proportional to spool position. Most servovalves used in
industrial and aerospace use this mechanical second stage positioning feedback [8].
A conventional two stage servovalve can be seen in Figure 1-1, where the torque motor, flexure sleeve,
feedback spring (feedback wire) and the second stage spool and bushing can be seen.
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Figure 1-1. Cross section of Moog 264 series servovalve [7].

Typically, the first stage is controlled by a torque motor that is then coupled with a hydraulic amplifier.
There are several types of hydraulic amplification. The most common types are a nozzle flapper, a jet
pipe or a deflector jet. All these hydraulic amplifier arrangements will create a pressure difference in
the two control ports that will act on the different sides of the second stage spool. This will make the
second stage spool move, which in turn then directs flow to move an actuator.
The nozzle flapper arrangement is described in multiple sources [9][10][11] and a nozzle flapper valve
can be seen in Figure 1-2. In a nozzle flapper valve, the torque motor will move the flapper and will
restrict the exit flow from one of the nozzles, in this case on the right side. This will create a pressure
increase in that control port and create a pressure difference between the two ends of the second stage
spool. This pressure difference will force the second stage spool to move, which can be observed in
Figure 1-2, where the pressure increase will be on the right side and force the second stage spool to
move to the left.
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Figure 1-2. Cross section illustration of a nozzle flapper valve arrangement, including the torque motor and the second
stage spool. Ps is supply pressure and R is return pressure [10].

In the jet pipe arrangement, the torque motor moves a nozzle (jet pipe) from which a jet of fluid is
directed into two control ports, 𝐶D and 𝐶F . At the null position the jet is directed in the middle of the
two control ports, hence there is no pressure difference. As the nozzle is moved away from the null
position more of the jet will enter one of the control ports, which will increase the pressure in that
control port and move the second stage spool [11]. A schematic diagram of jet pipe hydraulic amplifier
arrangement can be seen in Figure 1-3, where the movable nozzle, with supply pressure 𝑃? , and the two
control ports (𝐶D and 𝐶F ) can be observed.

Figure 1-3. Schematic diagram of a jet pipe hydraulic amplifier [11].

The Deflector Jet (DJ) hydraulic amplifier arrangement is similar to the jet pipe in the sense that a jet
is directed into two receivers. In the DJ arrangement, the root of the feedback wire has a slot through
which a jet of hydraulic fluid is be forced. The slot has a ‘V-shape’ design, and is called a deflector, to
be able to direct the jet, as can be seen in Figure 1-4. As the deflector is moved away from its null
4

position, the jet is deflected into one of the two control ports, to create a pressure difference to move
the main stage spool. In Figure 1-4 the deflector is moved to the right to direct the flow and increase
the pressure in control port B.

Figure 1-4. Deflector jet arrangement. The left side shown the armature flexure sleeve and deflector. The right side shows
the deflector and the pressure increase in control port B as the deflector is moved to the right [7].

The next section will describe the torque motor used to control the first stage arrangements described
in this section.

1.3 TORQUE MOTOR
A conventional first stage module with the torque motor can be seen in Figure 1-5. The torque motor is
a limited rotation electromagnetic actuator and made up of an armature, two coils and two pole pieces.
It also consists of a flexure tube and flapper. An illustration of a torque motor can be seen in see Figure
1-6. The pole pieces are permanent magnets with opposite polarisation. The armature is fitted in
between the upper and lower pole piece. The two sides of the armature polarity will change due to the
direction of the current flowing through the coils around the armature. Depending on the current
supplied to the coils the armature will rotate in a clockwise or counter clockwise direction [12].
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Figure 1-5. First stage module of Moog 264 series servovalve including the torque motor assembly and the amplifier
segment [7].

Figure 1-6. Illustration of a torque motor showing the poling pieces, armature, coils, flapper and flexure tube [12].

There are limitations and concerns with torque motors. Torque motors are usually divided into two
categories, wet and dry [3]. For the wet application, the torque motor is submerged in the hydraulic
fluid, which over time can attract and accumulate unwanted metallic particles that are in the hydraulic
fluid, which could eventually cause a failure [13]. The dry application is more commonly used, where
the torque motor is isolated from the hydraulic fluid. This is achieved by introducing a ‘flexure tube’
which acts as a frictionless seal [14]. This will eliminate the issues with metallic particles accumulating
on the torque motor. However, the flexure tube introduces design challenges. The flexure tube needs to
be frictionless seal and needs to be manufactured to fine tolerances to provide the desired mechanical
characteristics. The flexure tube makes the manufacturing and assembly of the first stage both expensive
and time consuming.
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Due to its fine mechanical tolerances of the flexure tube, the winding of coil wire, a torque motor is
relatively complex and expensive. It is also time consuming to implement and to set up into the valve
due to the extensive manual intervention needed to be appropriately installed on to the valve.
The next section will highlight the aim and objectives for this PhD research.

1.4 AIM AND OBJECTIVES
The aim of this project is to design and investigate a new type of aerospace servovalve. The servovalve
should have the potential to be lightweight, reliable, robust and more efficient.
This research started with a project called Valve Integration Through Additive Layer Manufacturing or
in short VITAL. This was a collaborative project between the University of Bath, Moog and Renishaw.
There were several outcomes from the initial phase of the VITAL project:
i.

Understanding the material properties through extensive fatigue testing.

ii.

Understanding how the laser settings and parameters affect the material microstructure.

iii.

Work was conducted to decide on the material for the AM valve body.

iv.

Deciding on design concept of the valve. Work was conducted to investigate different possible
low leakage designs using a piezoelectric actuator. The design of the valve used in this research
is an outcome of this work.

When the initial phase of the VITAL project came to an end there were still areas that needed to be
further investigated, which leads to this PhD research.
The key objectives of the PhD are:
i.

To design, manufacture and test a practical piezoelectric actuated servovalve suitable for
aerospace use.

ii.

To create an analytical dynamic model of the prototype valve. This is to be able to gain more
understanding about the valve characteristics.

iii.

Create a main spool position control algorithm, which uses electrical position feedback, to
compensate for the first stage non-linearities caused by overlap and piezoelectric hysteresis.

iv.

Investigate durability of piezoelectric ring benders operating in phosphate ester based hydraulic
fluid and to test possible encapsulation methods. This is the type of fluid used in civil aerospace
applications.

v.

Analytical investigation to obtain an optimum mounting arrangement for the piezoelectric ring
bender and to create a mounting design guideline.

The valve(s) and test equipment developed during the VITAL project are used as the basis for the
subsequent investigations.
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AM was chosen as it only adds material where material is needed, with the hope of making it lighter
than conventional manufactured valve bodies. This manufacturing method will also provide new design
possibilities.
A final design for a valve is not created as a part of this research, instead the research is to provide the
knowledge base and to test the principles concerning piezoelectric ring benders and AM so that a light
weight low leakage valve can be produced in the future.
The following section will highlight the original contributions described in this thesis.

1.5 ORIGINAL CONTRIBUTION
The original contribution of this PhD research is the following:
i.

Detail design of a novel two-stage additive manufactured valve body.

ii.

Understanding the characteristics of the piezoelectric actuated valve, through validation of an
analytical model against experimental results.

iii.

Creating and experimentally validating a controller algorithm to compensate for the
piezoelectric hysteresis and the first stage spool overlap. The controller also includes a feedforward path to increase the bandwidth.

iv.

Analytical investigation to optimize the ring bender mounting and to create a guide line for
design of the mounting. Create a method to optimise the thickness-overlap combination and the
Young’s modulus of the mounting material.

v.

Understanding of failure modes of the piezoelectric ring benders in a phosphate ester based
hydraulic fluid called Hyjet and test possible encapsulation to protect the ring bender.

The structure of this thesis will be described in the following section.

1.6 STRUCTURE OF THESIS
This thesis has been separated into eight chapters describing the investigation and development of a
piezoelectric ring bender actuated two stage servovalve.
Chapter 2 presents a literature review of the piezoelectric ceramic, the ring bender, piezoelectric
actuated valves, durability and encapsulation, piezoelectric hysteresis compensation, mounting of the
ring bender and additive manufacturing for aerospace.
Chapter 3 presents the design of two-stage piezoelectric actuated servovalve that was investigated in
this research. This includes an Additive Manufactured valve body, piezoelectric ring bender, first stage
spool with significant overlap and the controller platform.

8

Chapter 4 explains the analytical modelling of the valve. This includes the amplifier, the piezoelectric
ring bender with hysteresis, first stage flow and the second stage spool motion.
Chapter 5 presents a proposed controller design for second stage spool position control. The controller
includes compensation for the piezoelectric hysteresis, compensation for the first stage spool overlap
and a feed-forward loop to increase the bandwidth of the valve.
Chapter 6 analyses the ring bender mounting to create guidelines to obtain a good overlap-thickness
ratio. This includes a FEA investigation to obtain the axial and torsional stiffness of the mounting for
different overlap and thickness levels. This is incorporated into an analytical model based on the
Timoshenko plate bending equations, but incorporates the mounting stiffness models.
Chapter 7 presents an investigation of the durability of a piezoelectric ring bender submerged in a
phosphate ester based hydraulic fluid called Hyjet. This investigation includes an examination of how
failures could occur, and presents a possible encapsulation method.
Chapter 8 the final chapter presents the conclusions from the research and describes possible avenues
of future research that still could to be investigated.

1.7 LIST OF PUBLICATIONS
This section presents a list of publications that the author has written and been involved with percentage
contribution in brackets.
List of publications where the author of this thesis has been the main author:
i.

“Design and Modelling of a Novel Servovalve Actuated by a Piezoelectric Ring Bender” [15].
An analytical model of the first stage was described in this paper. It included the amplifier, the
piezoelectric ring bender, hysteresis model and flow curve. The model was validated against
experimental data. (80%)

ii.

“Dynamic Modelling and Performance of a Two Stage Piezoelectric Servovalve” [16]. The
paper describes an analytical model and validated against experimental data. It includes the
amplifier, first stage piezoelectric ring bender and spool and second stage behaviour. (80%)

iii.

“Non-linear Control of a Piezoelectric Two Stage Servovalve” [2]. This paper describe a novel
controller to compensate for the overlap on the first stage spool, compensate for the hysteresis
of the piezoelectric ring bender and incorporated a velocity feed forward loop to increase the
bandwidth. (80%)

List of publications where the author of this thesis has been a co-author:
i.

“Mechanical Properties of titanium-based Ti–6Al–4V Alloys Manufactured by Powder Bed
Additive Manufacture” [17]. This paper is a literature review of the mechanical properties of
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the of the titanium Ti-6Al-4V alloy that was used to manufacture the valve body in this research.
(25%)
ii.

“Non-linear Control of a hydraulic piezo-valve using a generalised Prandtl–Ishlinskii hysteresis
model” [18]. This paper uses the Prandtl-Ishinskii hysteresis model to compensate for the
hysteresis in a piezoelectric ring bender. The author of this thesis wrote parts of the paper,
helped to control the ring bender and was involved in discussions throughout the work. (25%)

iii.

“A Lightweight, Low Leakage Piezoelectric Servovalve” [19], [20]. This paper was written to
present the prototype valve in this research for the aerospace industry in Toulouse. This paper
is based in the work of the author of this thesis and the author has written large parts of the
paper, but the paper was composed by Professor Andrew Plummer. (65%)
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2 LITERATURE REVIEW
In this project a piezoelectric ring bender actuator is chosen to control a servovalve, therefore this
section presents a literature review covering piezoelectric ceramics, piezoelectric ring benders,
piezoelectric controlled valves, durability and encapsulation of piezoelectric actuators, piezoelectric
hysteresis control and mounting of ring benders. Additive manufacturing is used for the prototype valve
manufacturing so this is also briefly reviewed.

2.1

PIEZOELECTRIC CERAMIC

Piezoelectricity is the name of the phenomenon of a crystalline material to develop an electrical charge
from a mechanical applied stress [21][22]. This piezoelectric effect was discovered by Jacques and
Pierre Curie in the year 1880 [21][22][23]. The word piezo stands for pressure [24]. Nowadays
piezoelectric ceramics are used in a wide range of applications like diesel injection pumps, submarine
sonar, micro pumps, ultrasonic cleaning, medical applications and energy harvesting [25].
A piezoelectric ceramic will produce an electrical charge or voltage, when a mechanical stress is applied
to the piezoelectric ceramic. This process is called the direct piezoelectric effect. The direct
piezoelectric process is reversible, where a voltage or charge is applied to a piezoelectric material,
resulting in stress created in the material that will force the ceramic to change shape. This is called the
converse piezoelectric phenomenon. For sensing technology the direct piezoelectric effect is used while
the converse piezoelectric effect is used for actuators [23].
One of the most common piezoelectric material is lead zirconate titanate (PZT) [26]. The piezoelectric
effect arises from the non-centrosymmetric crystal lattice structure of the dipoles, see Figure 2-1 (b)
where the Ti or Zr ion is not centred (the Ti and Zr are positively charged). The crystal structure is
symmetric and cubic at temperatures above a certain critical temperature called curing temperature. The
symmetrical crystal structure of the PZT ceramic above the curie temperature can be seen in Figure 2-1
(a). Due to the symmetric lattice structure above the curie temperature no piezoelectric effect can be
obtained. At temperatures lower than the curie temperature the lattice structure deforms into a tetragonal
or rhombohedral structure, which can be seen in Figure 2-1 (b) [3][26]. The positive charged Ti or Zr
ion will displace away from the centre, in this case upwards, which will have the effect that the upper
region of the dipole will be more positively charged compared to the bottom part that will be negatively
charged.
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PZT Crystal Structure

Pb 2 +

O 2Ti4+ , Zr4+

(a)

(b)

Figure 2-1. PZT crystal structure (a) symmetric state above curie temperature resulting in no piezoelectric effect (b)
unsymmetrical state below curie temperature where the Ti, Zr is offset from the centre introducing piezoelectric effect [26].

A cluster of dipoles, with their positively charged side in the same direction, is called a domain. Before
the so-called poling process, the grains and domains in a piezoelectric material are randomly orientated,
see Figure 2-2 (a). The material is isotropic, which results in that the net polarisation of the material is
zero. This implies that the material exhibits no piezoelectric properties. During the poling process, the
material exhibits a high electrical field under which the domains in the material align in the field
direction, as can be seen in Figure 2-2 (b). The poling process is usually done at a relatively high
temperature, but below the curie temperature, to make it easier for the domains to align. The material
will be cooled down while the high electric field is still applied. After the high electric field has been
removed, the domains ‘freeze’ into the current alignment and will permanently remain aligned, see
Figure 2-2 (c). This process is called the ‘poling’ process, which will induce piezoelectric properties to
the ceramic [26][3][23].
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Figure 2-2. (a) Randomly orientated domains before the poling process (b) poling process with a voltage applied (c) as the
voltage is removed domains remain permanently aligned.

The domains will not remain perfectly aligned, but will shift slightly when the electric field is removed,
see Figure 2-2 (c). This slight shift of the domains will cause creep. Creep is the effect that the domains
start to align with the electric field as the final voltage is reached. Creep will occur over time and thus
is usually a low frequency issue [27]. Due to creep, the piezoelectric material might change
displacement over time under the same voltage.
Hysteresis is another phenomenon of piezoelectric actuators. Hysteresis implies that for the same
applied voltage, different displacements can be obtained, which is due to movements of ferroelectric
domains. As a voltage is applied, the domains will start to rotate, and as the voltage is reduced the
domains will not return to their initial position.
The following section will describe the piezoelectric ring bender used for this research project.

2.2 PIEZOELECTRIC RING BENDER
There are multiple different types of piezoelectric actuators: ring stacks, plate stacks, rectangular
benders, shear stacks and amplified actuators with several piezoelectric actuators combined. However,
for the research completed in this PhD investigation an actuator manufactured by Noliac called a ‘ring
bender’ was used.
Considerable work has been undertaken on stack and bending actuators [28]. The ring bender developed
by Noliac has become available relatively recently, which is an annular disk that domes in a concave or
convex fashion depending on the applied voltage, as can be seen in Figure 2-3 [28][29][30]. A Ring
bender can provide a stroke and force output similar to that of a torque motor, so it is a good candidate
for a servovalve first stage actuation. A ring bender is a bipolar multilayer three wire device that can
bend in both directions depending on the sign of the applied voltage [30]. There are specific advantages
13

with this type of arrangement: an increase in displacement in relationship with its size compared to
stack actuators and an increase in its stiffness in comparison to rectangular bending actuators of similar
size [28][30], see Table 2-1 [31][32][33]. A comparison between free stroke and blocking force between
different kinds of piezoelectric actuators manufactured by Noliac can be observed in Figure 2-4, where
it can be seen that the piezoelectric ring bender provides a good compromise between force and stroke.

Voltage
applied

No voltage
applied
Figure 2-3. Doming effect of the piezoelectric ring bender when no voltage is applied and when voltage is applied.
Table 2-1. Piezoelectric actuator, manufactured by Noliac, comparison between a ring stack, a plate bender and a ring
bender of similar size. Comparing stiffness, displacement and blocking force.

Actuator

Ring stack
(HAC2125-Hxx)
Plate bender
(CMBP08)
Ring bender
(CMBR08)

Dimensions (mm)

Stiffness
(N/µm)

Displacement
(µm)

Blocking force (N)

Min

Max

2817

0

3

8450

0.0019

-850

850

1.6

0.34

-115

115

39

Outer diameter: 20
Inner diameter: 12
Height: 4
Length: 50
Width: 7.8
Thickness: 1.3
Outer diameter: 40
Inner diameter: 8
Height: 1.25
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Figure 2-4. Comparison between different kind of piezoelectric actuators in regards to free stroke and blocking force [29].

Figure 2-5 (a) shows a Noliac ring bender with the wires attached. The Noliac piezoelectric ring benders
are made up of 67µm thick piezoelectric ceramic layers. Between the piezoelectric ceramic layers there
are silver palladium electrodes. For the piezoelectric ceramic material to deflect, an electrical field needs
to be applied. Therefore, the electrodes are combined into three groups, see Figure 2-5 (b). One third of
the electrodes are maintained at low voltage (-100V, black wire), one third are maintained at high
voltage (+100V, red wire) and the voltage is varied on the remaining electrodes (control electrodes,
blue wire). The variable voltage (control voltage) varies between -100V to +100V. As a result of this
electrode configuration, half of the piezoelectric ceramic layers will force the ring bender to bend in
one direction and the other half in the other. As the voltage is varied the electric field between the
electrodes changes, and as a result the ring bender changes shape. At zero control voltage, the action of
the electric fields will cancel each other out, resulting in zero displacement of the piezoelectric ring
bender. With non-zero control voltage, the electric field in one set of layers will be larger than in the
other, resulting in a movement of the piezoelectric ring bender.
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+100 V
Red wire

±100 V
Blue wire
+100 V

20 mm

±100 V

1.25
mm

-100 V

-100 V Black wire
(a)

(b)

Figure 2-5. (a) Photograph of a Noliac ring bender with the three wires attached (b) Microscopic section of a piezoelectric
ring bender where the internal electrodes (lighter colour horizontal lines) can be seen.

There are multiple alternative piezoelectric actuated valve designs investigated in the literature and the
next section will present some of these.

2.3 PIEZOELECTRIC ACTUATED VALVES
Sangiah [3] developed a two stage piezoelectric bimorph actuated servovalve. It was based on a Moog
26 series DJ valve. However, instead of the conventional first stage torque motor, a piezoelectric
bimorph bender was used to control the first stage. The valve still had a mechanical second stage
feedback, where the feedback wire was attached to the rectangular piezoelectric bimorph bender. The
piezoelectric bender bends and deflects the fluid jet into one of the control ports that move the second
stage spool, as described in section 1.2. A schematic cross section of the valve developed by Sangiah
can be seen in Figure 2-6, where the rectangular bimorph actuator, deflector, feedback wire, control
ports and the second stage spool can be seen. This arrangement could potentially make the valve lighter
due to the weight difference of the piezoelectric bender in comparison with a torque motor. However,
a conventional DJ arrangement is used, which have a constant internal leakage. It also still uses a
mechanical feedback using a feedback wire. It can be difficult to attach the feedback wire to the bender
without damaging the actuator.
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Figure 2-6. Cross section illustration of rectangular piezoelectric bender controlling a deflector jet valve developed by
Sangiah [3].

Lihui et al. [34] developed a piezoelectric valve, replacing the torque motor with a rectangular
piezoelectric bender to control a nozzle flapper valve, which in turn controls a second stage spool.
Additionally, an electrical second stage positioning feedback was used for control, which meant that no
feedback wire was used. A schematic cross section of the piezoelectric nozzle flapper valve can be seen
in Figure 2-7, where the piezoelectric bender, the spool and the electrical sensor can be seen. Similar to
Sangiah, Lihui replaces the torque motor with a piezoelectric bender, but is using a conventional nozzle
flapper arrangement, but with an electrical second stage position feedback.
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Figure 2-7. Cross section illustration of rectangular piezoelectric bender controlling a nozzle flapper valve [34].

Piezoelectric Direct Drive Valves (DDV) have been investigated as a way of obtaining high bandwidth.
The main feature of a DDV is that the ‘main’ spool is directly controlled without a hydraulic first stage
amplification. Jeon et al. [35][36] have created a DDV using a piezoelectric stack actuator with a
mechanical amplification to control the spool. Due to the limited stroke relative to the length of the
piezoelectric stack actuator, an amplification device is needed. Jeon et al. applied a flexible beam
mechanism to transfer the force and amplify the displacement of the piezoelectric stack to the spool. A
return spring is used to force the spool back to its initial position as the voltage to the piezoelectric stack
is decreased. A schematic cross section of the valve developed by Jeon et al. can be seen in Figure 2-8.
This valve is essentially controlling the flow rate from one port to another and not controlling the spool
into different control ports. This arrangement could potentially be adjusted to control the flow into
different control ports, but to eliminate any asymmetry the amplification device and the spring needed
to be manufactured with very tight tolerances.
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Figure 2-8. Illustration of a DDV actuated by a piezoelectric stack with a flexible beam [35].

Johnston et al. [37] describe a piezoelectric valve where a piezoelectric stack actuator is controlling the
flow through a Hörbiger plate, see Figure 2-9. The piezoelectric stack will control the upper plate and
at full applied voltage will provide minimum flow and as the voltage is reduced the plates will move
further apart and increase flow rate. This valve design provides a high flow valve at a high frequency.
However, it can only regulate flow between the ports and not directing the flow into different control
ports. This valve does address the internal leakage, however to be able to control a second stage spool
two of these valves would be needed to control the flow to either side of the spool. This could be useful
in applications where low leakage and fast response are needed.
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Figure 2-9. Illustration of a piezoelectric stack actuated Hörbiger plate valve [37].

In in the 1980’s a piezoelectric actuated nozzle flapper valve were developed, where a piezoelectric
double-layer plate was used to control the two nozzles that in return controls the main stage spool
movement [38]. This valve arrangement can be seen in Figure 2-10, where number 12 shows the
piezoelectric plate. This valve uses the same principle as Lihui using a nozzle flapper arrangement, but
is using a piezoelectric plate instead of a rectangular bender.
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Figure 2-10. Piezoelectric double-layer plate actuating a nozzle flapper valve [38].

There is limited work examining the potential of piezoelectric ring benders. Bertin developed a twostage fuel metering control valve for gas turbine aero engines controlled by a piezoelectric ring bender.
The pilot stage is a nozzle flapper controlled by a piezoelectric ring bender and the second stage or main
stage of the valve is a spool that regulates the size of the flow pathway through to the combustion
chamber [39][28]. A schematic sketch of the first stage ring bender controlled nozzle flapper can be
seen Figure 2-11. Bertin has also investigated ring bender mountings using elastomeric O-rings. Similar
to previous presented valves, this could potentially make a valve lighter, but uses conventional nozzle
flapper design and does not attempt to reduce the internal leakage.
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Figure 2-11. Nozzle flapper valve controlled by a piezoelectric ring bender designed by Bertin [39].

Wu [40] has been investigating and testing a microvalve for medical application using a piezoelectric
ring bender to control nitrogen gas flow in a real-time blood pressure monitoring system. Ring benders
have also been used in micro thrusters on the space probe LISA-Pathfinder [23][35].
For this research work, a Noliac CMBR08 multilayer piezoelectric ring bender was used for first stage
actuation of a small spool in a two-stage valve. The piezoelectric ring bender used has a diameter of
40mm and thickness of 1.2mm, a free displacement of ±115µm and a blocking force of ±39N. This ring
bender was used since it provides enough force and displacement to control a small hydraulic spool.

2.4 DURABILITY AND ENCAPSULATION
Nowadays the use of piezoelectric components is expanding fast. A concern regarding the use of
piezoelectric actuators is durability, especially under high electrical field and in a humid environment
or, like in this investigation, while submerged into a hydraulic fluid. Therefore, the durability of the
piezoelectric actuator in a fluid needs to be known, and the need for encapsulation should be
investigated.
When multilayer piezoelectric actuators are used in an environment containing water, failure can occur
over time. Increased temperature and humidity has been reported to greatly decrease the lifetime of
piezoelectric devices [42][43]. Degradation can occur when ionized atomic metal from the anode
(positively charged electrode) will migrate through the piezoelectric material towards the cathode
(negatively charged electrode). The metal is most likely to be have a high silver content, and migration
will occur more easily the higher the degree of silver content of the electrodes. The silver will migrate
through the grain boundaries or possible fractures within the piezoelectric ceramic [42][43][44][45], as
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can be seen in Figure 2-12. As the silver ions get closer to the anode, heat will be produced which
accelerates the migration. Eventually, the heat that is generated will melt the electrodes and destroy the
actuator. In the case where the silver reaches the anode, it will short circuit and destroy that layer of
ceramic. Silver migration can also cause holes in the piezoelectric material, as well as cracks [46].

Figure 2-12. Degradation of a piezoelectric actuator due to metallic migration between two internal electrodes [42].

The shape of the piezoelectric actuator will have an impact on the failure rate of the actuator. Thanks
to the lack of edges and the symmetric shape of a disc or ring bender, it is less sensitive to failure due
to humidity or temperature compared to square shaped actuators. Noliac found that corners are the most
common area where breakdown occurs. This is most likely due to the piezoelectric material being
attacked from two sides [47]. To reduce this risk, the actuator could also be protected by an inactive
protective layer of piezoelectric ceramic [46]. The Noliac ring benders have an inactive outer ceramic
layer.
There are several patents for protection of piezoelectric actuators in harsh environments. Most patents
propose a multiple layer covering, where an inner layer is of a non-conductive polymeric material and
the outer is a metallic layer. The polymeric layer provides electrical insulation and creates a chemical
or humidity barrier [48]. However, the polymeric material alone is not enough to prevent humidity
reaching the piezoelectric material, since most polymers are semi-permeable. Therefore, the second
layer of metal is applied, since metal is impermeable. There are multiple ways in which the polymer
and metallic layer can be applied.
Bosch et al. [49] describe a multilayer protection where the first and second layer should be of a
insulation polymeric material with an outer conductive metallic sheet wrapped around both the
piezoelectric actuator and the polymer layer. Berlemont [48] describes a method where a heat shrink
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polymeric sleeve are applied around the actuator with a second layer of metallic film that is held in
place by a second layer of heat shrink polymer.
Bayer et al. [50] suggests a similar technique where the piezo actuator is encapsulated with an insulating
polymer layer and then an outer metallic layer. However, Beyer et al. are suggesting that the metallic
layer can be created by a Physical Vapour Deposition method (PVD) on top of an insulating polymer
layer. The polymer layer could be created by methods such as dipping, spraying, injecting, screen
printing or lamination of films. To protect the piezoelectric actuator, they are also suggesting that this
could be accomplished by cold gas spraying. In cold gas spraying, metallic particles are sprayed onto
the piezo actuator surface. The kinetic energy of the individual particle hitting the surface creates a
welding/melting zone for each individual particle.
There are also ideas of using a gas as insulation for piezoelectric actuator. Cooke [51] describes an
encapsulation approach where a layer of gas is surrounding the piezoelectric actuator. The gas should
be at a pressure higher than atmospheric pressure and could be retained with a polymer layer.
2.4.1

Diesel Injector

The diesel injector is a piezoelectric controlled valve to control the flow of diesel in a car diesel engine.
The piezoelectric actuator used in a diesel injector is a stack actuator and since it is operating in a fluid
it needs to be protected from the environment. The purpose to examine a diesel injector is to investigate
how the piezoelectric stack actuator inside a diesel injector is isolated and protected from the diesel. A
conventional diesel injector was dissected and investigated.
The main parts of the injection pump, including the piezo actuator, nozzle module, control valve and
coupling module can be seen in Figure 2-13 which shows a cross section of a diesel injector. When the
piezo actuator expands, it will open the nozzle module to release a desired amount of diesel out. The
rapid dynamic response of a piezo actuator, which gives good control over the fuel rate injection [52],
combined with the high loading capability, makes a piezo stack actuator ideal for a common rail fuel
injector. However, as the piezo actuator will be completely surrounded by the fuel, which is called a
“wet design”, a protective envelope needs to be provided for the piezo actuator. This envelope needs to
provide electric insulation as well as protection against chemical attack [50].
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Figure 2-13. Cross section of a piezoelectric diesel injection pump [53]

Figure 2-14 shows the diesel injector before disassembly, and Figure 2-15 shows the location of the
piezo along with the other parts in the disassembled pump. The piezo actuator was removed from the
main body and can be seen in more detail in Figure 2-16, which shows the piezoelectric actuator and
its encapsulation, and Figure 2-17, which shows the piezoelectric actuator and the encapsulation when
the metallic layer is removed. As described earlier, the piezo stack was encapsulated in a polymer
coating and wrapped in a metallic casing. The metallic encapsulation needed to be cut lengthways and
removed in order to see the polymer layer and the piezoelectric actuator.

Figure 2-14. Photograph of a complete diesel injector.
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Figure 2-15. Parts inside the injection pump.

Figure 2-16. The encapsulated piezo actuator used in a diesel injection pump. Top of the metal casing taken off.

Metallic outer
casing

Polymer inner
casing

Piezoelectric
stack actuator
Figure 2-17. Piezoelectric stack actuator encapsulated by a polymer layer and the protective metal sheet.
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2.5 PIEZOELECTRIC HYSTERESIS COMPENSATION
It is well known that voltage-driven piezoelectric actuators will exhibit hysteresis, typically of 20%
magnitude [54][27]. In a positioning system, hysteresis could reduce the positioning accuracy and effect
the control loop. Efforts have been made to eliminate or compensate for the hysteresis, and there are a
number of possible solutions. First, is to implement a closed loop control system with actuator position
feedback [54]. However, this solution needs a first stage position sensor, which adds complexity, size
and weight to the valve, which is undesirable.
Most often piezoelectric actuators are driven by voltage amplifiers. Voltage hysteresis implies that for
the same applied voltage, different displacements can be obtained, as can be seen in Figure 2-18 (a).
However, by controlling a piezoelectric actuator with a charge amplifier the hysteresis is significantly
reduced due to the near linear relationship between charge and displacement [55], see Figure 2-18 (b).
However, charge amplifiers exhibit drift, and this problem has no satisfactory solution.

(a)

(b)

Figure 2-18. Piezoelectric hysteresis loop (a) hysteresis loop using a voltage amplifier (b) hysteresis loop using a charge
amplifier [27].

Another approach to reduce the effect of piezoelectric hysteresis is to implement an inverse model of
the hysteresis into the control loop, as can be seen in Figure 2-19. This is done by first modelling the
hysteresis of a piezoelectric actuator, and incorporating the inverse model into the control algorithm.
This solution has been investigated in multiple papers both for piezoelectric and other smart actuators
which exhibits hysteresis [56][57][54].
In addition to research presented later in this thesis, the author has been involved in investigating the
use of a Prandtl-Ishlinskii model to reduce the hysteresis of a piezoelectric ring bender, as can be seen
in the paper in Appendix A.3.1 [18].
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Figure 2-19. Example of how an inverse hysteresis model can be implementation into a control algorithm.

2.6 MOUNTING OF RING BENDER
To be able to extract the maximum force and displacement from the piezoelectric ring bender the
mounting design is essential. The mounting needs to be axially stiff enough to overcome forces on the
first stage spool and to have minimum torsional stiffness to let the edges of the ring bender rotate [58].
Noliac suggests that piezoelectric ring benders are mounted by either using mechanical clamping or
gluing. When using mechanical clamping, a moderate force should be applied close to the outer edge
of the piezoelectric ring bender, as can be seen Figure 2-20 (a). The force applied needs to be as low as
possible in order not to reduce the maximum displacement. Gluing with epoxy is also a possibility to
mount the piezoelectric ring bender, Figure 2-20 (b). The outer edge mounting needs to be flexible
enough to allow the outer edge of the piezoelectric ring bender to rotate and deform as well as being
stiff enough the obtain the maximum force, hence not to reduce the output of the ring bender [59].
By investigating the deformation model described in Chapter 6 it can be seen that constraining the outer
edge has more effect on the work output than constraining the inner edge of the ring bender. Therefore,
the focus will be on the mounting of the outer edge.
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(a)

(b)
Figure 2-20. Noliac mounting suggestions for the ring bender (a) mechanical clamping, applying a force on the outer edge
to keep the ring bender in place (b) epoxy adhesive, gluing the outer edge [29].

Physik Instrumentete manufactures an annular piezoelectric disc similar to the Nolac piezoelectric ring
bender called Round PICMA Multilayer Bender. Physik Instrumentete suggests the bender be attached
to a flexible metal structure by using epoxy adhesive, as can be seen in Figure 2-21. The mechanical
structure should minimise the rotational stiffness [58]. Physik Instrumentete also suggests using a
helical spring to press the bender on to a soft rubber ring, as can be seen in Figure 2-22.

1. Mechanical Output
2. Epoxy Adhesive
3. Actuator
4. Mount
Figure 2-21. Mechanical structure mount for a piezoelectric ring bender [58].
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1. Mechanical Output
3. Mount, part 1
5. Actuator
7. Mount. Part 2

2. Epoxy Adhesive
4. Soft Ring
6. Helical Spring
Fp. Pressing Force

Figure 2-22. Mounting for a piezoelectric ring bender using a helical ring and a soft rubber ring [58].

Bertin et al. [28] have been investigating mounting of the piezoelectric ring bender by clamping the
piezoelectric ring bender between two O-rings with two aluminium clamps, see Figure 2-23. Bertin
concludes that torsional flexibility at the outer edge is essential not to reduce the movement of the
piezoelectric ring bender.

Figure 2-23. Ring bender mounting arrangement using O-rings [28]

In the books by Young et al. [60] and Timoshenko [61] bending equations for an annular disc for
different mounting arrangements (built in or pin jointed at inner and outer edges) can be found. These
equations could provide a further understanding on how the mounting effects the displacement of the
ring bender.
Using a piezoelectric ring bender as actuation for a servovalve can potentially reduce weight and
complexity. Additive manufacturing could potentially also reduce both weight and complexity of a
servovalve body. The next section describes additive manufacturing for aerospace applications, a
technique which will be used for prototype manufacture in this project.
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2.7 ADDITIVE MANUFACTURING FOR AEROSPACE
The ASTM standards explain additive manufacturing (AM) as a method which “… fabricates parts by
adding material in a layer-by-layer manner” [62]. The origins of modern AM dates back to the late
1960’s when 3D parts were created using lasers to bond plastic powder together [63]. However, it has
only relatively recently been sufficiently developed to become an important commercial manufacturing
technology [64]
AM provides a new way of manufacturing hydraulic components and it is now on the verge of becoming
a mainstream production process [65]. There are several benefits to producing a servovalve in AM; this
can result in shorter development cycles, reduced inventory costs for material, better hydraulic
efficiency, weight saving, new design possibilities and possibly environmental benefits [66]. There are
already a few AM parts that are manufactured for aerospace applications; some are AM seat buckles, a
bleed air leak detector bracket for the F-35 jet fighter and an air flow measuring probe [67][68]. There
are even parts designed for space, such as an antenna bracket for a satellite [69]. However, most of the
AM parts designed are not safety critical or not structural parts.
Moog, one of the leading valve manufacturers, started their AM centre in 2013 as a result of the VITAL
project. They have now produced many different AM valves and several thousand parts through AM
[70]. However, the servovalve in this research was the first AM valve that Moog was involved with.
According to Renishaw, a producer of both AM parts and AM machines, a mass reduction of 79% can
be achieved by making a AM valve manifold instead of using a subtractive method [71]. Eos is another
manufacturer of AM parts and machines, they believe that around 40-60% weight reduction can be
achieved by producing parts in AM instead of conventional subtractive method [72]. A comparison of
a manifold block can be seen in Figure 2-24, where (a) shows the manifold block manufactured in the
conventional subtracting method and (b) an optimized AM version of the same manifold block produced
by Renishaw. It can be seen that in the AM version, most of the ‘unnecessary’ material has been
removed and only the essential material is used. They are also pointing out that that the flow efficiency
can be improved up to 60%, by avoiding the use of sharp corners, which is the result of the subtracting
method [71].
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Figure 2-24. Comparison between conventional manufacturing method and AM (a) Original manifold block with flow
galleries (b) AM design of the same manifold block with optimized wall thickness [71].

AM can now a days be found in multiple different applications, however, there is limited information
about AM parts that are exposed to high pressure, similar to a servovalve, or AM for safety critical
parts. There are a few patents that has been published that mention that AM can be used to manufacture
servovalves and manifolds [73]. One describes that curved internal flow galleries can be produced by
using AM to manufacture valve bodies [74]. It is also mentioned that with AM one single part can be
produced, combining parts, where with traditional manufacturing methods several parts needed to be
created separately [75].
Additive manufacturing will be further discussed in the ‘Valve Design’ chapter.

2.8 CONCLUSION
There have been multiple piezoelectric actuated valves using, stacks, rectangular benders and ring
benders. Rectangular benders had been used to replace the conventional torque motor in the pilot stage.
Stack actuators have been used as direct drive of a main stage spool, and to control a Hörbiger plate.
Ring benders has been used in micro-pumps and in a nozzle flapper arrangement. Most valves presented
in the literature uses a conventional valve arrangement coupled with piezoelectric actuation. This could
potentially make a valve lighter, however they do not attempt to reduce the internal leakage. To reduce
the internal leakage a new first stage design is needed. None have used a ring bender together with a
small spool to replace the conventional pilot stage to reduce the internal leakage.
Most literature about reliability mention water and humidity, but none mention phosphate ester. Since
a phosphate ester based hydraulic fluid is used in aerospace applications it is essential to investigate the
reliability of a piezoelectric ring bender in phosphate ester.
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Noliac and Physik Instrumente explain some basic mounting arrangement for ring benders and disc
actuators. However, they do not provide an optimized mounting arrangement. No literature has been
found where the mount needs to work as a mount for the ring bender as well as a seal.
Research has been done into hysteresis compensation. However, combining overlap compensation and
hysteresis compensation for a piezoelectric actuator controlling a spool has not been investigated.
Previously, hysteresis compensation has primarily been done by a relatively complicated hysteresis
model, particularly the Prandtl Ishlinskii model.
Additive manufacturing has been used for aerospace applications, but not for servovalve bodies, safety
critical or structural parts.
The next chapter will describe the valve design, which includes as additive manufacturing, first stage
piezoelectric ring bender and spool, second stage and the controller platform.
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3 VALVE DESIGN
This chapter describes the design of the valve prototype investigated in this research. This includes
additive manufacturing, describing the AM method and design rules, first stage low leakage, the design
of the valve body and the controller platform used.

3.1 INTRODUCTION
A new two-stage servovalve has been designed incorporating ring bender actuation and electrical spool
position feedback, manufactured using Additive Manufacturing (AM). The aim of this valve design is
to provide more knowledge of design through AM, and increase efficiency, as well as understand the
potential for piezoelectric actuation to reduce manufacturing cost. It is expected that AM will
significantly reduce the valve weight, however it needs to be determined if an AM valve body can be
designed which functions correctly.
The concept in this research is to use a piezoelectric ring bender for actuation of the first stage. The first
stage consists of a small spool with significant amount of overlap between the spool and bushing, to
reduce leakage compared to a conventional nozzle-flapper, jet pipe or deflector jet amplifier. This low
internal leakage will increase the efficiency of the valve. The first stage controls a conventional second
stage spool with electrical position feedback instead of conventional mechanical second stage position
feedback. The circuit configuration of the two-stage valve is shown in Figure 3-1, which shows the
piezoelectric actuated first stage, second stage, the hydraulic connections between the first and second
stage and how it can be connected to an actuator.

Hydraulic
Supply
First
Stage

2nd
Stage

Hydraulic
Return

Servovalve

Piezo Act.

Pos. Sensor

Example Linear
Hydraulic Cylinder

Figure 3-1. Schematic sketch of the internal servovalve circuit.

The valve was designed collaboratively by several people including the author.
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The contribution of the author was to investigate several different first stage actuation possibilities,
including a direct drive of the second stage spool. Due to the packaging of the actuators, weight and the
low leakage requirements, the solution proposed in this research was believed to be the ideal. The author
designed the AM valve body with inputs from experts of conventional valves design from Moog and
from the AM field from Renishaw. The author was also involved with investigating the AM material
properties and how these could be improved. The author was involved in writing a paper about AM,
which can be found in Appendix A.3.2.
The valve prototype designed in this initial investigation will not be lighter than a conventional valve
of similar size. There are several reasons for this. At the time the AM body was designed, the material
properties of AM parts were not fully known, therefore the walls were made thicker than necessary to
prevent failure of the valve body, since this research was to provide background knowledge and show
that the concept has potential. Therefore, convectional components were used to save time and cost.
Consequently, the parts that were used for the valve prototype had the potential of being bigger and
heavier than if purposely made to save weight. A list of possible improvements for future valves can be
found in section 3.10.
The additive manufacturing method, the AM valve body and a design guide will be explained in the
following section.

3.2 ADDITIVE MANUFACTURING
Additive Manufacturing (AM) is a term used for a manufacturing process where layer upon layer of
material is selectively laid down or deposited, unlike the conventional ‘subtractive manufacturing’,
where material is removed from a larger block of material. AM allows a greater design freedom,
however, there are design constraints that need to be known when designing any AM parts [17].
Nonetheless, many key areas such as weight, cost and reliability can be improved with a AM design
[66].
The method used to produce the valve body in this project was a powder bed laser additive
manufacturing method. A thin layer of material, in this case titanium powder, is deposited and a laser
is used as a heat source to selectively melt the material [64]. Multiple layers will be deposited and
melted together to create the final part. Figure 3-2 shows the process of the powder bed laser method.
It shows the metal powder, the roller to apply the layers of material, the laser and the finished part. It
also shows that the powder needs to be in a protective atmosphere, usually argon, due to the
flammability of metallic powder. The build plate could also be heated, to have a more uniform
temperature in the part and reduce thermal stresses that could improve the quality of the part.
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The benefit is that material is only applied where needed and the unused material can be reused, which
reduces the amount of waste material [17]. This manufacturing process could make the parts cheaper,
lighter, and also reduces energy consumption, thus having a smaller carbon footprint [64].

Figure 3-2. Illustration showing the powder bed laser additive manufacturing process, using a laser as heat source to melt
the powder layer [17].

Conventional valves are usually made through subtractive manufacturing, in which material is removed
from a larger block of material. Using this method only straight flow galleries can be produced and
potential unwanted material cannot be machined away.
If acceptable material properties can be obtained, producing servovalve bodies using AM could provide
significant benefits in weight, manufacturing cost and labour cost, as well as providing additional design
freedom. Acceptable material properties would be similar fatigue and porosity levels as for wrought
material. If similar material properties cannot be achieved, enough knowledge needs to be obtained to
be able to design the valve for these properties, and the resultant design must be assessed to see if AM
still provides an advantage.
Reducing servovalve and actuator weight in aerospace is of course particularly important. The
manufacture of complex internal flow galleries which have proven difficult using traditional subtractive
manufacturing methods, can be much more straightforward with AM. AM also allows new
opportunities for integrating novel sensing and actuation into the valve itself, which could make it
lighter, smaller and less complex.
An AM valve body was designed and manufactured for this research project, a photograph of the AM
valve body can be seen in Figure 3-3. The valve includes a filter, second stage bore, flow galleries,
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second stage LVDT mounting surface and first stage mounting surface. The valve has a length of 82mm,
width of 69mm and a height of 37.5mm.

First stage
bushing bore

First stage
mounting face
Built in
support
structure

Filter

Second stage
bushing bore

Second stage
LVDT
mounting face

Figure 3-3. Photograph of the additive manufactured valve body prototype.

The material used to manufacture the valve was the titanium alloy Ti-6Al-4V. There are other titanium
alloys used for additive manufacturing, but it is one of the most commonly used. This is because it has
a good strength-to-weight ratio, and is corrosion resistant, which makes it desirable for aerospace
applications [17]. Both the first and second stage spool and bushing are machined using the
conventional subtractive method. They are made from 440C steel due to its resistance to wear.
Whilst the AM method provides significant benefits, there are still limitations and areas where further
research is needed. Since AM is a relatively new manufacturing method the material properties are not
yet fully established.
Several different test samples were designed to investigate the possibilities and limitations of AM. A
photograph of some of these test samples can be seen in Figure 3-5, where for example different wall
thicknesses, overhangs and a test how close walls can be created to each other can be seen. The build
direction is out of page. In Figure 3-5 test samples testing different size and shaped holes were tested a
relatively thick beam and a sample can be seen. It can be observed that even a relatively simple design,
like a beam in this case, can bend due to internal stresses in the build process. The different holes show
some deformation on the top surface due to collapsing of the powder. The remaining test samples were
manufactured without issues.
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thickness

Overhang
test
Testing how
close walls
can be made
Figure 3-4. Photograph of several different AM test samples to investigate the possibilities and limitation of the AM process.
The build direction is out of page.

Annular beam bend due
to thermal stresses

Build
direction

Different shape and
size holes
Figure 3-5. Photograph of AM test sample. Top shows a beam bend due to stresses in the build process. The bottom shows
different hole sizes for round and square holes.

When designing a complex object e.g. a valve body, there are ‘rules’ to follow to ensure a successful
build process. These are mostly documented in previous work, but have been validated in the current
work:
•

There is a certain overhang angle that cannot be exceeded, usually around 30-45°. If exceeded
the part might deform or even ‘collapse’. Overhang means the angle leaning away from the
build direction. This can be seen in Figure 3-6, where the overhang angle is represented as 𝜃,` .
Overhang areas generally have the highest surface roughness, which could cause an issue in
internal flow galleries [17].

•

The internal flow galleries need to be designed to allow the powder to be extracted. This both
depends on the size of the flow galleries as well as the angle of the bends. If the powder is not
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removed before the valve body is stress-relieved (heat treatment to reduce internal stresses
created during the build process) the powder can be sintered and cause flow galleries to become
blocked.
•

Holes or flow galleries that are perpendicular to the build direction need to be ‘tear drop’ shape
or rectangular-shaped, due to the overhang rule, see Figure 3-6. ‘Larger’ size holes or flow
galleries would be designed using the tear drop shape, and ‘smaller’ would be designed using
the rectangular shaped hole. In Figure 3-7 different round and square holes of different sizes
can be seen. It can be observed that the overhanging top surface is rougher than the bottom, as
the powder is not attached properly and has collapsed. It can also be observed that this is a
greater concern with smaller and square holes. For smaller holes a larger proportion of the hole
is deformed.

•

If the overhang is larger than the allowed angle, support structures will be needed. Support
structures can be built into the design, which could also help with the stiffness of the valve. A
built-in structure to support the first stage mounting face can be observed in Figure 3-3. By
reducing and/or incorporating support structure into the design, the amount of post processing
can be reduced.

•

Due to the fact that material is only added where needed, a certain amount of work needs to be
conducted to ensure that the design is sufficiently stiff. This has previously not been a concern
when designing a valve body using the subtractive method. The AM valve needs to be stiff
enough that it will not ‘lift off’ from the mounting surface when hydraulic pressure is applied
and cause leakage or damage the O-rings. From FEA investigation it was found that the valve
used in this investigation will flex and bend, but not to the extent of concern.

•

To distribute the stress more evenly, corners and sharp edges can be avoided. This will increase
the fatigue life.

•

When a AM part is manufactured the surface roughness is high and metal particles can come
loose. This is not optimal for flow galleries. Usually AM parts are blasted (similar to sandblasting) to clean the surface, however, this will not clear the internal flow galleries.
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Figure 3-6. Two examples, rectangular and tear drop shaped, of shapes of holes and flow galleries used in an AM model.

Figure 3-7. Microscopic photograph of different size holes and shape manufactured in AM. (a) shows a round hole with a
diameter of 1mm (b) shows a round hole with a diameter of 2mm (c) shows a square hole where the length of the sides are
3mm

3.3 FIRST STAGE
In a conventional valve, the first (or pilot) stage refers to the torque motor and either nozzle-flapper, jet
pipe or deflector jet amplifier, and it provides the actuation to move the main stage spool (second stage).
Torque motors are complex and can be time-consuming and expensive to set-up, requiring significant
manual intervention [76]. If not adjusted precisely, the first stage amplifier may not provide stable
operation, and there is a continual flow loss (and power loss) through the nozzles or jet. An alternative
approach is required providing a more cost effective, reliable, low leakage solution which is amenable
to automated manufacture.
Smart materials, in particular piezoelectric actuators, are a possible alternative to the complex and heavy
torque motor, providing high forces and fast response times [2][77]. Considerable research has been
undertaken on stack and bending actuators [28]. The relatively new type of bending actuator, the
piezoelectric ring bender, exhibits a greater displacement than a stack actuator of the same mass, and
an increase in stiffness in comparison to similar size rectangular bimorph type bender.
While the piezoelectric ring bender is providing the actuation of the first stage, the flow is controlled
by a small spool with significant overlap, ~20µm, to reduce the internal leakage. A spool overlap
arrangement also called closed centre will result in a ‘dead-band’, where very little or zero flow is
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passing through the first stage to the second stage while in the overlap region [78], as illustrated in
Figure 3-8. There will be no flow through the first stage until the overlap region is cleared.
The piezoelectric ring bender moves the spool to control the flow to the second stage, and thereby gives
movement of the second stage spool. It is desirable to have a linear relationship between the input signal
and the flow characteristics. However, as overlap is introduced, an undesirable ‘dead-band’ is
introduced, which makes the relationship non-linear [79]. This ‘dead-band’ could also cause issues
when trying to control the second stage due to the non-linear relationship between the flow and position,
as can be seen in Figure 3-8. This dead-band could be compensated for within the control loop and
make the control more linear by moving the spool through the dead-band rapidly, as will be discussed
in Chapter 5 ‘Controller Design’ [79].

Q
Closed
center

x
Overlap
region

Figure 3-8. Closed port flow characteristics where reduced flow in the overlap region can be seen.

Figure 3-9 illustrates a simplified schematic of the pilot stage, which includes the piezoelectric ring
bender and small spool. When a voltage, and associated electric field, is applied to the piezoelectric
ring bender, it will bend and thereby force the spool to move. As the spool moves in the positive 𝑥
direction, this will connect control port 1 𝑃D to the supply pressure 𝑃? , hence increasing the pressure
in 𝑃D and producing a flow 𝑄D . Control port 2 𝑃F will then be connected to the return pressure 𝑃.
and thereby lower the pressure in 𝑃F .
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Figure 3-9. Illustration sketch of first stage concept, showing the ring bender and first stage spool.

Figure 3-10 shows a cross section of the first stage assembly where the piezoelectric ring bender and
the first stage spool can be seen. The piezoelectric ring bender was submerged in the hydraulic oil when
tested and connected to the first stage spool and the LVDT core through a small rod (quill shaft). This
LVDT will normally only be used to monitor the behaviour of the ring bender and first stage spool, and
not used for control. When the behaviour of the first stage is known and understood, the first stage
LVDT will not be needed in later versions. The second stage spool was fitted with an LVDT to provide
position feedback to the control loop.

First Stage LVDT
Hub

Quill Shaft

First Stage Spool
Second
Stage
Housing

Piezoelectric Ring Bender

Second Stage
LVDT

Figure 3-10. Cross section of the pilot stage.

Figure 3-11 shows a cross section of the valve, where the first stage, first stage housing, second stage,
flow galleries, filter and glass wire connector can be seen. A glass connector is used, as it needs to
ensure no leakage and withstand a large pressure, but still needs to allow electrical signals to pass.
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Body
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Figure 3-11. Cross section of the valve.

Figure 3-12 shows a cross section of the first stage, which includes the mounting, piezoelectric ring
bender, the hub to attach the quill shaft and the rod that connects the piezoelectric ring bender to the
spool, the first stage spool and bushing. It also shows the flow slots in the first stage bushing that
connects the first stage to the second stage spool.
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Spool
Figure 3-12. Cross section of first stage, showing the first stage spool, bushing, ring bender and the quill shaft.

Figure 3-13 shows a cross section along the length of the first stage spool and bushing. It also shows
the flow slots through which the flow galleries are connected to either side of the second stage spool.
The pressure and the flow control ports can be seen in Figure 3-14. The first stage spool has a hollow
centre to ensure the return pressure is present at both sides of the first stage spool. Figure 3-15 shows a
cross section across the first stage spool and bushing, where the spool, bushing and the flow slots can
be seen.

Bushing

Slots

Spool
Figure 3-13. Cross section of the spool and bushing, along the spool length.
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Figure 3-14. Cross section of the first stage spool and bushing, along its length, showing the different pressures subjected to
the different areas within the first stage.

Spool
Slots

Bushing

Figure 3-15. Cross section of the first stage spool and bushing and showing the flow slots.

3.4 RING BENDER
The ring bender used in the prototype valve was the Noliac CMBR08 piezoelectric ring bender. There
are different versions and sizes of ring benders, but it was decided to use this version of the ring bender
because it provides enough displacement and sufficient force. The specifications of the CMBR08 ring
bender can be seen in Table 3-1. Figure 3-16 shows a photograph of the Noliac CMBR08 ring bender.
Generally, a linear relationship can be assumed between the maximum displacement and the force
provided by a piezoelectric ring bender, as shown in Figure 3-17, by the dotted line. The effective work
output can be obtained by calculating the area under the line.
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Table 3-1. Specifications for the Noliac CMBR08 ring bender [33].

Parameter

Value

Outer diameter

40 mm

Inner diameter

8 mm

Thickness

1.25 mm

Free stroke

±115 µm

Blocking force

39 N

Capacitance

2 ∙ 1740 nF

Stiffness

0.34 N µm

Material

NCE57

20mm

Figure 3-16. Photograph of a Noliac CMBR08 40mm diameter ring bender.

Force

Effective
behaviour
Displacement
Figure 3-17. The effective output of a piezoelectric ring bender.

3.5 AMPLIFIER
The amplifier used to control the ring bender was a Noliac NDR6220DC. Noliac manufacture two
versions of amplifiers that can control a three-wire device like a ring bender. The NDR6220DC was
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chosen since it has a higher current output and therefore able to move the ring bender at a higher
frequency. The parameters of the Noliac NDR6220DC amplifier can be seen in Table 3-2 and a
photograph can be seen in Figure 3-18.
Table 3-2. Noliac NDR6220DC amplifier specifications.

Parameter
Output voltage range (for benders)
Maximum current amplitude
Peak current (<0.5ms impulse)
Input signal

Value
±100 V
1A
1.5 A
0 − 10 V

Figure 3-18. Photograph of a Noliac NDR6220DC amplifier.

3.6 ELECTRICAL SECOND STAGE FEEDBACK
Due to the first stage arrangement, no mechanical second stage position feedback is possible, therefore,
the second stage had electrical position feedback. By not having a mechanical second stage feedback,
the mechanical complexity of the valve is reduced and also gives the possibility, in the future, to reduce
the size of the second stage spool and thereby also the size of the valve. The second stage position
feedback is provided by an LVDT, as can be seen in Figure 3-10. The LVDT creates a voltage which
is representative to a certain spool position. This voltage is feedback to the control algorithm to close
the second stage position control loop. The advantages of using an electrical position feedback over the
conventional mechanical feedback, is that a higher loop gain and/or a higher order controller that is
more effective at reducing any kind of disturbance, like flow forces and contamination can be used [80].
However, if an electrical failure occurs the spool will not return to its ‘null’ position, whereas using
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mechanical feedback it will. This is a disadvantage, as the spool will end up in its maximum flow
position. However, if it is designed to move to one specific side, this could be acceptable.

3.7 COMPLETE PROTOTYPE
The complete prototype was assembled and tested on a dedicated test bench. A photo of the complete
valve prototype can be seen in Figure 3-19. The ring bender housing is made through conventional
subtractive methods and it is a stand-alone unit. The main reason for having a first stage as stand-alone
unit is so that the first stage could be tested on its own. In the future, the complete first stage assembly
could be incorporated into the AM valve body, which will make it smaller and lighter.

First Stage LVDT

Cables for
Ring Bender
First Stage
Housing
Second Stage
LVDT

Filter

Second
Stage
Housing
Figure 3-19. Photograph of the complete valve prototype valve tested.

The AM valve body was designed around a Moog 264 series second stage Bushing and Spool Assembly
(BSA). The reason for basing the research valve on a Moog 264 series is that it is used for actuation in
flight control systems and it is one of the more common valves used in aerospace applications. The first
stage BSA has the same diameter as a Moog 264 series made for motorsport, but the spool and bushing
is unique for this research due to the large overlap. The LVDT for the first stage will only be used for
monitoring purposes and to learn about the behaviour of the first stage movement. The second stage
spool and bushing can be seen in Figure 3-20, which shows a cross section of the valve along the length
of the second stage spool.
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Second stage spool
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Figure 3-20. Cross section of the second stage, showing the second stage spool and bushing.

Due to the design of first stage, it was challenging to null the first stage electrical null to the first stage
hydraulic null. This is because it must be precise to a few micrometres and the nulling is achieved by
tightening a screw on the hub and rod. In the test setup, the electrical null of the first stage is
approximately 13µm (around 17% of the approximately 75µm maximum stroke) off the hydraulic null
of the first stage. This implies that the amplifier needs to always apply a voltage to the ring bender to
get it to its hydraulic null position.
3.7.1

Low Leakage First Stage

The first stage was designed to reduce the internal leakage. A leakage test was completed to measure
the leakage through the first and second stage. The leakage graph can be seen in Figure 3-21, where the
first stage leakage is the leakage on either side of the zero control signal (also called tare leakage) [7].
The peak around zero is the total leakage through the valve. It can be seen that the first stage spool
leakage is 0.08L/min, for a 207bar system pressure. A conventional first stage nozzle flapper valve
(Moog 264 valve) has according to the data sheet a leakage of up to 0.44 L/min at 207bar [7]. However,
according to Moog it usually has a leakage of around 0.38L/min [81]. This shows a significant leakage
reduction of 0.3L/min or a reduction of about 80% by using a first stage spool with significant overlap.
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Figure 3-21. Leakage graph of the first stage large overlap small spool.

3.8 CONTROLLER PLATFORM
The controller platform used was an xPC target system. The xPC target system is a high performance
real-time prototyping environment, where a Matlab Simulink model is coded in real-time and connected
to a physical system and uses standard PC hardware [82]. The reason for using an xPC system is that
all components are commercially available, it is easy to use, the control algorithm can be easily setup
and changed in real time through Simulink. The University of Bath also has experience with xPC
systems.
The Simulink model was designed to control both the first stage in an open loop fashion and the second
stage in a closed loop fashion. Within the Simulink model the control algorithm was designed to close
the control loop and save data. A circuit diagram of the test system can be seen in Figure 3-22. The
Simulink control algorithm provides a signal which is turned to a low voltage through the I/O board
that is sent to the amplifier. The amplifier in turn provides a voltage to move the piezoelectric ring
bender that moves the first stage spool, which in return controls the flow to move the second stage
spool. The position of the second stage spool is feedback into the control model and closes the loop.
The system was also designed to monitor and record the voltage from the amplifier, first and second
stage spool positions as well as pressures if needed.
The sampling time of the controller platform was 0.1ms.
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Figure 3-22. Circuit diagram of the controller platform for the prototype valve.

3.9 HYDRAULIC TEST CIRCUIT
The hydraulic test circuit can be seen in Figure 3-23, where the hydraulic connections also can be
observed. It also shows how the first and second stage are hydraulically connected, with the first stage
directing the flow of hydraulic fluid to either side of the second stage spool. An accumulator was added
to reduce pressure fluctuations. The test pressure was 207bar or 3000psi. The hydraulic fluid used for
testing the valve prototype was mineral oil.
The second stage control ports were blocked. This was done since only the valve was of interest in this
research. This could influence the dynamic response since there are no flow forces present and there
could be possible dynamic effects of the fluid. However, open-port tests were simulated using the
analytical model where it was observed that the flow forces did not have any significate influence on
the second stage dynamics. A second reason the ports were blocked was that no suitable test facilities
and appropriate size actuators were available.
When conventional valves are tested the manufacturer often have the possibility to test it for both open
and closed ports. The open ports test, which imitates a frictionless and unloaded actuator, was tested to
obtain the flow and the effect of the flow on static and dynamic response. The blocked ports represent
the opposite scenario, essentially when an actuator has seized. The pressure in the two control ports can
then be measured. In practice, with a real actuator it is somewhere between these extremes, due to
friction in the actuator and the load [81].
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Figure 3-23. Schematic sketch of the hydraulic test circuit for the prototype valve.

3.10 FUTURE DESIGN IMPROVEMENTS
This valve tested in this research project was not optimized for weight. This research was completed to
provide the background information and to test the principles of AM, first stage spool with significant
overlap and to use a piezoelectric ring bender as an actuation method.
It is believed that the valve prototype can be optimized significantly more for both size and weight.
There are several areas where it is known that weight and size can be reduced:
i.

As no feedback wire is used as positioning feedback the second stage spool can be made shorter.
The second stage spool can be shortened by about a third.

ii.

The second stage positioning feedback is completed by a LVDT, which is a relatively big and
heavy device. The author was involved with the design and successful testing of a digital
encoder that could be used instead of the LVDT. The encoder is roughly a third of the size and
weight compared to the LVDT.

iii.

The first stage LVDT will not be needed in the future. However, to obtain sufficient knowledge
it essential to use it on this first prototype to understand the behaviour of the first stage. This
knowledge is essential to be able to design a control algorithm and to understand the
piezoelectric hysteresis.

iv.

The filter used for the tested prototype can be changed to a smaller design.

v.

The first prototype was not optimized for minimum weight.
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a. It was designed to obtain understanding of the AM process and to obtain valuable
information about the methods for designing AM parts.
b. The valve was designed to ensure that the valve body would withstand the system
pressure. Since, the material properties were not fully understood at the time the wall
thickness were thicker than needed.
c. The first stage housing could be incorporated into the design, which would save weight.
vi.

It is also believed that a smaller version of the first stage piezoelectric ring bender could be
used, which would make the valve both smaller and lighter.

3.11 CONCLUSION
For the pilot stage actuation, a piezoelectric ring bender was chosen to control a small first stage spool.
The low leakage was achieved by introducing a significant amount of overlap between the spool lands
and the bushing. The second stage positioning feedback was achieved by an electrical feedback using
an LVDT instead of a conventional mechanical second stage feedback. The valve body was
manufactured through AM. This process could make the part lighter and greater design possibilities are
obtained, by being able to incorporate actuators and sensors more efficient into the valve. In the
complete prototype a LVDT was attached on the first stage, however this was only used for monitoring
purposes. The controller platform used was an xPC target system, which is a high performance realtime prototyping environment. A Matlab Simulink model was coded in real-time and connected to a
physical system and uses standard PC hardware.
The novel aspects are that a AM valve with low internal leakage using a small first stage spool actuated
by a piezoelectric ring bender to control the main stage spool has been designed and manufactured. This
is most likely the first time an AM servovalve has been developed and tested for aerospace applications.
The ring bender has been used in micropumps and Bertin developed a valve for gas turbines using a
ring bender, but combining a ring bender to actuate a small low leakage, large overlap, spool in a first
stage application to control a two stage servovalve is novel.
The following chapter will describe an analytical model for the piezoelectric actuated two stage low
leakage servovalve described in this chapter.
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4 ANALYTICAL MODELLING
This chapter describes an analytical model of the piezoelectric actuated two stage servo valve including
validation. It was developed to obtain a better understanding of the valve behaviour and to test the
controller.

4.1 INTRODUCTION
To be able to obtain a better understanding of the piezoelectric ring bender behaviour and the complete
valve, a mathematical model of the piezoelectric actuated two stage valve was completed. The model
is also used to test different control algorithms. The model is made up of several parts; the sub-models
include the amplifier, the piezoelectric ring bender with hysteresis, the first stage spool and second stage
spool. The models for the first and second stage spools include the flow characteristics of the orifices,
flow forces and viscous friction.

4.2 AMPLIFIER
The controller will send a control voltage 𝑉a to the amplifier which in turn creates a voltage to control
the piezoelectric ring bender 𝑉R>- . The amplifier was modelled using the following second order
transfer function:
𝑉R>- =

𝑠F

𝐾R 𝜔;
𝑉
+ 2𝜁𝜔; 𝑠 + 𝜔; F a

(4-1)

where 𝐾R is a scaling factor, 𝜔; is the natural frequency and 𝜁 is the damping factor of the amplifier.
To model the current limit, the rate of change of voltage is limited to this maximum value:
𝑑𝑉R>- 𝐼>RW
=
𝑑𝑡
𝐶.K

(4-2)

where 𝐶.K is the capacitance of the ring bender and 𝐼>RW is the current limit of the piezoelectric
amplifier.
The control voltage 𝑉a that is supplied to the amplifier is in the range ±5 volts and the 𝑉R>- will be in
the range of ± 100 volts.

4.3 FIRST STAGE
4.3.1

Piezoelectric Hysteresis

The Bouc-Wen model shown in Equation (4-3) is used to represent the hysteresis of the ring bender
[3][83]. 𝑛 is the deviation from the linear characteristics. The Bouc-Wen model is a relatively simple
hysteresis model with three dimensionless tuning parameters 𝛼, 𝛽 and 𝛾, used to match the model to
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experimental data. The 𝑛 is subtracted from the voltage from the amplifier 𝑉R>- to create the
effective voltage 𝑉` to which the piezoelectric ring bender responds linearly, see Equation (4-4). The
parameters were obtained from matching the analytical model to experimental data.

4.3.2

𝑛 = 𝛼𝑉R>- − 𝛽 𝑉R>- 𝑛 − 𝛾𝑉R>- 𝑛

(4-3)

𝑉` = 𝑉R>- − 𝑛

(4-4)

First Stage Spool Dynamics

The dynamic characteristics can be approximated by a spring with damping. The ring bender has certain
stiffness, and both the displacement of fluid by the bender and the friction of the close-fitting spool in
its bushing will act as damping.
These combine with the spool mass to give Equation (4-5), where 𝐶 is a damping coefficient, 𝐹8 is the
flow forces (see Equation (4-20) and 𝑚? is the mass of the first stage spool and hub. 𝐹.K is the force
provided by the piezoelectric ring bender.
𝐹.K − 𝑘.K 𝑥 − 𝐹8 = 𝑚? 𝑥

(4-5)

Thus Equation (4-6) is obtained to give the spool displacement, 𝑥, where 𝑠 is the differential operator.
𝑥=

𝑚?

𝑠F

1
𝐹 − 𝐹8
+ 𝐶𝑠 + 𝑘.K .K

(4-6)

To obtain the spring constant 𝑘.K of the piezoelectric actuator Equation (4-7) is used, where 𝐹.K is the
blocking force of the ring bender and 𝑆 is its maximum stroke.
𝑘.K =

𝐹K8
𝑟
𝑆 >

(4-7)

where 𝑟> is a mounting stiffness factor. Due to non-linear mounting stiffness 𝑟> depends on the
position of the piezoelectric ring bender and is implemented as a look-up table in the simulation model.
The damping is found by matching experimental data.
The blocking force provided by the piezoelectric ring bender at a certain voltage, is obtained by the
following equation:
𝐹.K = 𝐾C^ 𝑉`

(4-8)

where:
𝐾C^ =

𝐹K8
𝑉>RW

(4-9|)
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where 𝐹K8 is the maximum ring bender blocking force, at zero displacement, and 𝑉>RW is the maximum
operating voltage of the ring bender.
4.3.3

First Stage Flow Model

The flow model consists of several parts. First the ring bender position is converted into a ratio of the
total piezoelectric ring bender stroke, see Equation (4-10), thereafter the pilot stage spool overlap model
was included by the use of a lookup table
𝑘J = 𝑓J

𝑥
𝑆

(4-10)

where 𝑓J is the non-linear function representing the overlap region as can be seen in Figure 4-1. 𝑆 is
the maximum stroke of the ring bender.

kq
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kOO +

kI +

k IO -
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kOO -

k IO +

x

S

kO -

Figure 4-1. Parameters of the non-linear function 𝑓J representing the overlap region.

The spool orifice equation model calculates flow from the first stage to either end of the second stage
spool. The flow depends on the first stage spool position. As the first stage spool moves in a negative
𝑥 direction, control port 2 will be connected to supply pressure 𝑃? and create a flow 𝑄F from the
first stage to the second stage and thereby move the second stage spool. At the same time the flow in
control port 1 will be connected to return pressure 𝑃. and the flow will go from the control port to
return.
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Figure 4-2. First stage illustration of the flow as the first stage spool is moved in the negative 𝑥 direction.

The orifice equations of the first stage are as follows [4][84][85]:
𝑄D = 𝑘^ 𝑘J 𝑃? − 𝑃D + ∆𝑃D for positive x

(4-11)

𝑄F = 𝑘^ 𝑘J

𝑃F − ∆𝑃F − 𝑃. for positive x

(4-12)

𝑄D = 𝑘^ 𝑘J

𝑃D − ∆𝑃D − 𝑃. for negative x

(4-13)

𝑄F = 𝑘^ 𝑘J 𝑃? − 𝑃F + ∆𝑃F for negative x

(4-14)

𝑘^ = 𝐶J 𝑤?

2
𝜌

(4-15)

where w s is the first stage flow slot width, which is the width total width of the two slots shown in Figure
3-12. 𝐶J is the flow coefficient, 𝑃? is the supply pressure, 𝑃. is return pressure, 𝑃D is the pressure is
control port 1, 𝑃F is the pressure is control port 2, ∆𝑃D is the pressure losses in control port 1, ∆𝑃F is the
pressure losses in control port 2 and 𝑘^ is the flow rate constant. 𝑄D and 𝑄F are the flows in the
respective control ports.
The additional pressure loss in the valve galleries is modelled as the square of the flow, which is shown
in Equations (4-16) and (4-17) [4].
∆𝑃D = 𝐾-a 𝑄DF

(4-16)

∆𝑃F = 𝐾-a 𝑄FF

(4-17)

where 𝐾-a is the pressure loss coefficient.
4.3.4

Forces Acting on the First Stage Spool

To accurately simulate the forces acting on the spool the flow forces were included. The flow forces
are created by the flow through a valve due to the fluid momentum that acts to close the valve where
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𝑎8 is the open slot area of the first stage that depends on the spool displacement, and 𝐶C is the discharge
coefficient [4] Values used are 𝐶C = 0.7 and 𝜃 = 69° [4]
The fluid velocity through the orifice 1 is given by Equation (4-18) and orifice 2 by Equation (4-19)
[4].
𝑣D =

𝑄D
𝑎8 𝐶C

(4-18)

𝑣F =

𝑄F
𝑎8 𝐶C

(4-19)

The final equation to obtain the flow force is given by Equation (4-20) [4].
𝐹8 = 𝑄D 𝑣D + 𝑄F 𝑣F 𝜌 cos 𝜃

(4-20)

where 𝜌 is the fluid density.
The flow forces acting on the spool had a negligible effect on the results.

4.4 SECOND STAGE
The flows from the first stage spool are directed to either end of the main stage spool. The force balance
is accomplished by Equation (4-21), where 𝑀? is the second stage spool mass, 𝑥? is the second stage
position, 𝐴? is the spool end area, 𝑃?D and 𝑃?F are the pressures on either end of the second stage spool.
The force is divided by the mass, to obtain acceleration, integrated twice to obtain the second stage
position.
𝑃D − 𝑃F 𝐴? = 𝑀? 𝑥?

(4-21)

Flows from the first to the second stage are obtained by Equation (4-22) and (4-23) [84].
𝑄D = 𝐴? 𝑥? +

𝑃D
− 𝐶Ž 𝑃D − 𝑃F
𝑘D

(4-22)

𝑄F = 𝐴? 𝑥? +

𝑃F
− 𝐶Ž 𝑃D − 𝑃F
𝑘F

(4-23)

The fluid stiffness, 𝑘D and 𝑘F , on each side of the main spool is represented by Equation (4-24) and
(4-25), where B is the bulk modulus.
𝑘D =
𝑘F =

𝐵
𝑣^,eD
𝐵
𝑣^,eF

(4-24)

(4-25)

where 𝑣^,eD and 𝑣^,eF are the trapped fluid volumes between the first and second stage.
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The second stage port was modelled with blocked ports, therefore no flow and no flow forces act on the
second stage spool.

4.5 VALIDATION OF MATHEMATICAL MODEL
This section provides a comparison between the experimental data and the analytical model. The model
is solved numerically using Matlab Simulink. The parameter values can be seen in Table 4-1.
The piezoelectric amplifier, the piezoelectric ring bender, the hysteresis of the piezoelectric ring bender
and the flow curve of the flow from the first stage to the second stage were matched to the experimental
data. The second stage movement was not compared in this chapter, since its behaviour depends heavily
on the control algorithm, which will be discussed in ‘Control Design’.
For all the experimental tests shown in this chapter, the data obtained by using the test arrangement is
described in section 3.8 and 3.9. For all the tests the amplifier was connected to the ring bender and
hydraulic pressure was applied. The sampling interval of the experimental results is 0.1ms.
4.5.1

Amplifier

An open loop step response was used to investigate the dynamic response of the mathematical model
of the amplifier it was compared to experimental results. The amplifier was always connected to the
ring bender. It can be seen in Figure 4-3 and Figure 4-4 that the mathematical amplifier model correlates
well with the experimental amplifier data in both the positive and negative direction. Figure 4-3, (a)
positive direction and (b) negative direction, shows commanded step response with an amplitude of 20
V (20% of maximum voltage) and Figure 4-4, (a) positive direction and (b) negative direction, shows
and amplitude of 60 volts (60% of maximum voltage). In Figure 4-3 it can also be seen that the
experimental data does not reach the demanded value within the time shown.
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Figure 4-3. Open loop amplifier response with 20 V amplitude square wave (a) Positive direction (b) Negative direction.

Figure 4-4. Open loop amplifier response with 60 V amplitude square wave (a) Positive direction (b) Negative direction.

4.5.2

Piezoelectric Ring Bender

The voltage from the amplifier is then applied to the piezoelectric ring bender, which bends and moves
the spool. An open loop step response comparison between the experimental data and the analytical
model of the ring bender movement can be seen in Figure 4-5 (20 volts amplitude, 20% of maximum
voltage) and Figure 4-6 (60 volts amplitude, 60% of maximum voltage). It can be observed that the
mathematical model compares well with the experimental data in both the positive and negative
direction.
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A significant amount of damping was introduced in the analytical model. This damping is due to the
fluid inside the valve. There is a restriction in the path of fluid movement from one side of the ring
bender to the other, hence additionally damping the system. Also, a delay of 0.5ms was required in the
model to match the experimental data due to the phase lag of the LVDT.
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Figure 4-5. Open loop first stage comparison between mathematical model and experimental data with 20 volts amplitude
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Figure 4-6. Open loop first stage comparison between mathematical model and experimental data with 60 volts amplitude
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4.5.3

Piezoelectric Hysteresis

The Bouc-Wen mathematical hysteresis model was compared and matched to the experimental results
of the piezoelectric ring bender hysteresis. The tuning parameters used in the mathematical models to
match the experimental hysteresis loop can be found in Table 4-1. A comparison of the hysteresis loops
from the experimental data-50
and 0the mathematical
model
be seen in Figure 4-7. The
2
4 Bouc-Wen
6
8 can 10
Time
figure shows the displacement of the piezoelectric
ring(ms)
bender against the applied voltage and it can be
seen that the analytical model provides realistic results when compared to the experimental results.
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Figure 4-7. Ring bender hysteresis loop comparing the analytical Bouc-Wen model to experimental data.

4.6 FLOW CURVE
The first stage flow characteristics represents the flow from the first stage to the second stage. This was
done by controlling the second stage in closed loop in a sine wave fashion at 20Hz. From the position
and velocity of the second stage, the flow could be obtained. This flow will affect behaviour and
performance of the second stage spool. It can be seen in Figure 4-8 that the simulation has a similar
flow curve to the experimental data, but there are differences. It can be seen that the experimental data
has a ‘constant’ amount of hysteresis. This hysteresis could be due to the hysteresis still present in the
first stage piezoelectric ring bender as well as friction in the valve [86]. The analytical model has less
hysteresis around zero and more hysteresis further away from zero.
The second stage movement is sensitive to changes in this flow curve, therefore it is difficult to match
the analytical model to the experimental data. The simulated flow curve as obtained after correlating
the dynamic experimental second stage characteristics with the analytical model, as can be seen in
section 5.9. The second stage characteristic is heavily dependent on the controller, therefore this can be
seen in the ‘Controller Design’ chapter.
Another reason for the difference between the experimental flow curve and the analytical could be due
to yet unknown characteristics. A possible source of error could be flow reattachment in the spool and
bushing assembly. Generally, a free jet passes through an orifice at an angle of 69°, but in some cases
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the jet can curve and reattach to the wall. This effect can change the flow coefficient of the flow from
the first to the second stage [4].

0.6

Flow to Second Stage (m3/s)

0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
-1
-30

Experimental
Simulation
-20

-10
0
10
First Stage Position (µm)

20

30

Figure 4-8. Graph showing a comparison between experimental and analytical first stage flow curve.
Table 4-1. Parameters used for the analytical model.

Parameter Explanation

Value

𝛼

Hysteresis tuning parameter

0.0017

𝛽

Hysteresis tuning parameter

0.00065

𝛾

Hysteresis tuning parameter

0.0015

𝜁

Damping factor of the amplifier

0.8

𝜃

Jet angle

69 deg

𝜌

Fluid Density

1000 kg mG

𝜐

Kinematic viscosity

0.000011 mF s

𝜔;

Natural frequency of the amplifier

21000 rad s

𝐴?

Second stage piston area

0.5355 mF

𝑐

Piezoelectric ring bender damping

5.6
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𝐶C

Discharge coefficient

0.7

𝐶J

Flow coefficient

1.6667x10\•

𝐶.K

Capacitance of piezoelectric ring bender

2 × 1740 nF

𝐹K8

Blocking force of the piezoelectric ring bender

39 N

𝐼>RW

Maximum current

1A

𝐾R

Amplifier scaling factor

20

𝑘Z[

Positive input value in the outside the overlap region

1

𝑘Z\

Negative input value in the outside the overlap region

1

𝑘Z][

Positive input value in the overlap region

0.1217

𝑘Z]\

Negative input value in the overlap region

-0.1217

𝑘][

Positive output value in the outside the overlap region

0.87

𝑘]\

Negative output value in the outside the overlap region

1

𝑘]][

Positive output value in the overlap region

0.007

𝑘]]\

Negative output value in the overlap region

-0.007

𝑚RCC

Added mass

3𝑔

𝑚?

Mass of first stage spool

2.61 g

𝑀?

Mass of second stage spool

20 g

𝑛8

Number of lands on the first stage

2

𝑛?

Number of lands on the second stage

5

𝑝

Total pressure loss

70 bar

𝑃?

Supply pressure

3000 psi

𝑃.

Return pressure

50 psi

𝑞

First stage flow rate

0.21 l min

𝑆

Maximum stroke of the piezoelectric ring bender

115 µm

𝑉a

Control voltage

±5 V

Maximum operating voltage

100 V

𝑉>RW
𝑣^,eD
𝑣^,eF

Fluid volume between the first and second stage spool
in control port 1
Fluid volume between the first and second stage spool
in control port 2

0.818 cmG
0.818 cmG

𝑤?

First stage flow slot width

0.508 mm

𝑦8

Clearance between the first stage spool and bushing

0.001 mm

𝑦?

Clearance between the second stage spool and bushing

0.004 mm
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4.7

CONCLUSION

An analytical model of the two-stage piezoelectric actuated valve with a first stage small spool has been
developed to obtain a further understanding of the complete valve. The analytical model included the
amplifier for the piezoelectric ring bender, the ring bender with hysteresis, the first stage spool and the
flow from the first stage to the second stage. The model shows good correlation with the experimental
data. Due to the sensitivity of the first stage flow model, especially within the overlap region, the flow
was hard to correlate to the experimental data. This will affect the second stage spool behaviour, which
will be shown in the next chapter ‘Controller Design’.
The original aspect is that an analytical model of a piezoelectric ring bender controlling a spool has
been developed and validated against experimental data. This includes the amplifier, ring bender with
hysteresis and first stage orifice equations.
The next chapter will describe an experimental control algorithm that includes hysteresis compensation,
overlap compensation and a feedforward loop. It will also show a comparison between experimental
data and analytical data for the second stage.
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5 CONTROLLER DESIGN
This chapter describes an experimental control algorithm developed to compensate for the first stage
hysteresis and overlap as well as increase the bandwidth for the position control of the main spool.

5.1 INTRODUCTION
This chapter presents a control strategy for compensating the hysteresis of the piezoelectric ring bender,
without using additional sensors (such as first stage position feedback), which add weight, cost and
complexity to the valve. The first stage LVDT in the valve prototype will merely be used to monitor
the performance of the piezoelectric ring bender and first stage spool and not used for control.
The influence of a reduction of first stage piezoelectric hysteresis on the second stage positioning
performance was studied. The proposed control algorithm also includes compensation for the deadband caused by the first stage spool overlap and implementation of a feed forward term to increase the
second stage spool position response. The effect of each part was investigated and the complete control
algorithm was compared to a control loop with only a conventional PI controller.
It has been observed the response and settling time of the second stage varies significantly at different
step sizes if a conventional PI controller is used. A conventional controller can be well tuned for a
certain step size, but if the step size is changed the performance of the controller would degrade. This
is mainly due to the large first stage overlap and the piezoelectric hysteresis. This chapter will highlight
that a conventional PI controller would perform significantly differently at different step sizes for a
valve with first stage spool overlap and hysteresis. Therefore, a new non-linear controller is needed that
is less sensitive to amplitude change.

5.2 CONTROLLER REQUIREMENTS
There are some requirements for the now proposed control algorithm. The new controller needs to
compensate for the piezoelectric hysteresis. It also needs to compensate for the first stage dead band
caused by the first stage spool overlap. The controller should also increase the bandwidth. The proposed
controller should be less sensitive to amplitude change and should outperform a well tuned conventional
PI controller at different amplitudes without adjusting any controller parameters.
The requirements for the proposed controller is that it should have a rise time less than 5ms and a settling
time less than 20ms for all amplitudes.
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5.3 CONTROLLER METHODOLOGY
5.3.1

PI Controller

The PI controllers were setup purposely to obtain the quickest response and settling time for a specific
step size. The settings for 𝐾- and 𝐾+ were obtained by measure the response and settling time at a
specific step size and manually adjusted to obtain the quickest response. This was done for two different
step sizes. Hence, two different PI controllers were obtained.
5.3.2

Proposed Controller

The controller parameters for the hysteresis compensation model were obtained by matching the
analytical model of the hysteresis to an experimental hysteresis loop, as described in section 4.5.3.
The overlap region was obtained from examining the first stage flow curve as can be seen in Figure 4-8.
The overlap was then converted into a voltage (𝑢[ and 𝑢\ ). This was done by calculating the percentage
of the spool overlap in comparison with the amount of stroke of the ring bender. The percentage equals
the percentage of the maximum allowed voltage of 𝑢F , which is ±5 V. The 𝑂[ and 𝑂\ was manually
adjusted.
The velocity feed forward terms and the correction for asymmetry were manually adjusted for the valve.
The reference model was created using the analytical model with minor adjustments when tested on the
prototype valve.
The 𝐾- and 𝐾+ values were manually adjusted to obtain a fast response and settling time at various step
sizes without saturation of the controller.

5.4 CONTROLLER DESIGN
The controller platform used for this investigation was an xPC system where a Simulink model is coded
in real-time to control the piezoelectric ring bender, the pilot stage spool and main stage spool. In the
xPC system a control loop using a conventional PI controller, as well as the proposed control algorithm,
were implemented.
A Proportional-Integral (PI) controller is a common feedback control algorithm, using Proportional,
𝐾- , and Integral, 𝐾+ , terms as can be seen in Figure 5-1. In this case, this control loop is unlikely to be
sufficient due to the non-linear relationship between input signal and first stage flow output. This is due
to the non-linear piezoelectric hysteresis and the dead-band, caused by the relatively large first stage
spool overlap.
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Figure 5-1. PI control loop.

The proposed control algorithm can be seen in Figure 5-2, with several sub-parts, which includes
overlap compensation, hysteresis compensation and command velocity feed forward terms. It also
compensates for any asymmetry due to manufacturing tolerances, as well as offset between the electrical
null of the piezoelectric ring bender and the first stage hydraulic null. This implies that a voltage needs
to be applied to the first stage to move the piezoelectric ring bender to bring the first stage spool to its
hydraulic null position, giving no flow through the first stage.
The hysteresis and overlap compensation are intended to make the system more linear and the feed
forward loop is to make the system respond faster to a position command change.
Compensation of overlap or hysteresis alone has been described previously, for example [18][87][79].
However, the combination of overlap and hysteresis compensation together is novel.
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Figure 5-2. Proposed control algorithm with overlap compensation, hysteresis compensation and feed forward loop.

5.5 HYSTERESIS COMPENSATION
Previously, an inverse hysteresis model of the more complicated Prandtl-Ishinskii model has been used
for hysteresis compensation of a piezoelectric ring bender [18]. The Bouc-Wen model has been used
previously to compensate for the hysteresis of a rectangular piezoelectric bender [88]. However, in that
work only static or low frequency (0.07Hz) responses were investigated.
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The hysteresis compensation used for this proposed control algorithm is based on the Bouc-Wen
hysteresis model [3], which as described earlier, is a relatively simple model and also simple to
implement into the control algorithm [88]. The Bouc-Wen model has three dimensionless tuning
parameters, as seen in Equation (5-1). The three tuning parameters are adjusted to obtain the desired
hysteresis loop. The hysteresis term 𝑛 is the deviation away from the linear response, 𝑢G is the demand
voltage from the controller (voltage after the overlap compensation and integral gain) and 𝛼, 𝛽 and 𝛾
are the three-dimensionless hysteresis tuning parameters. As shown previously, in Figure 4-7, which
shows an experimental hysteresis loop and a simulated hysteresis loop where 𝑛 is subtracted from the
linear response, the simulated hysteresis model matches the experimental data closely. In the
compensator, 𝑛 times a scaling factor, is added to the control voltage, as can be seen in Equation (5-2).
The scaling factor, 𝐾` , is needed to restore the correct linear gain. Without the scaling factor the output
voltage to the amplifier, 𝑢H , would result in saturation at maximum and minimum voltage.
𝑛 = 𝛼𝑢G − 𝛽 𝑢G 𝑛 − 𝛾𝑢G 𝑛

(5-1)

ℎa 𝑢G = 𝐾` 𝑛

(5-2)

Figure 5-3 shows two experimental hysteresis loops, one with and the other without hysteresis
compensation. These were both obtained by controlling the first stage in an open loop sine wave fashion
at a frequency of 0.0166 Hz. As can be seen the amount of hysteresis is significantly reduced with
hysteresis compensation. The three tuning parameters values used for the Bouc-Wen model can be seen
in Table 5-1.
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Figure 5-3. Experimental hysteresis with and without hysteresis compensation.

5.6 OVERLAP COMPENSATION
To further linearize the system, the first stage spool overlap which causes a dead-band was compensated
for. The principle is shown in Figure 5-4 (a). The compensator will make the spool ‘jump’ through the
overlap region, see Figure 5-4 (b), which linearizes the relationship between the input signal and the
flow output [79][87], similar what can be seen in Figure 5-4 (c).
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Figure 5-4. (a) Dead band compensation (b) Compensator characteristic (b) Flow output versus input with and without
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In practice, the flow gain in the overlap region is not zero. Thus, the overlap compensation, within the
proposed control loop was implemented as a look-up table, where a higher gain was implemented as
function 𝑓I 𝑢F , while the first stage spool was in the overlap region, see Figure 5-5.
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Figure 5-5. Overlap compensation function 𝑓I 𝑢F showing a higher gain within the overlap region implemented into the
experimental control algorithm.

5.7 COMMAND VELOCITY FEED FORWARD
The feed forward will speed up the tracking response and increase the bandwidth of the system [89][90].
The velocity feed forward consists of three parts, the velocity feed forward filter, reference model and
the model to correct for asymmetry in the second stage spool behaviour. The feed forward command
velocity is estimated by the differential of command position filtered by a first order lag, as can be seen
in Figure 5-2.
The feedforward loop also compensates for velocity asymmetry in the system. The asymmetry is due
to the null offset (offset between the electrical null of the ring bender and the hydraulic null of the spool)
in the valve coupled to the non-linear stiffness of the piezoelectric ring bender mounting. The function
𝑓66 𝑢D term is a lookup table as shown below:
𝑓66 𝑢D = 1.4𝑢D if 𝑢D ≥ 0

(5-3)

𝑓66 𝑢D = 𝑢D if 𝑢D < 0

(5-4)

A reference model is included as a prediction of the response of the system to the feedforward path.
The feedback control thus only acts on the error between the actual spool position and the predicted
position. This error can also be thought of as a disturbance observer [90].
The parameters, their meaning and the values used for the control algorithm can be seen in Table 5-1.
In the next section, results for the two PI controllers are also shown, and the gains for these are also
included in the table.
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Table 5-1. Parameters used for the experimental control algorithm.

Parameters

Explanation

Value

𝛼

Hysteresis tuning parameter

0.0017

𝛽

Hysteresis tuning parameter

0.00065

𝛾

Hysteresis tuning parameter

0.0015

𝜏66

Feedforward filter time constant

0.0015 𝑠

𝜏.78

Reference model time constant

0.003 𝑠

Null offset compensation

0.25 𝑉

𝐾66

Feedforward gain term

0.00005 V µm s

𝐾`

Hysteresis scaling factor

0.87

𝐾+

Integral gain for the non-linear controller

200

𝐾+D

Integral gain for control loop PI1

1

𝐾+F

Integral gain for control loop PI2

1

𝐾-

Proportional gain for the non-linear controller

0.012 V µm

𝐾-D

Proportional gain for control loop PI1

0.05 V µm

𝐾-F

Proportional gain for control loop PI2

0.03 V µm

𝑂[

Positive overlap compensation output

1.9 V

𝑂\

Negative overlap compensation output

-2.2 V

𝑢[

Positive overlap compensation input

0.6 V

𝑢\

Negative overlap compensation input

-0.6 V

𝐶I

5.8 EXPERIMENTAL VALVE CONTROL
The valve prototype with the proposed control algorithm was tested. The effect of the different
controller parts was compared. Four different controller arrangements were tested:
i.
ii.
iii.
iv.

Complete controller (FF+OC+HC)
Overlap compensation (OC) and hysteresis compensation (HC)
Overlap compensation (OC) and feed forward (FF)
Only overlap compensation (OC).

Referring to Figure 5-2, (i) is the complete system, in (ii) 𝐾88 = 0 and the reference model is unity, in
(iii) ℎa 𝑢G = 0, and in (iv) 𝐾88 = 0, the reference model is unity, and ℎa 𝑢G = 0.
In all cases the proportional and integral gain are unchanged. Two different step responses sizes, 60µm
and 120µm, were tested as well as a 30µm amplitude frequency response. The new controller is
compared to a conventional PI controller at the end of this section.
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All tests were performed at 207bar and at an oil temperature of 39±1.5°C.
Figure 5-6 shows the 60µm step response and Figure 5-7 shows the 120µm step response. The rise time
(0-90%) and the settling time (±5%) for both amplitudes can be seen in Table 5-2 and Table 5-3.
By only compensating for the overlap the rise time is 8.2ms for a 60µm step and 7.3 for a 120µm step
size. The settling time for the 120µm step was 57.6ms and for the 60µm step was not able get within
±5%. With the overlap compensation and hysteresis compensation the response is quicker, but there is
more overshoot. By having the overlap compensation and a feed forward term the response was even
further improved. The rise time was 10.3ms and settling time was 19.9ms for a 60µm step. For a 120µm
step size rise time was 4.9ms and settling time was 5.2ms. The complete experimental controller had
the overall fastest response with 4.6ms rise time and 15.7ms (although 0.8ms slower than with only
overlap compensation and feed forward term) for a 60µm step and 4.3ms rise time and 4.8ms settling
time for 120µm step.
The average difference between the commanded position and the actual position is 5.6µm for a 60µm
step and 7.7µm for the controller without the hysteresis (OC+FF). This can be compared to the complete
controller that has a difference of 4µm for 60µm step and 6.1µm for 120µm step.
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Figure 5-7. 120µm step response results comparing the four different controller scenarios.

Table 5-2. 60µm step response results with different combinations of overlap compensation (OC), feed forward (FF) and
hysteresis compensation (HC).
-20

60µm
-40 Step

Rise time (0-90%)

Settling time (±5%)

Complete controller (FF+OC+HC)

4.6ms

15.7ms

-60
OC+HC

4.5ms

44.6ms

OC+FF
-80
10.18
OC

10.3ms

14.9ms

10.2

10.22

10.24 8.2ms
10.26
Time (s)

10.28

10.3
>62.5ms

10.32

Table 5-3. 120µm step response results with different combinations of overlap compensation (OC), feed forward (FF) and
hysteresis compensation (HC).

120µm Step

Rise time (0-90%)

Settling time (±5%)

Complete controller (FF+OC+HC)

4.3ms

4.8ms

OC+HC

5.7ms

35.8ms

OC+FF

4.9ms

5.2ms

OC

7.3ms

57.6ms
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A frequency response test was completed, by using a chirp signal, with an amplitude of 30µm, see
Figure 5-8. It can be seen that in the system where the feed forward loop is included, both the magnitude
and phase lag first decreases then increases again. This is most likely due to the increase in gain within
the first stage overlap region, as the control voltage starts to increase, related to the inexact overlap
compensation.
It can also be seen in Figure 5-8 that the setup with overlap compensation and hysteresis compensation
(without feedforward) has a better performance than the complete system until around 50 Hz for the
magnitude and 30 Hz for the phase. After those frequencies the complete setup performs better than the

Magnitude (dB)

other control algorithms.
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Figure 5-8. Frequency
response results for a 30µm amplitude comparing the four different controller scenarios.
0

The complete-20
non-linear controller was compared to a well-adjusted conventional PI controller
algorithm. Responses to steps of 60µm and 120µm were measured as well as a 30µm amplitude
-40

frequency response. Two different PI setups were tested, one was tuned for a square wave amplitude of
30µm amplitude
-60(60µm step, PI1) and the second for a 60µm amplitude (120µm step, PI2). This was
done to show that for a non-linear system a conventional PI controller is sensitive to amplitude change.
-80
10.18

10.2

10.22

10.24

10.26

10.28

10.3

10.32

It can be seen in Figure 5-9, 60µm step, and Figure
Time (s)5-10, 120µm step, that for the same PI controller
for the different amplitudes significantly different results are obtained. It can also be observed that the
proposed non-linear control algorithm is the better controller when it comes to rise time and settling
time, as can be seen in Table 5-4 and Table 5-5 as well as being less affected by the amplitude change.
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The PI controller setup for a 30µm amplitude (60µm step) it did not reach within ±5% of the step within
62.5ms in either case.
Due to the large overlap of the first stage spool it is essential to obtain a control algorithm to compensate
for this. It is important to be able to adjust for any nonlinearities within the system. In this system, it is
also believed that the mounting of the piezoelectric ring bender creates an asymmetry in the results.
This is adjusted for by having a different gain in each direction in the non-linear controller. During these
tests, non of the controller reached saturation.
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Figure 5-9. 60µm step response comparing two sets of conventional PI controller to the complete non-linear control
algorithm.
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Figure 5-10. 120µm step response comparing two sets of conventional PI controller to the complete non-linear control
algorithm.
Table 5-4. Rise and settling time for the two PI controllers and the non-linear controller for a 60µm step response.

60µm Step

Rise time (0-90%)

Settling time (±5%)

PI1 𝐾-D = 0.05, 𝐾+D = 1

5.2ms

>62.5ms

PI2 𝐾-F = 0.03, 𝐾+F = 1

>62.5ms

>62.5ms

Non-linear controller

4.6ms

15.7ms
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10.28
10.3
10.32
Time
(s)
10.2 Table
10.22
10.24
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10.28
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5-5. Rise and settling time for the two PI controllers and the10.32
non-linear controller for a 120µm step response.
Time (s)

120µm Step

Rise time (0-90%)

Settling time (±5%)

PI1 ( K p1 = 0.05 , K i1 = 1 )

3.7ms

>62.5

PI2 ( K p 2 = 0.03, K i 2 = 1 )

9.4ms

14ms

Non-linear controller

4.3ms

4.8ms

A frequency response was completed for the two PI controllers and the non-linear controller, see Figure
5-11. It can be observed that the non-linear controller gives a better dynamic response, particularly in
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terms of the magnitude throughout the frequency range. Note that the low frequency phase lag evident
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in the PI controller response is due to the hysteresis.
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Figure 5-11. 30µm amplitude frequency response comparing the two conventional PI controller with the experimental nonlinear controller.

5.9 VALIDATION OF TWO STAGE VALVE MODEL
The valve dynamic experimental data was compared to the full analytical model described in Chapter
4. The second stage spool position was controlled by the complete controller described in this chapter.
It is not practical to validate the full model, including second stage spool position response, before a
closed loop controller is implemented. A step response with a step size of 120µm can be seen in Figure
10.2
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direction10.28
and (b) negative
direction.
It can be observed that the analytical
10.2

10.22

Time (s)
10.24
10.26

10.28

10.3

10.32

model correlates well with
Time the
(s) experimental data. In the positive direction, Figure 5-12 (a), it can be
seen that the analytical model predicts a small overshoot, which is likely to be due to modelling error
in the first stage flow characteristics. The second stage behaviour is very sensitive the flow
characteristics of the first stage spool, especially within the overlap region. Therefore, at different
amplitudes the correlation will differ.
The first stage movement while controlling the second stage in a step response fashion with a step size
of 120µm can be seen in Figure 5-12, (c) in positive direction and (d) in the negative direction. The
analytical model matches well with the experimental data.
The amplifier behaviour for a second stage step response, as seen in Figure 5-12 (a) and (b), can be
observed in Figure 5-12 (e) and (f). The analytical amplifier behaviour compares well to the
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experimental data of the amplifier, it shows the same pattern, but the absolute voltage differs slightly.
The difference between the analytical model and the experimental data could be due to the hysteresis
of the ring bender and the starting point within the hysteresis loop.
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Figure 5-12. (a) Second stage step response comparison between experimental data vs analytical model with step size of
120µm positive direction (b) negative direction. (c) First stage movement for a second stage step response of 120µm
comparing the experimental data and analytical model positive direction (d) negative direction. (e) Amplifier voltage for a
second stage step response of 120µm comparing the experimental data and analytical model positive direction (f) negative
direction.
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5.10 CONCLUSION
A control algorithm for second stage spool position control was developed and tested on the
piezoelectric actuated two stage servovalve. The controller integrates hysteresis compensation, overlap
compensation and command velocity feed-forward into the control loop. The experimental controller
was compared to a conventional PI controller with second stage position feedback.
A conventional PI controller is sensitive to amplitude changes, and therefore the performance of the
controller will vary depending on the amplitude. This is due to the lack of compensation for the first
stage overlap.
A higher gain in the first stage spool overlap region is essential to increase performance and be less
sensitive to amplitude changes. First stage hysteresis compensation improved the response of the second
stage. It allows the overlap compensation to be much more effective, due to the linearization of the
piezoelectric actuator. The feed forward control has a small benefit, but does provide an improvement
in the tracking response. The complete proposed control algorithm provides the fastest response. It is
shown that the non-linear controller significantly outperforms two PI controllers, which span the range
of plausible proportional gain values.
The simulation of a second stage step response correlates well with the experimental data. The first
stage movement and the amplifier voltage also correlate well with the model while the second stage is
moved in a step response fashion. However, as the second stage behaviour is sensitive to the first stage
flow model, especially within the overlap region, the model fit is sensitive to amplitude changes.
Variation in the result has sometimes been observed, which is believed to be due to temperature change.
The change in stiffness of the mounting with temperature may be the cause. This is not shown in the
results, as only results obtained once the hydraulic system reaches a steady state temperature are present.
This could be compensated for if temperature sensors are incorporated into the system.
The novel aspect is that a control algorithm has been developed that incorporates a relatively simple
hysteresis compensation loop which is coupled with overlap compensation together with feed forward
to increase the bandwidth. The need for effective piezoelectric hysteresis compensation before overlap
compensation because viable is an important realisation. A patent has been applied for together with
Moog Controls in Tewkesbury to use this control, both in a two-stage device as well as for a first stage
on its own to work in open loop.
The following chapter will describe an analytical investigation of ring bender mounting optimization.
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6 PIEZOELECTRIC RING BENDER MOUNTING
OPTIMISATION
This chapter describes a method to find the optimized mounting arrangement for the ring bender, to
obtain maximum effective work output. There are circumstances where the optimized mounting
arrangement is not practically feasible, due to the small mounting overlap and thickness, but the method
still provides a design guideline for the mount.

6.1 INTRODUCTION
For piezoelectric ring benders, the design of the mounting is essential to obtain as high a displacement
and force as possible. The mounting can reduce displacement and force of the piezoelectric ring bender
significantly if its stiffness characteristics are inappropriate.
In this investigation, different overlap, thickness and Young’s modulus values for the and how these
affected the maximum work output of the ring bender mounting were studied. The overlap is the length
of the mount that overlaps the ring bender and the thickness is the thickness of the mount either side of
the ring bender, as illustrated in Figure 6-1.
The depth behind the ring bender is not included in this investigation, and the focus is mostly on the
outer edge. This is to reduce complexity of the investigation, to reduce the number of simulation runs
required, and it is also believed that it does not have a major impact on the results.

Mount
Thickness

Ring bender

Depth Overlap
Figure 6-1. Cross section illustration of half of the ring bender and mount.

The axial stiffness and the torsional stiffness of the ring bender mount are as illustrated in Figure 6-2.
The mount needs to be stiff enough to support the ring bender to provide a high axial force. If the mount
is not stiff enough the mount will compress when a force is applied on the ring bender, hence less
effective force output can be provided by the ring bender. At the same time the mount needs to be
flexible enough to allow the outer edge of the ring bender to rotate. If the mount is not flexible enough
it will limit the effective output displacement. By comparing the maximum work output of the ring
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bender for different mounting arrangements an optimum trade-off between overlap and thickness is
found.

Axial
Torsional

Figure 6-2. Axial and torsional stiffness acting on the mount.

6.2 METHOD OF ANALYSIS
This section describes the analysis procedure, material property assumptions, the finite element
techniques used and analytical modelling. Finite Element Analysis (FEA) provides an average
compression of the mount, due to applied force, in order to determine the axial stiffness. The FEA also
provides an angle of rotation of the ring bender outer edge, due to an applied moment, to be able to
obtain the torsional stiffness of the mount.
An analytical model of a ring bender was created based on Timoshenko plate bending equations and
combined with the FEA mount axial and torsional stiffness results. From the analytical model and the
FEA, the maximum work output for different mounting arrangements was calculated. The analytical
model will be explained in section 6.4.
A polynomial fit to the FEA stiffness results was also used to provide a more precise optimum overlapthickness ratio due to smaller step sizes achievable.
The approach was also used to investigate different size piezoelectric ring benders and Young’s
modulus of the mount.
The programs used were ANSYS 15.0 and Matlab 2012b.
6.2.1

General Analysis Procedure

For the FEA simulations a 2D axisymmetric model was created to obtain the axial stiffness and a 3D
model was used for the torsional stiffness. A substitute for the piezoelectric ring bender is used in the
FEA simulations which is a significantly stiffer than the mounting. Only the outer part of the
piezoelectric ring bender, which is embedded in the mounting is simulated, as only the mounting
behaviour is of interest. A 2D model is used for the axial stiffness to reduce simulation time and a 3D
model was used for the torsional stiffness to be able to eliminate the torsional stiffness of the substitute
ring bender due to is annular shape.
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Multiple FEA simulations were completed, for different overlap and thickness combinations and
Young’s moduli, to obtain the displacement and rotation of the ring bender substitute under certain
circumstances.
The procedure for the investigation is as follows:
1. Create a 2D and 3D FEA model in ANSYS workbench.
2. Create mesh.
3. Introduce constraints and loads.
4. Run FEA simulations.
5. Analyse the axial displacement or angle of the mount due to applied force or moment for
multiple overlap-thickness ratios as well as different Young’s moduli.
6. Fit a polynomial model to the FEA results (torsional stiffness, axial stiffness and Young’s
modulus) by using the least squares fit approach.
7. Create analytical ring bender model based on Timoshenko plate equations. Incorporate the
torsional stiffness of the outer edge of the actuator as a boundary condition for the analytical
model.
8. Combine the axial stiffness of the mount with the force output of the ring bender to obtain the
effective blocking force.
9. Plot effective work output for both FEA results directly and polynomial fit from where the
optimum overlap-thickness ratio can be obtained.
10. Investigate different piezoelectric ring bender sizes and different Young’s moduli of the mount.
6.2.2

Material Properties

The mounting material is based on EPDM 90 (Ethylene Propylene Diene Monomer) polymer, as that
material was used for the piezoelectric ring bender mount in the experimental valve. The material
properties for the EPDM 90 HR can be seen in Table 6-1. These values were used for the mount in the
FEA simulations.
To investigate the effect of the Young’s modulus value, the Young’s modulus is varied, however the
Poisson’s ratio remains the same. This was to investigate how the material stiffness affects the axial
and torsional stiffness of the mounting.
The material for the piezoelectric ring bender substitute is structural steel. Structural steel as compared
to EPDM is effectively rigid. The material of the piezoelectric ring bender substitute is not of interest
in this investigation, just the stiffness of the mount itself.
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Table 6-1. Material properties EPDM 90 HR.

Material Property

Value

Poisson’s Ratio

0.49

Young’s Modulus

10 MPa

6.3 FEA SETUP
This section will describe the FEA model, the mesh, the constraints and loads on the mount in the FEA
investigation.
6.3.1

FEA Model

The model for the axial stiffness is a 2D axisymmetric surface based on the cross section of the outer
edge mounting diameter for a 40mm ring bender was used, as can be seen in Figure 6-3. For the torsional
stiffness, a 3D ‘beam’ model, with a depth (in z-direction) of 1mm was used, see Figure 6-4. A 3D
beam model was used, instead of a 2D axisymmetric model, to eliminate the torsional stiffness of the
ring bender itself. In both models the height of the piezoelectric ring bender substitute was 1.25mm,
ther same thickness as a conventional ring bender.
The ‘overlap’ is the length of the mount that will overlap the piezoelectric ring bender substitute, see
Figure 6-3. The ‘thickness’ is the amount of material above and the below the ring bender substitute,
see Figure 6-3. These are the only dimensions that will be changed and investigated.
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Thickness

Ring
bender

Mounting

Overlap
Thickness

Figure 6-3. 2D axisymmetric FEA model showing the mount and the ring bender substitute and illustrating the overlap and
thickness.

Width
1mm

Figure 6-4. Torsional stiffness 3D model for the FEA simulations.

6.3.2

Constraints

Selected constraints and loads were implemented in the model is to attempt simulate the conditions and
loads experienced on the mounting when introduced into a servovalve body.
For both the 2D and 3D simulations the three outer edges were fixed for both the force and moment
simulations. To be able to investigate the axial and torsional stiffness of the mount a force and a moment
were introduced. The force was applied to the upper edge of the ring bender and the moment was applied
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at the inner edge of the ring bender substitute. The constraints and loads can be seen in Figure 6-5.
Figure 6-5 (a) shows the load and constraints for the axial stiffness and Figure 6-5 (b) shows the load
and constraints for the torsional stiffness.
The mounting and the ring bender substitute was bonded by a setting in ANSYS called “bonded”.
A Fixed Support
B Force: 39N

A Fixed Support
B Force: 0.0005 Nm

A

A

B

A

A

B

A

A

(a)

(b)

(a)

(b)

Figure 6-5. Constraints for force used to determine axial stiffness (b) Constraints for moment used to determine torsional
stiffness.

6.3.3

Mesh

A mapped mesh was used, which implies that all the elements are square-shaped. An example of the
mesh can be seen in Figure 6-6. To ensure that the model provides reliable results a mesh independence
test was completed. This was done by reducing the element size, increasing the number of elements,
and investigating how the finer mesh affects the results. At a certain point the result will not be affected
by increasing the number of elements further. The lower end of the number of elements was used to
reduce simulation time. The mesh independence plot can be seen in Figure 6-7, where the black circle
shows the minimum number of elements that was used. A similar size mesh was used for the 3D model.
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Figure 6-6. 2D mesh of the FEA model.
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Figure 6-7. Graph showing the 2D mesh independence plot.

6.4

RING BENDER ANALYTICAL MODEL

This section presents the analytical modelling of the ring bender mounting. The analytical model was
based on Timoshenko plate bending equations [61], but was rederived to introduce edge torsional
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stiffness boundary conditions, and include piezoelectric deformation. From the analytical model the
maximum effective ring bender force and displacement could be obtained.
For a piezoelectric bimorph bender, the external moment at any point on the curvature and the
piezoelectric bending moment 𝑀7 can be related as follows [61]:
1
1
+ 𝜇-.
− 𝑀7
𝜌D
𝜌F

𝑀D = 𝐷

𝑀D is the external applied bending moment per unit length,

(6-1)

1
1
is the curvature in the same plane,
r1
r2

is the curvature out of plane and 𝜇-. is the Poisson’s ratio of the piezoelectric ring bender.
𝐷 is the flexural rigidity of the plate and can be describe as show in Equation (6-2) [61].
𝐷=

𝐸ℎF
12 1 − 𝜇-. F

(6-2)

where 𝐸 is the Young’s modulus of the piezoelectric ceramic and ℎ is the thickness of the piezoelectric
ring bender. This assumes pure bending.
The stress in a piezoelectric element in terms of electric field can be expressed as given by Equation
(6-3), where 𝑑GD is the piezoelectric strain coefficient perpendicular to the poling direction, 𝑒 is the
applied electric field strength.
𝜎 = 𝑑GD 𝑒𝐸

(6-3)

The in-plane blocking force, 𝐹7 , per unit length for one half of the piezoelectric ring bender is given by
Equation (6-4). At maximum positive voltage, only half of the active layers are creating a force, at
maximum negative voltage the other half will create a force.
𝐹7 = 𝑑GD 𝑒𝐸

ℎR
2

(6-4)

ℎR is the thickness of the active half of the piezoelectric ring bender and 𝐹7 is the force due to the
piezoelectric effect. The second half of the piezoelectric ring bender will generate an equal and opposite
blocking force. The two forces will be separated by a distance

ha
. Therefore, the moment will become
2

Fe ha
.
2
The electric field strength 𝑒 is calculated by:

e=

nl V
ha

(6-5)

where 𝑛e is the number of active layers of the piezoelectric ring bender and 𝑉 is the applied voltage.
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A small element of the piezoelectric ring bender and the blocking force in one half of the layers can be
seen in Figure 6-8, where equal and opposite blocking force will be created by the second half. 𝑟 is the
radius of the piezoelectric ring bender.

Fe
r

Fe
Dq

Dr
Figure 6-8. Illustration of a piezoelectric ring bender showing the effective piezoelectric forces on as small element.

By considering equal blocking moments in this two-dimensional arrangement and by taking moments
in the tangential direction, the additional moment at the outer radius 𝑟 + ∆𝑟 of the ‘small element’ is
due to the piezoelectric force difference in the radial direction, as well as a component from the
circumferential direction, which can be described as follows:
𝑀7 ∆𝑟∆𝜃 = 𝐹7 𝑟 + ∆𝑟 ∆𝜃 − 𝐹7 𝑟∆𝜃 + 𝐹7 ∆𝑟∆𝜃
𝑀7 =

ℎR
2

𝐹7 ℎR
2

𝑀7 = 𝑑GD 𝑒𝐸

ℎR F
4

(6-6)

(6-7)

(6-8)

For a symmetrically loaded disc the curvature of the plate or ring in the diametric section 𝑟 is shown by
Equation (6-9).
1
𝑑𝜙
=
𝜌D 𝑑𝑟

(6-9)

𝜙 represents the slope (or angle) of the surface at that specific point of the section. After the deflection
of the plate, the section forms a conical surface with apex A (see Figure 6-9). Then the octagonal
curvature is represented by Equation (6-10).
1
𝜙
=
𝜌F 𝑟

(6-10)

Figure 6-9 shows a sectional side view of a piezoelectric ring bender and the moment and axial force
per unit length that is acting on it. Figure 6-10 shows a side view of a small element, similar to the small
element shown in Figure 6-8, and shows the moments and forces acting on the element.
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Figure 6-9. Piezoelectric ring bender cross section showing the moment and axial forces.

z

Ml

Vs
Vs

M l + DM l

Dr
Figure 6-10. Side view of a small element within the piezoelectric ring bender.

𝑉? represents the shearing force per unit length acting on the sides of the small element. The effect of
the shear on the bending is neglected. Thus, from Equation (6-1), Equation (6-11) and (6-12) is obtained.
In Equation (6-11) and (6-12), 𝑀D and 𝑀F represents the bending moment per unit length, where 𝑀D
acting along the cylindrical section and 𝑀F is acting along the side (diametrical section) of length ∆𝑟.
𝑀D = 𝐷

𝑑𝜙
𝜙
+ 𝜇-.
− 𝑀7
𝑑𝑟
𝑟

(6-11)

𝑀F = 𝐷

𝜙
𝑑𝜙
+ 𝜇-.
− 𝑀7
𝑟
𝑑𝑟

(6-12)

The moment 𝑀F has a resultant acting in the 𝑧𝑟 plane equal to 𝑀F ∆𝑟∆𝜃. By summing the moments, the
equation of equilibrium gives Equation (6-13) and by neglecting smaller higher order terms Equation
(6-14) is obtained.
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𝑀D + ∆𝑀D 𝑟 + ∆𝑟 ∆𝜃 = 𝑀D ∆𝜃 + 𝑉? 𝑟∆𝜃∆𝑟 + 𝑀F ∆𝑟∆𝜃
𝑀D +

𝑑𝑀D
𝑟 = 𝑉? 𝑟 + 𝑀F
𝑑𝑟

(6-13)

(6-14)

By substituting the values from Equations (6-11) and (6-12), Equation (6-14) becomes Equation (6-15)
or Equation (6-16).
𝑑 F 𝜙 1 𝑑𝜙 𝜙
𝑉?
+
− F=
F
𝑑𝑟
𝑟 𝑑𝑟 𝑟
𝐷
𝑑 1 𝑑 𝑥𝜙
𝑑𝑟 𝑟 𝑑𝑟

=

𝑉?
𝐷

(6-15)

(6-16)

The piezoelectric ring bender will exert a force 𝑃 in the centre as shown in Figure 6-9. This results in a
shear force per unit length of:
𝑉? =

𝑃
2𝜋𝑟

(6-17)

By substituting Equation (6-17) into Equation (6-16), Equation (6-18) is obtained.
𝑑 1 𝑑 𝑟𝜙
𝑑𝑟 𝑟 𝑑𝑟

=

𝑃
2𝜋𝐷𝑟

(6-18)

By integrating Equation (6-18) twice, Equation (6-19) is obtained. Where 𝐶D and 𝐶F are constants of
integration, which represents the boundary conditions (mounting conditions).
𝜙=

𝑃𝑟
𝐶D 𝑟 𝐶F
2 ln 𝑟 − 1 +
+
8𝜋𝐷
2
𝑟

(6-19)

𝐶D and 𝐶F are redefined as shown in Equation (6-20) to simplify the next derivation.
𝜙=−

1
𝑟
𝐶H 𝑟, F
−𝑃𝑟 1 + 2 ln
+ 2𝐶G 𝑟 +
8𝜋𝐷
𝑟,
𝑟

(6-20)

where 𝑟, is the radius of the outer edge.
The deflection of the piezoelectric ring bender, 𝑤, can be obtained by integration from Equation (6-21).
This will give Equation (6-22).
𝜙=−
𝑤=

𝑑𝑤
𝑑𝑟

𝑟, F
𝑟F
𝑟
𝑟F
−𝑃 F ln + 𝐶G + 𝐶H ln 𝑟 + 𝐶•
8𝜋𝐷
𝑟,
𝑟,
𝑟,

(6-21)

(6-22)

The inner edge displacement at a radius 𝑟+ in relation to the outer edge is given by Equation (6-23).
𝑟, F
𝑟+ F 𝑟+
𝑟+ F
𝑤+ =
−𝑃 F ln + 𝐶G F + 𝐶H ln 𝑟 + 𝑃 ln 1 − 𝐶G − 𝐶H ln 𝑟,
8𝜋𝐷
𝑟,
𝑟,
𝑟,

(6-23)
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By substituting the ratio of inner to outer radii by R =

𝑤+ =

ri
Equation (6-24) is obtained.
ro

𝑟, F
−𝑃𝑅 F ln 𝑅 − 𝐶G 1 − 𝑅 F + 𝐶H ln 𝑅
8𝜋𝐷

(6-24)

6.5 BOUNDARY CONDITIONS
The constants from the integrations can be found from the boundary conditions.
The moment at the outer edge, 𝑀D, , is given by the product of stiffness of the mounting 𝑘, and the
angle of the outer edge of the ring bender, 𝜙, .
(6-25)

𝑀D, = −𝑘, 𝜙,
Substitute Equation (6-25) into Equation (6-11) and rearrange gives Equation (6-26).
8𝜋𝑀7 = 8𝜋𝐷

𝑑𝜙
𝑑𝑟

+ 8𝜋𝐷𝜇,

,

𝜙,
𝑟,

(6-26)

where:
𝜇, = 𝜇-. +

𝑟, 𝑘,
𝐷

(6-27)

Differentiating Equation (6-20) gives Equation (6-28).
𝑑𝜙
1
𝑟
𝐶H 𝑟, F
=−
−𝑃 3 + 2 ln
+ 2𝐶G − F
𝑑𝑟
8𝜋𝐷
𝑟,
𝑟

(6-28)

By substituting Equation (6-20) and (6-28) into Equation (6-26) gives Equation (6-29).
−8𝜋𝑀7 = −3𝑃 + 2𝐶G − 𝐶H + 𝜇, −𝑃 + 2𝐶G + 𝐶H

(6-29)

Similar to the outer edge, the moment at the inner edge is given by the torsional stiffness of the mounting
and the product of the angle:
𝑀D+ = 𝑘+ 𝜙+

(6-30)

where 𝑘+ is the stiffness on the inner edge.
Substitute Equation (6-30) into Equation (6-11) gives Equation (6-31).
8𝜋𝑀7 = 8𝜋𝐷

𝑑𝜙
𝜙+
+ 8𝜋𝐷𝜇+
𝑑𝑟 +
𝑟+

(6-31)

where:
𝜇+ = 𝜇 −

𝑟+ 𝑘+
𝐷

(6-32)

95

Substituting Equation (6-20) and (6-28) into Equation (6-31) gives Equation (6-33).
−8𝜋𝑀7 = −𝑃 3 + 2𝑙𝑛𝑅 + 2𝐶G −

𝐶H
𝐶H
+ 𝜇+ −𝑃 1 + 2𝑙𝑛𝑅 + 2𝐶G + F
F
𝑅
𝑅

(6-33)

Equation (6-29) and (6-33) then be arranged to obtain the matrix shown in Equation (6-34), which can
be solved for constants 𝐶G and 𝐶H for given values of 𝑀7 and 𝑃.
−8𝜋𝑀7 + 𝑃 𝜇, + 3
−8𝜋𝑀7 + 𝑃 𝜇+ + 3 + 2𝑙𝑛𝑅 𝜇+ + 1

2 𝜇, + 1
=

2 𝜇+ + 1

𝜇, + 1
1
F
𝑅 𝜇+ − 1

𝐶G
𝐶H

(6-34)

6.6 FREE DISPLACEMENT AND BLOCKING FORCE
The maximum displacement of a piezoelectric ring bender is achieved when the load, 𝑃, is zero.
Equation (6-35) is obtained from equation (6-24) if 𝑃 is zero.
𝑤+8 =

𝑟, F
−𝐶G 1 − 𝑅 F + 𝐶H 𝑙𝑛𝑅
8𝜋𝐷

(6-35)

Equation (6-36) is obtained from Equation (6-34), when 𝑃 is zero.
2 𝜇, + 1
1
−8𝜋𝑀7
=
1
2 𝜇+ + 1

𝜇, − 1

1
𝜇 +1
𝑅F +

𝐶G
𝐶H

(6-36)

This will give the free displacement as:

𝑤+8

2 𝜇, + 1
𝑀7 𝑟, F
=
1 − 𝑅 F − ln 𝑅
𝐷
2 𝜇+ + 1

𝜇, − 1

1
𝜇 −1
𝑅F +

\D

1
1

(6-37)

The blocking force is the maximum force provided by the piezoelectric ring bender. The maximum
force output is at maximum voltage and zero displacement, 𝑤+8 = 0. From Equation (6-24), when
𝑤+8 = 0, the maximum force is obtained as Equation (6-38).
𝑃K = −𝐶G

1 − 𝑅F
1
+ 𝐶H F
F
𝑅 𝑙𝑛𝑅
𝑅

(6-38)

By substituting 𝑃K into Equation (6-34) Equation (6-39) is obtained.
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−8𝜋𝑀7

1
1
+ F
1
𝑅

=

−
1 − 𝑅F
−
𝑙𝑛𝑅
2 𝜇, + 1
2 𝜇+ + 1

1 − 𝑅F
𝑙𝑛𝑅

𝜇, + 3

𝜇, + 3

𝜇+ + 3 + 2 𝜇+ + 1 𝑙𝑛𝑅

𝜇+ + 3 + 2 𝜇+ + 1 𝑙𝑛𝑅

𝜇, + 1

1
𝜇 +1
𝑅F ,

𝐶G
𝐶H
(6-39)

𝐶G
𝐶H

Equation (6-39) can also be written as shown in Equation (6-40), from where 𝐶G , 𝐶H can be obtained.
𝑃K can then be found from Equation (6-38).
−8𝜋𝑅 F 𝑀7

=

1
1
2𝑅 F 𝜇, + 1 +

2𝑅 F 𝜇+ + 1 +

1 − 𝑅F
𝑙𝑛𝑅

1 − 𝑅F
𝑙𝑛𝑅

𝜇, + 3

𝑅 F 𝜇, − 1 − 𝜇, + 3

𝜇+ + 3 + 2 𝜇+ + 1 𝑙𝑛𝑅

−2 2 + 𝜇+ + 1 𝑙𝑛𝑅

6.7 EFFECTIVE BLOCKING FORCE

AND

𝐶G
𝐶H

FREE DISPLACEMENT

(6-40)

WITH

COMPLIANT MOUNTING
To obtain the effective force, 𝑃78 , provided by the ring bender due to the axial stiffness of the outer
edge mounting, it is modelled as two springs in series, one is the stiffness of the ring bender and the
second is the mounting, from where Equation (6-41) is obtained.
𝑃78
𝑘.K 𝑘R
=
𝑤+8 𝑘.K + 𝑘R

(6-41)

where 𝑘R is the mounting stiffness in the axial direction and the stiffness of the ring bender 𝑘.K
The stiffness of the ring bender is 𝑘.K =

𝑃K

𝑤+8 .

From Equation (6-41), Equation (6-42) is obtained and simplified to Equation (6-43)
𝑃K
𝑘
𝑃78
𝑤+8 R
=
𝑃K
𝑤+8
+ 𝑘R
𝑤+8

(6-42)

𝑃K 𝑘R
𝑃K
+ 𝑘R
𝑤+8

(6-43)

𝑃78 =

To obtain the maximum displacement and to only investigate the effect the outer edge mounting has on
the piezoelectric ring bender the inner edge stiffness 𝑘+ was set to zero and 𝑘, was set to the torsional
stiffness of the outer edge mounting. The 𝑘, will vary and depends on the overlap and thickness, but
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also the Young’s modulus of the mounting. Using the results for the free displacement and blocking
force in section 6.6 it can be shown that the inner edge can be high without having a negative effect on
the ring bender displacement or force output.
The equations were implemented into a Matlab code to be able to calculate the maximum displacement
and force output for different mounting arrangements. To be able to obtain the most efficient mounting
arrangement the work output was calculated. This was done by plotting the maximum force against
maximum displacement and calculating the area under the graph, as can be seen in Figure 6-11, where
two example mounting arrangements can be seen. The assumed optimum mounting arrangement,
overlap-thickness ratio, will be the arrangement that results in the maximum work output. The optimum
arrangement will not provide the highest force or displacement possible, but it provides a good
combination of force and displacement.

Pef
Mounting
arrangement 1
Work output, Wrb =

Pef wif
2

Mounting
arrangement 2

wif
Figure 6-11. Demonstrating two different mounting arrangements and how the work output is calculated.

The parameters implemented into the analytical model for the ring bender mounting, for the 40mm ring
bender, can be seen in Table 6-2.
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Table 6-2. Parameters used for the mounting investigation.

Parameter
𝜇-.
𝑑GD
𝐸
ℎR
ℎY
ℎR
𝑘+
𝑛
𝑃
𝑟+
𝑟,
𝑉

Explanation

Value CMBRO04

Poisson’s ratio of the

0.31

0.31

170 ∙ 10\DF m V

170 ∙ 10\DF m V

1 (17 ∙ 10\DF ) N mF

1 (17 ∙ 10\DF ) N mF

0.7 mm

1.25 mm

69.375 µm

69.375 µm

0.561 mm

1.11 mm

0

0

10

16

11 N

39 N

3 mm

4 mm

15 mm

20 mm

100 V

100 V

piezoelectric ring bender
Strain coefficient
Young’s Modulus of the
piezoelectric ring bender

Value CMBR08

Thickness of the piezoelectric
ring bender
Thickness of one active ceramic
layer
Active thickness
Stiffness of the mounting on the
inner edge
Number of active layers
Blocking force of the
piezoelectric ring bender
Inner radius of the piezoelectric
ring bender
Outer radius of the piezoelectric
ring bender
Applied voltage

6.8 FEA MOUNTING STIFFNESS RESULTS
From the FEA simulations, axial and torsional stiffnesses for a range of overlap and thicknesses were
obtained. These stiffness values from the FEA simulations can be seen in the matrices in Appendix A.1.
For every stiffness valve, a new FEA simulation needed to be completed, which is time consuming.
Therefore, polynomials were fitted to the FEA stiffness results, by using a least square fit approach.
With this approach, the step between each stiffness value can be made smaller, and more accurate,
without running further FEA simulations. The polynomial equation used for the axial stiffness can be
seen in Equation (6-44) and for the torsional stiffness in Equation (6-45).
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H

£
R
𝐶+,,+Y
𝑜 +, 𝑡 +Y

𝑘R =

(6-44)

+,¤\F +Y¤\£
•

D
Y
𝐶+,,+Y
𝑜 +, 𝑡 +Y

𝑘Y =

(6-45)

+,¤I +Y¤\H

Figure 6-12 the FEA results for the axial stiffness and Figure 6-13 shows the torsional stiffness. The
figures show the stiffness against overlap for different thickness values. It can be seen that there is a
good match between the polynomial fit and the FEA results. These results are for a Young’s modulus
of 10MPa.

Figure 6-12. Axial stiffness mathematical model match to the FEA results. The solid lines show the original data and the
dashed lines show the polynomial fit, for different thicknesses (mm).
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Figure 6-13. Torsional stiffness mathematical model match to the FEA results. The solid lines show the original data and the
dashed lines show the polynomial fit, for different thicknesses (mm).

6.9 YOUNG’S MODULUS
The Young’s modulus of the material will affect the stiffness of the mounting. FEA simulations were
completed for different Young’s modulus and overlap values. The thickness was set to 1mm for all
Young’s modulus simulations since only the effect of the Young’s modulus was important.
It can be seen in both Figure 6-14 that shows the axial stiffness and Figure 6-15 that shows the torsional
stiffness that the Young’s modulus changes the stiffness of the mount. The Young’s modulus simply
acts as a scaling factor for the mounting stiffness.
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Figure 6-14. Effect of Young’s moduli on axial stiffness for a 1 mm thickness.

Figure 6-15. Effect of Young’s moduli on torsional stiffness for a 1 mm thickness.

6.10 RESULTS: MOUNTING OPTIMISATION
The most desirable results for the axial stiffness would be as high stiffness as possible to reduce the
displacement of the mount when the ring bender exerts a force. On the other hand, the torsional stiffness
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needs to be as low as possible so as not to prevent the ring bender from bending, which would reduce
the ring bender maximum displacement [58]. To acquire the optimal thickness and overlap, the work
output was calculated, as can be seen in Figure 6-11. Examples of some of the force-displacement
curves from the analytical model can be seen in Figure 6-16. The work output was calculated by
calculating the area under the line that connects the maximum displacement and maximum force for
each overlap-thickness combination. The ‘optimum’, overlap-thickness combination, gives the
maximum work output. These results are obtained for the Noliac CMBR08 ring bender as used in the
valve prototype. Parameter values for this ring bender are given in Table 6-2. Values for a 30mm ring
bender are also shown, the results for which given in Appendix A.2.

Figure 6-16. Different overlap-thickness ratio examples showing the maximum force output and maximum displacement for
a mount with a Young’s modulus 10MPa.
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A contour plot of the work output (mJ) using the raw FEA results, can be seen in Figure 6-17 (a). Figure
6-17 (b) shows a contour plot of the work output using the stiffness polynomials. These results are for
10MPa Young’s modulus. The point of highest work output is represented by a blue circle.

Figure 6-17. Work output for 40 mm piezoelectric ring bender in mJ (a) raw FEA results (b) polynomial fit results (10MPa
Young’s modulus).

From the raw FEA results it was found that the optimum overlap-thickness combination was an overlap
of 0.7 mm and a thickness of 0.4 mm, see blue circle in Figure 6-17 (a). Using the fitted polynomials,
it was found that the optimum overlap-thickness combination was an overlap of 0.3 mm and a thickness
of 0.1 mm, see blue circle in Figure 6-17 (b). The difference is due to the smaller step size in the
polynomial fit.

6.11 OPTIMIZATION AND DESIGN GUIDE
Given that the optimum mounting might not be realistic, this section will provide guidelines of how to
obtain a good sub optimal overlap-thickness combination. To obtain the maximum work output and the
optimum overlap-thickness combination for a certain design, it is necessary to know the minimum
overlap and/or thickness set by other design constraints.
The total work output for a 40mm ring bender and a mounting with a Young’s modulus of 10MPa is
plotted in Figure 6-18. It can be seen that, for a certain thickness the same amount of work output can
be achieved with two different overlap values. Similarly, for one overlap the same work output can be
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achieved at two different thickness values. The optimum thickness-overlap combination is marked with
a blue circle, as can be seen in Figure 6-18. The further from this optimum, the lower the work output
and less force and/or displacement will be obtained from the piezoelectric ring bender.
Depending on the design constraints (requirements), a certain thickness or overlap might be required.
In Figure 6-18a line called ‘Thickness’ can be seen. This line represents the maximum output work for
a specific thickness, allowing the corresponding overlap to be read off. As an example, (the dashed line
in Figure 6-18), if a thickness of 1.5 mm is required this gives an overlap of about 1.2 mm to achieve
the maximum work output.
Also in Figure 6-18a line called ‘Overlap’ can be seen. This line represents the maximum work output
for a specific overlap. If a certain overlap is required, in this example 1.5 mm (see dotted line in Figure
6-18), the maximum work output for this overlap occurs at thickness of about 1.0 mm.
In Appendix A.2 the results and graphs that can be used as design guides can be found for the two sizes
of piezoelectric ring benders, 40mm and 30mm as well as the results for different Young’s modulus.

Figure 6-18. Example of a piezoelectric ring bender work output, showing the maximum work output for a certain overlap
and for a certain thickness.
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6.12 VALIDATION OF THE ANALYTICAL RING BENDER MOUNT MODEL
A short experimental investigation was carried out into the effect of mounting. This section provides a
comparison between the analytical model of the mounted ring bender and experimental data.
6.12.1 Experimental Test Hardware
A test arrangement was designed and manufactured to test the force and displacement of the mounted
ring bender. An illustration of the test arrangement can be seen in Figure 6-19 and a photograph can be
seen in Figure 6-20. The mounting was made of two rectangular cross section ring seals that sandwiched
the ring bender. The mount was manufactured out of EPDM90HR and the dimension specification of
the mount can be seen in Table 6-3.
Table 6-3. Dimensions of the ring bender mount.

Parameter

Value

Outer diameter

43 mm

Inner diameter

37 mm

Thickness

2 mm

An Instron machine was used to obtain the force. To eliminate any backlash in the Instron machine or
movement in the test arrangement an independent laser displacement sensor was used to measure the
ring bender displacement and it was placed in a square shape metal frame. The ring bender and the
mount was attached to the same frame. If there is any movement in the test arrangement this should
therefore not affect the displacement measurements.
To be able to move and place the laser displacement sensor into the correct position it was held between
two plastic spacers by a pair of bolts. The mounts where held in place by two plastic rings, which also
have a certain thickness to control the squeeze. The plastic disc on top of the ring bender has no
significant weight and is used to protect the ring bender from possible cracking or distortion due to the
force applied by the measuring probe.
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Measuring
Probe

Rings to control
the squeeze

Plastic
disc

Bolt
Metal Plate
Ring Bender

Mounting,
rectangular seal

Bolt

Plastic parts to
hold the laser
displacement
sensor

Metal Frame
Laser
displacement
sensor

Figure 6-19. Illustration of the ring bender mounting experimental arrangement.

Instron Load
Cell

Measuring
Probe
Plastic Part to
Hold the Laser
Displacement
Sensor
Metal Frame

Ring Bender
Sandwiched
between two
rectangular
seals

Laser
displacement
sensor

Figure 6-20. Photograph of the ring bender mounting arrangement using the Instron machine.
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6.12.2 Mounting Young’s Modulus Measurement
An additional test arrangement was used to estimate the Young’s modulus of the mount material. This
was achieved by inserting the ring seal between two flat surfaces in the Instron machine and
compressing the mount while recording the amount of compression and the force applied. By obtaining
the gradient of the line, see Figure 6-21, and using Equation (6-46) the Young’s modulus of the mount
was calculated for 10% (0.2mm compression) and 30% (0.6mm compression) squeeze level. It can be
seen in Figure 6-21 that the gradient of the lines varies for different squeeze levels, hence the Young’s
modulus changes. The average Young’s modulus for 10% squeeze can calculated as 13.7MPa and
17.5MPa for the 30% squeeze, as can be seen in Table 6-4.
𝐸> =

𝐹> 𝑡>
𝛿𝐴>

(6-46)

where 𝐸> is the Young’s modulus of the mount, 𝐹> is the force applied, 𝛿 is the amount of
compression, 𝑡> is the original thickness of the mount and 𝐴> is the area of the mount.

Figure 6-21. Graph for different ring seals comparing compression versus force.
Table 6-4. The squeeze levels, thickness and calculated average Young’s modulus of the mounting.

Squeeze level

Compression

Final Thickness

Young’s modulus

10%

0.2 mm

1.8 mm

13.7 MPa

30%

0.6 mm

1.4 mm

17.5 MPa
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6.12.3 Measured Force-Displacement Characteristics for Mounted Ring Bender
The experimental maximum force-displacement curve was obtained by using the test arrangement
described in section 6.12.1. Three tests were completed to obtain the force versus displacement for each
of the two squeeze levels, and three separate tests were carried out for each squeeze level to obtain the
maximum displacement (with zero force). Figure 6-22 shows the experimental data and a comparison
with the analytical model. It can be seen that the experimental data does not show a completely linear
relationship between force and displacement. This non-linear relationship has been found for other
piezoelectric actuators [91]. The analytical maximum force and displacement output correlates well
with the experimental data. It can be seen that both the analytical model and experimental data for the
30% squeeze (Young’s modulus of 17.5MPa) shows a higher force and lower displacement than the
10% squeeze (Young’ modulus of 13.7MPa).
In the Noliac data sheet provided for the ring benders the parameters have a tolerance between ±15%
to ±20%. Therefore, the Young’s modulus and the strain coefficient of the piezoelectric ceramic 𝑑GD
was adjusted from the manufacturer’s data to match the experimental data, as shown in Table 6-5. By
increasing the ring bender strain 𝑑GD both the force and displacement will increase, but the gradient
of the line will remain the same, essentially a scaling factor. By reducing the Young’s modulus of the
ring bender, the force output and displacement was increased, but the force will increase more in relation
to the displacement (gradient of the line will change).
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Figure 6-22. Graph comparing the analytical model to experimental data.
Table 6-5. Data sheet value and the model values for the ring bender.

Parameter

Symbol

Data sheet value

Model value

Young’s modulus

𝐸

1 17 ∙ 10\DF Pa

1 15 ∙ 10\DF Pa

Strain coefficient

𝑑GD

170 ∙ 10\DF m V

182.5 ∙ 10\DF m V

Difference
−13.3%
+7.4%

As shown in Figure 6-22 there is not much difference in output between the two squeeze levels and
Young’s moduli. This is also shown in the contour plots in Figure 6-23, (a) shows the 10% squeeze and
13.7MPa Young’s modulus and (b) shows the 30% squeeze and 17.5MPa Young’s modulus. The
thickness and overlap in both cases is shown by a blue cross and it can be observed that both provide
similar work output and are in the area where the change in either overlap or thickness does not have a
significant effect on the work output.
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(a)

(b)

Figure 6-23. Contour plot of the work output, the blue circle shows the optimum overlap-thickness combination and the blue
cross shows the overlap-thickness combination used (a) 10% squeezed, Young’s modulus of 13.7MPa (b) 30% squeezed,
Young’s modulus of 17.5MPa.

The following section provides the optimized overlap-thickness combination for different Young’s
modulus values.

6.13 OPTIMISATION: OVERLAP-THICKNESS COMBINATION
The adjusted Young’s modulus and strain of the ring bender was implemented into the analytical model
to obtain the optimized overlap-thickness combination of the mount. As the Young’s modulus changes
the optimum overlap-thickness combination changes as well. In Table 6-6 the mathematical optimum
overlap and thickness for different Young’s moduli can be seen. It can be seen that there is an increase
in thickness while the Young’s modulus increases. The optimum overlap seems to vary between 0.3 to
0.5 mm without a clear relationship, which is probably due to the maximum work being fairly
insensitive to the overlap within this range.
Table 6-6. Mathematical optimum overlap and thickness for a 40mm piezoelectric ring bender for different Young’s modulus
(polynomial fit).

Young’s modulus

Optimum overlap

Optimum thickness

(MPa)

(mm)

(mm)

5

0.4

0.1

10

0.3

0.1

13.7

0.5

0.3

15

0.5

0.4

17.5

0.4

0.4

20

0.4

0.4
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The optimum overlap-thickness combination seems to tend to very small values for each, which is a
‘knife edge’ with a very small thickness. As the stiffness and Young’s modulus increases the thickness
of the knife edge increases.
Due to the small optimum overlap and thickness values, this is in reality, most likely not practical.
However, it can depend on the design and purpose of the mounting. For this research, the mount is also
used as a seal to ensure no fluid reaches the wire attachments of the piezoelectric ring bender and
therefore need to have a certain overlap.
The next section provides a conclusion of the ring bender mount investigation.

6.14 CONCLUSION
From the investigation of the ring bender mounting an optimum overlap-thickness combination can be
found. However, the optimum solution is dependent on the Young’s modulus of the mounting. The
analytical model was validated against experimental data. The optimum solution also implies that the
overlap and thickness tend to zero. Small overlap and thickness will allow the ring bender edge to rotate
while being axially stiff to provide maximum force. This thin, optimum, solution might not be feasible
in certain applications, for example when the mount is used as a seal as in this research project. There
is an area where a good overlap-thickness combination can be found for a specified overlap or thickness.
The Young’s modulus works as a scaling factor of the stiffness of the mount, and interacts with the ring
bender in such a way as to change the optimum mount dimensions.
The following chapter describes durability and encapsulation of a ring bender submerged into a
phosphate ester based aerospace hydraulic fluid.
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7 FLUID COMPATIBILITY, DURABILITY AND
ENCAPSULATION OF PIEZOELECTRIC RING BENDERS
7.1 INTRODUCTION
Applications where piezoelectric actuators are used in harsh conditions and in more critical components
are increasing. Examples where piezoelectric actuators are present include satellites, aircraft engines,
medical surgery instruments, sonar, laser systems, nano and micro positioning [29]. Therefore, the
durability of the piezoelectric actuators, especially in harsh environments, needs to be ensured. To
ensure that piezoelectric actuators are durable and will not fail or degrade during operation they may
need to be encapsulated to protect them from a potentially harmful environment.
As described in Chapter 3, Valve Design, in this investigation a piezoelectric ring bender actuates a two
stage servovalve that could potentially be introduced in next generation aircrafts. When the piezoelectric
ring bender will be in service it will be submerged in aircraft hydraulic fluid. It is therefore essential to
guarantee that the piezoelectric ring bender will not degrade when submerged in the hydraulic fluid.
Hyjet is the fluid to be used in this study which is a tradename for the phosphate-ester fluid used in civil
aerospace.
The aim of this chapter is to determine if and why piezoelectric ring benders degrade or fail when in
contact with Hyjet while in operation, and if encapsulation methods are needed. In addition, possible
methods for encapsulation have been tested and evaluated.
Due to the limited amount of published work on durability and reliability of piezoelectric actuators in
phosphate ester based fluid, the testing in this thesis is of an ad-hoc fashion. However, the results
provide a future researcher the possibility to design a more rigorous testing program. It provides an
understanding of the failure modes and difficulties with testing piezoelectric actuators in hydraulic fluid.
This is an extensive section presenting the results from numerous tests.
7.1.1

Fault Tree

During initial testing it was discovered that there were failures of the ring benders operating in Hyjet,
and a number of possible mechanisms were identified. These possible causes are captured in a ‘fault
tree’ that can be seen in Figure 7-1. The fault tree describes possible failure modes that need to be
investigated. This will be discussed again later in the section 7.7.
The fault tree is divided into two paths, the first one is an electro-chemical attack (1.) and the second is
mechanical fatigue (2.). Mechanical fatigue could be due to simple mechanical fatigue (2.1) when in
operation (without hydraulic fluid present), essentially the ring bender (piezoelectric material, solder
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material or electrode material) breaking down due to fatigue. It could also be that the piezoelectric
ceramic, the solder or the electrodes are weakened by the hydraulic fluid (without electric field applied,
2.2).
The electro-chemical failure (1.) is a failure that involves the hydraulic fluid and an applied electric
field. This is split up into two paths. One is a migration of metal ions from the external electrical
connections into the hydraulic fluid (1.1). This could be done by fluid reaching the electrical
connections. The second (1.2) is that the fluid penetrates the ring bender ceramic and reaches the
internal connections. Or, there could be a combination of these (1.3), that the fluid needs to reach the
electrical connections and at the same time penetrate the ceramic and create an electrical circuit with
the internal electrodes. The Hyjet forms an electro-chemical cell between the external electrical
connections and the internal electrodes, where metal is removed from the solder and potassium is
applied to the internal electrodes. The hydraulic fluid could reach the external electrical connections by
leaking past the seal (1.1.1), this could be due to poor seal squeeze, poor seal due to surface roughness
or due to surface porosity or cracks. It could potentially also penetrate the edges of the ring bender
(1.1.2). The Hyjet could penetrate the piezoelectric ceramic (1.2.1) through the bulk porosity or cracks.
0.
Piezoelectric Ring Bender
Failure in Hyjet

1.
Electrochemical attack
(in fluid)

2.
Mechanical fatigue

2.1
Simple mechanical
fatigue (no fluid)

1.3
AND

1.1
Gradual migration (via fluid)
of metal from electrical
connections

1.1.1
Fluid connects with external
electrical connections (seal not
effective)
1.1.1.1
Poor seal
squeeze

1.1.1.3
Surface porosity or
cracks

1.2
Gradual migration (via fluid) of metal
between closely spaced conductors (may lead
to arcing)

1.1.2
Fluid penetrates
edges of disc

1.2.1
Fluid penetrates the
piezoelectric ceramic
and create a connestion
between internal electrodes

1.1.2.1
Edge porosity or
cracks

1.2.1.1
Bulk porosity or
cracks

2.1.1
Piezoelectric
ceramic

2.1.3
Solder
material

2.1.2
Electrode
material

2.2
Fatigue capability reduced by fluid
(no applied electrocal field)

2.2.1
Piezoelectric ceramic
weakened by fluid

2.2.3
Solder material
weakened by fluid

2.2.2
Electrode material
weakened by fluid

1.1.1.2
Surface
roughness

Figure 7-1. Piezoelectric ring bender in Hyjet fault tree [92].

The valve prototype was tested in mineral oil therefore no failure occurred during testing of the valve.
7.1.2

Hyjet

The hydraulic fluid that is used in this investigation is a fire-resistant phosphate ester-based aviation
hydraulic fluid called Hyjet V+, which is designed for commercial aircraft hydraulics. The Hyjet
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includes a potassium compound, which is present to provide protection against corrosion. The
potassium picks up unwanted water molecules that are mixed in with the Hyjet and also attaches to
negative charged areas for corrosion protection [93]. Hyjet is an aggressive fluid that will attack many
plastic and rubber materials. Therefore, it is essential to have Hyjet resistant material when working
with Hyjet.
Hyjet V+ was used for all the tests in this chapter, unless stated otherwise.

7.2 RING BENDER TESTING IN FLUID
This section describes the testing conducted to understand the durability of the piezoelectric ring bender
operating in Hyjet.
7.2.1

Ring Bender in Hyjet, Initial Testing

The first tests were to investigate how the Hyjet would affect the piezoelectric ceramic, solder,
electrodes and wires while no potential difference is applied to the electrode. A ring bender, with its
wires attached, was submerged into the Hyjet without voltage applied, as well as different disconnected
wires with their insulation. The Hyjet does not affect the piezoelectric ceramic, the solder or the
electrodes, since no damage was detected. Some wire insulation did swell up, but the insulation used
on the piezoelectric ring bender was not affected by the Hyjet.
Since no degradation is observed on the ring bender when no voltage is applied, tests are necessary to
investigate the ring benders with applied voltage when submerged into hydraulic fluid.
The first test conducted with an electric field was undertaken by submerging a ring bender and its
electrical connections, as received from the manufacturer, into the hydraulic fluid. An electric field was
applied to the piezoelectric ring bender as can be seen in Figure 7-2, where the red wire was held at
+200V, the blue at 0V and the black at 0V. The colours represent the colour of the wire attached to the
ring bender. In this case, as shown in Figure 7-2, the top half of the ring bender exhibits an electrical
field, due to the potential difference between the electrodes. This applied electric field is the maximum
rated electric field (3kV/mm). The background colour is to show the electric field applied, green
represents existence of an electric field and white no electric field applied. Each ceramic layer is 67µm.

115

+200 V
0V
0V

Figure 7-2. Illustration of the applied voltage for the initial tests for the ring bender test in Hyjet.

After 40 hours of being submerged in the Hyjet, as can be observed in Figure 7-3, the red wire attached
to the ring bender failed. An electrochemical reaction had taken place between the ring bender and the
hydraulic fluid. Around the blue wire connection, a black area can be seen, see Figure 7-3 (a). In the
test, the red wire corroded to the extent that it detached from the ring bender, see Figure 7-3 (b). A cross
section of the ring bender, across the black spot, reveals that several of the internal electrodes were
damaged and have separated from the piezoelectric ceramic, as can be seen in Figure 7-4 (a) and (b).
Three tests were conducted with similar results.
2mm

2mm

Remains of red wire
solder and wire

(a)

(b)

Figure 7-3. (a) Black spot around the blue wire (b) Red wire remains.
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500µm

200µm

(a)

(b)

Figure 7-4. (a) Cross section of the piezoelectric ring bender across the black spot (b) zoomed in on the damaged electrodes.

A Scanning Electron Microscope (SEM) investigation was conducted on the tested piezoelectric ring
bender. The weight percentage of the elements present in the black spot present around the negative
charge wire (blue wire, seen in Figure 7-3 (a)), can be seen in Figure 7-5. It can be seen that there is a
significant amount of potassium and oxygen present, which indicate the presence of a potassium
compound. This suggests that the potassium present in the Hyjet is doing what it was intended to do,
attach to a negatively charged surface to prevent corrosion. The black potassium compound is only
found on the negative charge side.
It is believed that the ion displacement occurs as between the positive and negative charged electrical
connections, as illustrated in Figure 7-6. The positive charged silver and copper ions will enter the Hyjet
and the positively charged sodium, potassium and calcium will attach to the negatively charged area (in
this case the blue wire), creating an electro-chemical reaction. The electrical wires used for the ring
benders are silver plated with a copper core and the solder is a silver based solder [94][33].
This is similar results to Beck et al. who found in their experiment that corrosion could be produced via
an electrochemical reaction in a phosphate based hydraulic fluid. They found that a film of deposited
sodium carbonate was formed at the cathode and corrosion occurred at the anode [95].
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Calcium (Ca)
100%

Phosphorus (P)

90%

Silocon (Si)

80%

Aluminium (Al)

Weight %

70%

Sodium (Na)

60%

Flourine (F)

50%
40%

Potassium (K)

30%

Lead (Pb)

20%

Oxygen (O)

10%
0%

Figure 7-5. Weight percentage of the elements present at the black spot obtained by the SEM.

Cathode

Anode

- +

Calcium

Copper

Potassium
Silver

Sodium
Hyjet
Figure 7-6. Chemical reaction between the anode and cathode submerged in Hyjet.

7.2.2

Wire Testing

A test was conducted where two wires were inserted into the hydraulic fluid to investigate the
electrochemical reaction. The two wires acted as an anode (+200V) and cathode (0V), as can be seen
in Figure 7-7 where a schematic diagram of the electrical circuit can be seen. Figure 7-8 (a) shows the
positive charged wire and it can be observed that the silver coating has been stripped away and the
copper core is exposed, as can be seen by the orange colour on the left half of the wire. Figure 7-8 (b)
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shows the negative charged wire that is coated with a chemical component, most likely the same
potassium compound seen in previous tests. This shows a similar result as hypothesised in Figure 7-6.
From these first tests, it is clear that to successfully test the piezoelectric ceramic itself under an applied
electric field the wires and the electrical connections needs to be isolated away from the Hyjet.

Power supply

Core of the
wires exposed

0V

200V

Hyjet
Figure 7-7. Schematic diagram of the wire test in Hyjet, where two wires are inserted into the Hyjet with a potential
difference of 200V.
1mm

200µm

(a)

(b)

Figure 7-8. Microscopic photographs of the two wires tested in Hyjet (a) positive charged, +200V, red wire (b) grounded,
0V, blue wire.

7.2.3

Ceramic Testing

These initial tests indicated that to be able to test the piezoelectric ceramic itself and to investigate if
encapsulation is needed, the electrical connections need to be isolated from the hydraulic fluid.
Therefore, new test hardware was designed to achieve this. Both static and dynamic tests were
completed.
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7.2.3.1

Damage Rating

The piezoelectric ring benders will be rated depending on the damage from the testing, 1 is the least
amount of damage and 5 is the most amount of damage, as can be seen in Figure 7-9 and as follows:
0. No damage observable.
1. No visible damage with the naked eye. Possible minor damage can be seen under a microscope.
2. Discoloration on the electrical connections.
3. Cracks visible and discoloration of the electrical connections.
4. Significant visible damage and discoloration on the electrical connections.
5. Black spots visible and damage to at least one ceramic layer.

1.

2.

3.

4.

5.

Figure 7-9. Photographs of the ring benders rating the damage on the piezoelectric ring bender after testing in Hyjet.

7.2.3.2

Test Hardware

Test hardware was designed to isolate the electrical connections from the hydraulic fluid, thus the
hydraulic fluid was only in contact with the piezoelectric ceramic. The parts used for the tests can be
seen in Figure 7-10.
The piezoelectric ring bender was ‘sandwiched’ between two O-rings and held in place by two acrylic
plates, see Figure 7-11 (a), which shows the test setup from the side and Figure 7-11 (b) from the top.
The void between the two acrylic plates was filled with Hyjet, as can be seen in Figure 7-12 and Figure
7-13. This arrangement will allow the hydraulic fluid to be in contact with the piezoelectric ceramic,
but not reaching the wires or electrical connections. A third acrylic plate was added to ensure no leaking
can occur while handling the sample and to ‘protect’ the test sample and Hyjet from being contaminated.
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Hole to insert
Hyjet
Piezoelectric
ring bender

Acrylic plates

Screws and
nuts
O-rings

Figure 7-10. Parts used for the test harware for the ring bender in Hyjet testing.

(a)

(b)

Figure 7-11. (a) Side view of the test hardware with the piezoelectric ring bender sandwiched between the seals (b) top view
of the test setup.

+100V
± 100V

Hyjet

Ring Bender
Acryllic plate

-100V
O-ring

Figure 7-12. Cross section illustration of the hardware design showing the piezoelectric ring bender sandwiched between
two O-rings and with the void filled with Hyjet.
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from the Hyjet
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with Hyjet

Figure 7-13. Photograph of the Hyjet test sample where the void surrounding the ring bender is filled with Hyjet.

7.2.3.3

Electric Field Test Scenarios

The test of Section 7.2.1 was a static test (denoted with an “S”) where 200 volts was applied to the red
wire and the blue and black wire were at zero volts as can be seen in Figure 7-14 (a), designated Test
S1. Test S1 is one option to obtain the maximum rated electrical field (3kV/mm) between the electrodes
in the top half of the ring bender. In addition to Test S1 three more static tests were conducted with the
new test setup to replicate the range of polarities during normal operation.
Test S2, see Figure 7-14 (b), gives zero displacement of the piezoelectric ring bender due to the equal
applied electric field on the two halves of the ring bender; the red wire was held at +100 V, the black
wire at -100 V and the blue wire was held at 0 V. Test S3 and Test S4, Figure 7-14(c) and (d), gives the
maximum positive and negative displacement of the ring bender. In Test S3 the red wire is held at +
100 V, black wire at -100 and the blue at -100 V. In Test S4 the red wire is held at +100 V, black wire
at -100 and the blue at +100 V.
The background colour is to show the electric field applied: green represents an electric field in the top
half, white no electric field and red electric field in the lower part.
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Test S1

Test S2

+200 V

Test S3

+100 V

+100 V

0V

+100 V

0V

0V

Test S4

-100 V

-100 V
-100 V

(a)

(b)

+100 V
-100 V

(c)

(d)

Figure 7-14. Test scenarios showing the different voltages applied to the three wires (a) the voltages for Test S1 (b) the
voltages for Test S2 (c) the voltages for Test S3 (d) the voltages for Test S4.

In addition to static tests, the actuator was subjected to AC voltages (dynamic), denoted by “D”. Test
D5 was varying the voltage to the blue wire from -100 V to +100 V using a sine wave at either 3Hz or
30Hz, the red wire held at constant +100 V and black wire at constant -100 V. The tests were conducted
while the ring bender was submerged in Hyjet. These tests were conducted to investigate if the
movement of the ring bender or the switching of the electric field could have an impact. The movement
could potentially initiate crack growth in the ceramic, which could create a path for the Hyjet to reach
the electrodes.
Due to a limited number of ring benders, some of the ring benders were subjected to several different
test scenarios. This was only conducted in case no significant damage was observed.
7.2.4

Testing in Air

Before testing the piezoelectric ring benders in Hyjet one test was conducted in air. A ring bender
identified as Disc 1 was tested in air to investigate if there is a possibility that it will start to degrade
without the presence of Hyjet. The ring bender was tested for 21 days with no signs of any damage or
discoloration on the electrical connections, see Table 7-1. The damage was rated to 0.
Table 7-1. Results from testing Disc 1.

Disc 1
Test:

Test 1

Test procedure:

D5, Dynamic

Duration:

21 days

Observation:

No visible damage or discoloration on the electrical connections.

Damage:

0
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7.2.5

Testing in Water

The test with Disc 2 was conducted using water instead of Hyjet for a duration of 86 days. Water was
investigated since several papers refer to moisture, humidity and water attacking the piezoelectric
actuators [96][47][42][43]. When the test was stopped, no visible damage could be observed and the
damage was rated as 0. There could be two reasons why no damage was present. First, the water could
still be leaking out past the seals (as is suspected for the Hyjet tests described next), but compared to
the Hyjet the water will evaporate and not stay to form an electric circuit. The second reason could be
that the Hyjet might be more prone to form an electrical circuit via the first internal electrode, by finding
a path through the outer most ceramic layer. The test results from Disc 2 can be seen in Table 7-2
Table 7-2. Results from testing Disc 2.

Disc 2
Test:

Test 1

Test procedure:

D5, dynamic test, submerged in water

Duration:

86 days

Observation:

No observed damage or discoloration on the electrical connections.

Damage:

0

7.2.6

Testing in Hyjet

Five piezoelectric ring benders (Disc 3, Disc 4, Disc 5, Disc 6 and Disc 7) were tested in Hyjet under
the Test S1 testing conditions. The piezoelectric ring benders were tested for approximately 6 months
without any sign of significant degradation or failure visible. There was a small amount of discoloration
visible on the wires and electrical connections
Due to the long tests without any sign of degradation additional tests were conducted on the five
piezoelectric ring benders.
Disc 3 was tested for 191 days under test condition Test S1. There was no significant amount of
degradation visible. However, there was some small discoloration on the positive (red) and negative
(blue) connection. The second test was a dynamic Test D5, which was tested for 9 days where again
only a small amount of discoloration on the red and blue wire was visible. The amount of damage was
rated to 2. The test and results can be observed in Table 7-3.
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Table 7-3. Results from testing Disc 3.

Disc 3
Test:

Test 1

Test 2

Test procedure:

S1, Static test

D5, Dynamic 30Hz.

Duration:

191 days

9 days

Observation:

Very small amount of discoloration

Very small amount of discoloration

around the wires, no other visible

around the wires, no other visible

damage on the ceramic.

damage on the ceramic.

2

2

Damage:

Disc 4 was tested for three different scenarios, Table 7-4 shows the tests and results. The first one was
the Test S1 which was tested for about 6 months. Only a small amount of discoloration on the electrical
connections was found. The second test was Test S3 which was tested for about four days. Again, only
a small amount of discoloration on the electrical connections was found. The third test was the dynamic
test Test D5, which was tested for about 20 days or about 52 million cycles, only a small amount of
discoloration on the electrical connections was found. The damage was rated to 2 in all circumstances.
Table 7-4. Results from testing Disc 4.

Disc 4
Test:

Test 1

Test 2

Test 3

Test procedure:

S1, Static test

S3, Static test

D5, Dynamic 30 Hz

Duration:

187 days

4 days

20 days, ~ 52 million
cycles

Observation:

Small

amount

of

Small

amount

of

Small

amount

of

discoloration around the

discoloration around the

discoloration

around

wires, no other visible

wires, no other visible

the wires, no other

damage on the ceramic.

damage on the ceramic.

visible damage on the
ceramic.

Damage:

2

2

2

Table 7-5 shows the tests and results of Disc 5. Similar to Disc 3 and Disc 4, Disc 5 was tested for
approximately 6 months under Test S1 conditions and only a small amount of discoloration on the red
wire connection and no other visible damage could be observed.
The second test that was done on Disc 5 was the Test S4. The test was stopped after 91 hours due to
signs of degradation where a lighter coloured area can be seen, see Figure 7-15. The lighter coloured
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area is most likely due to failure of the internal electrodes. When the internal electrodes start to degrade,
it becomes detached from the piezoelectric ceramic, similar to what can be seen in Figure 7-4, which
causes the difference in colour. It is also anticipated that Hyjet has reached the electrodes. On a closer
examination of the lighter coloured area, see Figure 7-16 (a) and with higher magnification in (b). In
Figure 7-16 a pin hole in the middle of the lighter coloured area can be seen. This is most likely the
point where the Hyjet penetrates the ceramic.
Table 7-5. Results from testing Disc 5.

Disc 5
Test:

Test 1

Test 2

Test procedure:

S1

S4

Duration:

187 days

91 hours (3.8 days)

Observation:

Small

amount

of

discoloration

around the wires, no other visible

Visible lighter spot with a pin hole in the
middle was visible.

damage on the ceramic.
Damage:

2

4

Figure 7-15. Disc 5 shows sign of degradation where a lighter spot is visible.
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Figure 7-16. Microscopic photographs of Disc 5 (a) lighter coloured area (b) pin hole in the middle of the lighter coloured
area.

Disc 6 underwent three different test scenarios, two static and one dynamic. The first was tested under
the Test S1 conditions for 176 days. Only a small amount of discoloration was found around the
electrical connections. Rated damage was 2. The second test was the static Test S2, which was tested
for 13 days. There was a small amount of discoloration was found around the electrical connections,
but no more than for Test S1 and rated damage was 2. The third test was the dynamic Test D5, which
was tested for 51 days. Even after this test there was only a small amount of discoloration found around
the electrical connections and no other visible damage, and the damage was rated to 2. The test results
from Disc 6 can be seen in Table 7-6.
Table 7-6. Results from testing Disc 6.

Disc 6
Test:

Test 1

Test 2

Test 3

Test procedure:

S1, Static test

S2, Static test

Test D5, Dynamic test sine
wave 30Hz

Duration:

176 days

51 days, ~132 million

13 days

cycles
Observation:

Small

amount

discoloration

of

Small

amount

of

Small

amount

of

around

discoloration around the

discoloration around the

the wires. No other

wires. No other visible

wires. No other visible

visible damage on the

damage on the ceramic.

damage on the ceramic.

2

2

ceramic.
Damage:

2
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The tests and results for Disc 7 can be seen in Table 7-7. Disc 7 underwent two tests; the first test was
the static S1 test tested for 161 days. There were only small signs of discoloration on the wires and the
damage was rated to 2. The second test was the dynamic D5 tested at 30 Hz. After approximately 4
days (~10 million cycles) the test was stopped since significant damage on the ceramic was detected.
The Disc 7 and the failure can be seen in Figure 7-17 (a).
Before any tests were conducted, photos were taken with a microscope to examine if any possible failure
point or defects could be detected, where a failure could be initiated. No obvious signs of defects could
be found, which can be seen in Figure 7-17 (b), which shows the area where the failure occurred.
A high magnification image of the damage can be seen in Figure 7-18 (a), where the damaged area is
zoomed in and is encircled in red in Figure 7-17 (a). While the dynamic test was running, sparks could
be seen coming from the area where the failure was observed. This spark can be seen in Figure 7-18
(b). Every time the spark was visible a ‘clicking’ sounds could be heard. Figure 7-19 (a) shows a ‘pin
hole’ through the ceramic and internal electrodes and what’s is metal which has melted and solidified
around the pin hole. Figure 7-19 (b) shows the red wire connection where some discolouration can be
seen. It is likely that some Hyjet has leaked past the seal, reached the positive electrical connection, and
penetrated through the first layer of ceramic, which finally damaged the outer layer. The spark is most
likely due to sparking between two internal electrodes, which has melted them. This is probably a short
circuit bridge between two internal electrodes. Both the failures on Disc 7 and Disc 5 have occurred on
the side where a ‘black mark’ is applied on the piezoelectric ring bender. This black mark is indicator
for the positive electrode side [33].
Table 7-7. Results from testing Disc 7.

Disc 7
Test:

Test 1

Test 2

Test procedure:

S1, static test

D5, 30 Hz sine wave

Duration:

161 days

4 days, ~10.3 million cycles

Observation:

Small amount of discoloration around

Large damage and sparks visible while

the red and blue wires, no other visible

voltage was applied.

damage on the ceramic.
Damage:

2

5
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No sign of
anything that
could cause a
failure

(a)

(b)

Figure 7-17. Disc 7 (a) photograph of the ring bender after test A5 showing damage (b) photograph of the area where the
damage was found that was taken before any tests were conducted and not showing of anything that could initiate failure.

Spark

(b)

(a)

Figure 7-18. Disc 7 (a) microscopic photograph of the damaged piezoelectric ceramic and electrodes (b) photograph of a
visible spark during the test.

100 µm
(a)

0.5 mm
(b)

Figure 7-19. Disc 7 (a) microscopic photograph of the pin hole in the ceramic and electrodes (b) microscopic photograph of
the red wire connection.
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Disc 8 was tested under Test S2 conditions, which meant that the red wire was held at +100 V, the black
at -100 V and the blue wire at 0 V. It can be seen on both the red and blue, see Figure 7-20 (a) and (b)
that there is discoloration around the positive (red) and negative (blue) electrical connection.
Table 7-8. Results from testing Disc 8.

Disc 8
Test:

Test 1

Test procedure:

S4, static test

Duration:

21 days

Observation:

Discoloration around the red and blue wires. No other visible damage on the
ceramic.

Damage:

2

(a)

(b)

Figure 7-20. Photograph of Disc 8 after testing (a) the top side of Disc 8 (b) the bottom side of Disc 8.

After these first tests is was observed that many of the tested piezoelectric ring benders had some
amount of discoloration around their electrical connections, mainly on the red wire (positive wire). The
reason for this is most likely that a small amount of Hyjet has been able to leak past the O-rings and
reached the electrical connections, which resulted in an electrical circuit, between the electrical
connection and the internal electrode. In some of the tests, a thin layer of Hyjet could be observed
around the outside of the O-ring. However, this layer was difficult to detect. There is also the assumption
that the Hyjet can penetrate the first layer of piezoelectric ceramic via cracks or pores.
There are a few hypotheses why the Hyjet was able to leak out:
I.
II.

Surface roughness, the seal will not seal properly.
Higher pressure inside the test setup that will force the Hyjet past the seal. The higher pressure
can be due to:
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a. The compression on the whole test setup when the last acrylic plate is added. No air is
able leak out and equalise the pressure.
b. Temperature increase related to piezoelectric ring bender movement (mechanical
losses) and electrical losses.
III.
7.2.7

While handling and inspection of the test samples.
Testing in Hyjet with Extra Anode

To test the hypothesis that the Hyjet is leaking past the seals and reaching the electrical connections
several tests were set up where the red wire (positive wire) was inserted back into the fluid to simulate
this condition. This was done by connecting a second wire to the red wire and this second wire was
inserted into the fluid as can be seen in the illustration in Figure 7-21 and photograph Figure 7-22.
The blue wire was not reinserted since it is connected to the outer internal electrode, which is the first
electrode that the will be reached by the Hyjet. Therefore, no electrical circuit would be created. The
red wire was chosen since it is the wire connection where most discoloration (electrochemical
corrosion) could be seen.

+100V
± 100V

Hyjet

-100V

Ring Bender

O-ring

Acryllic plate

Figure 7-21. Schematic cross section diagram illustrating the test scenario where the red wire inserted into the Hyjet.

Wire connected to the red wire
and inserted back into the fluid

Figure 7-22. Photograph of the test hardware when ted wire is feed back into the fluid.
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Table 7-9 shows the test information, observation and amount of damage for Disc 9 which was tested
under these conditions. The test of Disc 9 was stopped after 17 hours as a crack was visible, as can be
seen in Figure 7-23. 17 hours is significantly shorter time for damage to occur than for previous tests.
This indicates that if the Hyjet reaches the positive connection and an electrical circuit is created it will
significantly shorten the life of the piezoelectric ring bender.
Table 7-9. Results from testing Disc 9.

Disc 9
Test:

Test 1

Test procedure:

D5, 3 Hz sine wave, Anode in the Hyjet.

Duration:

17 hours

Observation:

A crack started to be visible

Damage:

3

Crack

Figure 7-23. Photograph of Disc 12 showing a visible crack.

Disc 10 was tested in the same fashion as Disc 9, and the results can be seen in Table 7-10. This test
was stopped after 16 hours of testing since a significant amount of damage was visible. Several black
spots and cracks were evident, which can be seen in Figure 7-24. Figure 7-25 shows two of the black
spots on Disc 10. It can be seen that there are small holes and cracks through (at least) the first outer
inactive ceramic layer.
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Table 7-10. Results from testing Disc 10.

Disc 10
Test:

Test 1

Test procedure:

D5, 3 Hz, Anode back in the Hyjet.

Duration:

16 hours

Observation:

Several black sports are visible

Damage:

5

Multiple
black spots

Figure 7-24. Photograph of the damage show by the black spots on Disc 13.

(a)

(b)

Figure 7-25. Microscopic photograph showing two of the black spots on Disc 13.

Disc 11 was tested, similar to Disc 9 and Disc 10, but with the static Test S3 condition, and with the red
wire feed back into the Hyjet. The results of the test can be seen in Table 7-11. After 10 hours, the test
was stopped. As can be seen in Figure 7-26 (a) a significant number of small cracks had started to
develop. On the opposite side, see Figure 7-26, a black layer has formed. This suggests that there is no
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significant difference if there is a constant voltage or a dynamic voltage is applied, in both circumstances
failure will occur relatively fast. The damage was rated to 4.
Table 7-11. Results from testing Disc 11.

Disc 11
Test:

Test 1

Test procedure:

S3, Static test, Anode back in the Hyjet.

Duration:

10 hours

Observation:

A lot of small cracks and discoloration on the surface.

Damage:

4

(a)

(b)

Figure 7-26. Photographs of Disc 11 after testing where both cracks and discoloration can be seen (a) top side of Disc 11
(b) bottom side of Disc 11.

7.3 ENCAPSULATION
From the tests with Disc 9, Disc 10 and Disc 11 it can be observed that the piezoelectric ring bender
will be damaged in a short amount of time if the Hyjet reaches the electrical connections. A hypothesis
is that the Hyjet penetrates the outer layer of ceramic to form an electrical circuit. A test was set up to
investigate possible encapsulation of the piezoelectric ring bender. Most literature and patents suggest
using a metallic layer for protection, since a polymer protection would not be completely impermeable
[48].
Three types of epoxy were tested to be used for encapsulation of the ring bender, since it would be
relatively easy to apply, cheap and it would not affect the stiffness of the ring bender to a great extent.
Different types of Epoxy were submerged into Hyjet. It was found that the epoxy tested would not be
suitable for encapsulation of the piezoelectric ring bender. All the epoxy tested would eventually soften
in Hyjet. The epoxy tested can be seen in Table 7-12. One electrical insulation varnishes, RS Insulation
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Varnish 199-1480 [97], was tested as well with a similar outcome to the epoxy. The varnish was tested
since it is easy to apply. The tests varied between 2 weeks up to 8 months.
Table 7-12. Epoxy specifications [98][99][100].

Manufacturer

Name

Features

Loctite

EA0151

-

2 part epoxy

-

Clear colour

-

2 part epoxy

-

Black colour

-

2 parts epoxy

-

Clear colour

RS
Struers

851-044
SpeciFix20

An aluminium metallic foil, with a thickness of 80µm, was applied to the surface of a ring bender, see
Figure 7-27, to stop the Hyjet penetrating the ceramic. To investigate if this encapsulation was sufficient
even if the Hyjet breaches the seals and reaches the electrical connectors the red wire was fed back into
the Hyjet in a similar way as for Disc 9-10. Epoxy was added to the middle of the disc to ensure that
the fluid would not penetrate through the middle, and force its way underneath the foil, although this is
unlikely to give a permanent protection. The outer edge will be outside the seal; therefore, no fluid
would be able to penetrate underneath the outer edge. It is assumed that the O-ring would be able to
create a better seal on a metallic foil than on the ring bender ceramic. The foil is a metallic material,
there are no subsurface cracks and the surface roughness is believed to be better, therefore it is believed
that the better seal would be made. The foil was applied so that it would not be in contact with the
electrical connections to ensure no short circuiting.
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Figure 7-27. Photograph of Disc 12 with the metallic foil attached to protect the piezoelectric ceramic with epoxy applied on
the inner edge to prevent Hyjet to find a pathway underneath the seal through the inner diameter.

In Table 7-13 the results from the test with Disc 12 can be seen. The test was a dynamic test and was
stopped after 250 hours and the metallic foil was taken off the piezoelectric ring bender and investigated.
A small amount of possible damage could be found, this damage could only be seen under a light
microscope. This was some discoloration on the surface or the ceramic and small, approximately 10
µm pin holes, as can be seen in Figure 7-28. This was found in the area where the O-ring was pressing
down against the metal foil. It is possible that small holes were already present, caused during the
handling of the foil or were made in the metallic foil due to the force from the O-ring and the surface
roughness of the piezoelectric ring bender. It is possible that a small amount of Hyjet had managed to
get in contact with the ceramic and cause this relatively small damage. The damage was rated to 1-2.
At the end of the test epoxy used in the middle of the piezoelectric ring bender had turned rubbery. This
confirms that this epoxy is not suitable for use in Hyjet.
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Table 7-13. Results from testing Disc 12.

Disc 12
Test:

Test 1

Test procedure:

D5, Dynamic test, sine wave 3 Hz, Anode back in the Hyjet. The ceramic is
covered by a metal foil.

Duration:

250 hours

Observation:

No discoloration of the Hyjet, no sign of Hyjet leakage, No sign of discoloration
on any of the wires, epoxy turned rubbery. There were small pin holes on the
ceramic when investigated under a microscope.

Damage:

1-2

Pin hole

Discoloration

Figure 7-28. Microscopic photograph of the small pin holes found on Disc 12 after 250 hours of testing.

Disc 13 was tested in the same way as Disc 12, dynamic D5 test, the metallic foil was applied to the
surface of the piezoelectric ring bender and the red wire feed back into the Hyjet. The results from this
test can be seen in Table 7-14. The test was running for 500 hours (~21 days), there were no visible
signs of degradation either on the electrical connections nor the surface of the piezoelectric ring bender
ceramic and the damage was rated to 1.
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Table 7-14. Results from testing Disc 13.

Disc 13
Test:

Test 1

Test procedure:

Test D5, Dynamic test, sine wave 3 Hz, Anode back in the Hyjet. The ceramic is
covered by a metal foil.

Duration:

500 hours

Observation:

No sign of discoloration on the wire and no visible defects on the ceramic as the
foil is taken off.

Damage:

1

7.4 SEM INVESTIGATION
If flaws or pores were present in the piezoelectric ceramic, this would most likely not be seen under a
normal light microscope. To investigate possible failure points in the piezoelectric ceramic, a Scanning
Electron Microscope (SEM) investigation was conducted. The top surface of a piezoelectric ring bender
was scanned to investigate the surface and possibilities of pores or potential flaws. A cross section of a
piezoelectric ring bender was examined to analyse the bulk material, surface roughness and possible
interconnected pores or cracks.
7.4.1

Surface

The surface of a piezoelectric ring can be seen in Figure 7-29 (a) and (b). The surface is made up of
small grains of piezoelectric ceramic. In Figure 7-29 (a), magnification x250, darker areas can be seen,
this is most likely contamination attached to the surface. In Figure 7-29 (b) the grains of the piezoelectric
ceramic can be seen, magnification of x950. It can also be seen that there are voids between grains.

(a)

(b)

Figure 7-29. SEM image of the piezoelectric ceramic surface showing the piezoelectric grains (a) magnifications of x250 (b)
magnification of x950.
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The images in Figure 7-30, (a) x2000, (b) x5500, (c) x3300 and (d) x5000, shows a higher magnified
image of the piezoelectric ceramic surface, where it can be seen that the grains are of mixed sizes and
shapes. The size of the grains are between 1-10µm across with irregular shapes. In between some of the
grains, voids can be seen (darker or black areas). The size of these voids are approximately the same
size as the piezoelectric ceramic grains. These ‘normal’ voids are due to the shapes, size and the packing
of the ceramic. From the pictures in Figure 7-30 it cannot be known if the voids form a connected path
going all the way down to the first electrode or just a missing surface grain. If these voids create a path
to the first electrode it could be possible that the Hyjet is reaching the electrode through these voids and
channels. On the surface of the piezoelectric ring bender that was scanned no significant or obvious
defects, other than the ‘normal’ voids, were found.

Void

(a)

(b)

(c)

(d)

Figure 7-30. Example SEM images of the piezoelectric ceramic surface showing the piezoelectric grains (a) magnification of
x2300 (b) magnification of x5500 (c) magnification of x3300 (d) magnification of x5000.

7.4.2

Cross Section

Disc 5 was cut in half and set in resin to investigate the internal structure of the piezoelectric ring bender.
All SEM cross section images were taken off Disc 5. Figure 7-31 shows a cross section of a piezoelectric
ring bender. In Figure 7-31 (a), the magnification is x170, where six layers of piezoelectric ceramic
with its electrodes in between the ceramic layers can be observed. Additionally, a significant number
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of possible pores can be observed (black spots). In Figure 7-31 (b) a further zoomed in picture,
magnification of x350, the electrodes and pores can be seen.

Electrode

(a)

(b)

Figure 7-31. SEM images of a cross section of the ring bender (a) six piezoelectric ceramic layers with the electrodes,
magnification of x170 (b) piezoelectric ceramic and the electrodes, magnification x350.

Figure 7-32 (a) and (b) shows two outer inactive ceramic layers, where both cracks and pores can be
observed. The cross section that can be seen has previously been submerged and tested in Hyjet (Disc
5). In both Figure 7-32 (a) and (b) cracks going from the surface towards the first electrode and pores
can be observed. The cracks do not reach the electrode, which is most likely why no visible failure can
be observed on the surface in these specific places. The cracks could be a feature of the manufacturing
or the cutting and inspection process. However, they are more likely to be a result of testing. Several
papers indicate that cracks have been created during dynamic testing and is a reason for failure [96][42].
During the inspection, cutting and polishing process of the sample it is more likely that the piezoelectric
grains are chipped of or pulled out, creating pores, than that cracks are being created.

Pore

Crack

Crack
Pores

(a)

(b)

Figure 7-32. SEM images of a cross section of Disc 5 (a) outer inactive layer showing both pores and cracks, magnification
x900 (b) outer inactive layer showing both pores and cracks, magnification x900.
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As can be seen in Figure 7-15 Disc 5 has a lighter coloured area, which is believed to be a start of a
failure. A cross section of this area was investigated and can be seen in Figure 7-33 (a), red circle, that
the lighter colour area indicated that the electrodes are damaged and that the piezoelectric ceramic layers
are delaminated from each other and the electrodes. It can also be observed in Figure 7-33 (b) and (c)
that there is a relatively large crack starting from the outer surface moving through the ceramic towards
the first electrode. There is a possibility that the Hyjet could have reached the electrode through these
cracks, which would connect a circuit and damage the electrodes. If a circuit was connected this
probably means that the Hyjet is in contact with the positive (red) wire. Figure 7-33 (d) shows the
damaged electrode and the surrounding piezoelectric ceramic. It can be observed that the ceramic grains
are starting to separate from each other.

Crack
Delamination causing the
lighter colour area

(a)

(b)

Crack

Damaged electrode
(c)

(d)

Figure 7-33. SEM cross section images of Disc 5 (a) delamination of piezoelectric ceramic layers, lighter coloured area (b)
crack in the piezoelectric ceramic (c) crack in the piezoelectric ceramic starting from the surface moving towards the first
electrode (d) damaged electrode and the surrounding piezoelectric ceramic.

7.4.3

Surface Roughness

By examining a cross section of a piezoelectric ring bender, the surface roughness can be investigated.
The surface roughness was investigated to examine if the surface of a piezoelectric ring bender is
smooth enough to create an effective seal under the O-ring.
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Cross section images, with different magnifications, of the top surface of a piezoelectric ring bender
can be seen in Figure 7-34 (a), (b), (c) and (d). It can be seen that some piezoelectric ceramic grains are
‘sticking out’ from the surface and do not seem to be well attached. These areas are probably areas
where voids can be seen when the top of the surface is inspected. It also appears to be these areas where
cracks are originating from. In Figure 7-34 (a), (c) and (d) several cracks are visible. These could
potentially create a pathway for the hydraulic fluid to leak past the seal and reach the electrical
connections.

(a)

(b)

(c)

(d)

Figure 7-34. SEM cross section images of Disc 5 showing the surface roughness (a) top layer, magnification x1200 (b) top
layer, magnification x3300 (c) top layer, magnification x3700 (d) top layer, magnification x7500.

To obtain a surface roughness measurement a laser profilometer was used. The ISO Rz is the average
peak to trough roughness. It is based on a one peak and one valley per sample length, five sample
lengths are then averaged [101]. By using a profilometer to measure the surface roughness it was found
that the average ISO Rz is about 4-5 µm. An example of the surface roughness from the profilometer
measurements can be seen in Figure 7-35. It was also observed that there are several relatively high
peaks and low troughs. This causes issues when trying to seal on the surface. These peaks and troughs
could potentially create paths for the hydraulic fluid to get past the seal.
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Figure 7-35. Example of the profilometer surface roughness measurements.

7.5 POROSITY
The porosity of the piezoelectric ring bender was measured to discover if fluid could penetrate the
ceramic. The porosity of the piezoelectric ceramic was measured by using a mercury method. Due to
the non-wetting properties of mercury, an external force is needed to force the mercury into the pores.
Relatively low pressure is required for large pores, whilst higher pressure is required for smaller pores.
The volume of mercury that intrudes into the test sample is measured at each pressure change. The
volume corresponds to a certain size of pore [102].
The porosity was measured to be 3-4%. However, the pore size of the porosity in the piezoelectric
ceramic was 5-60 nm, which can be seen by the peak in Figure 7-36. There is also another peak at
around 100 µm, this is most likely due to surface or near-surface effects. These surface or near-surface
effects are most likely due to cracks or voids similar to what can be seen in Figure 7-34 (a), (c) and (d)
or even surface roughness. This implies that the piezoelectric ceramic is dense, the small porosity, sub
60 nm could possibly due to the mercury being force between the piezoelectric grains.
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Figure 7-36. Graph showing the pore size measured through mercury testing, where a peak at around 5-60nm can be
observed.

It appears that the two outer inactive layers are denser or have less grains pulled out than the ‘bulk’,
active piezoelectric ceramic layers. This can be seen in Figure 7-37, where the outer inactive layer is
highlighted by a red circle, that there is an absence of pores (black spots) in the inactive layer. In the
‘bulk’ (active ceramic layers) a significant number of pores or missing grains can be seen and the pores
are about the same size as the piezoelectric ceramic grains, around 5 µm. It is not unusual to see a denser
outer ceramic layer, which is most likely due to the manufacturing process, as the electrodes prevent
the removal of atmospheric gases trapped between the ceramic grains. In the outer ceramic layer there
is no electrode to prevent the gases from escaping. Similar results, with a denser outer layer, have been
observed by Noliac, the piezoelectric actuator manufacturer [103]. However, some of the pores visible
in the bulk material will be grains missing due to being pulled out or chipped off during the cutting or
polishing process.
The pores created by the polishing method are expected to have irregular shaped, like the piezoelectric
ceramic grains, whereas the pores formed during manufacture are rounder with no sharp corners. In
Figure 7-33 (b) and (d), which shows the damaged electrode and ceramic, the individual grains can be

144

seen. It can also be observed that some grains are missing, which is probably due to the polishing
process.
By using a reflecting microscope, triple point pores could be observed, see Figure 7-38. Triple point
pores are small voids (compared to the pores where a gain has been pulled out) that are formed as a
result of the shapes and packing of the piezoelectric ceramic grains. The shapes are irregular and might
leave a void between grains. It is possible that these are the pores that show up in the mercury test, 560nm size.

Outer inactive layer

Figure 7-37. SEM cross section image showing the outer inactive layer more dense than the ‘bulk’ active piezoelectric
ceramic.

Triple point
pores

Figure 7-38. Reflecting microscope cross section photograph of the piezoelectric ring bender cross showing pores and triple
point pores.
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7.6 HELIUM TEST
To investigate the possibility that the O-ring cannot create a sufficient seal on the piezoelectric ring
bender surface, a helium test was conducted. A Pfeiffer helium leak detector was used to detect and
quantify the helium leakage, see Figure 7-39. The Pfeiffer helium leak detector can detect and quantify
a very low amount of helium present in the chamber. A metallic disc was tested to have a base line for
how much a good seal would leak. This was compared against the amount of leakage when tested on a
piezoelectric ring bender.

Vacuum
chamber

Helium leak
detector

Figure 7-39. Photograph of the Pfeiffer helium sniffing machine used to investigate the helium leakage.

The Piezoelectric ring bender or the metallic disc was ‘sandwiched’ between two O-rings. The squeeze
on the O-rings was controlled by two plastic rings, as can be seen in Figure 7-40 where a CAD drawing
cross section of the test hardware can be seen. Figure 7-41 shows the hardware; the pipe was added
increase the helium volume. The extra volume was added to ensure a relatively constant pressure even
if leakage occurred. The helium was filled up by the use of the check valve.
The three different squeeze percentages of the O-ring that was tested were:
•
•
•

8%
13 %
20 %

13 % squeeze is the amount that is normally used. The reason for testing different squeeze percentages
is to investigate how this will affect the seal. The helium pressure was 6.9bar, which is the maximum
return pressure of the hydraulic system. Due to the design of the valve the ring bender will be operating
in return pressure.
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Screws

Piezoelectric
ring bender

Helium
inlet

Wires

O-rings
Metal plates

Plastic rings

Figure 7-40. Cross section CAD illustration of the helium testing test hardware showing how the piezoelectric ring bender is
sandwiched between two O-rings.

Test assembly

Added volume

Check valve to
add helium

Figure 7-41. Photograph of the helium test hardware showing the test assembly, check valve and the added volume.

The leakage results from the helium test can be seen in Figure 7-42, where it can be observed that if the
squeeze on the piezoelectric ring bender is not sufficient, the leakage will be significantly greater than
for a metal disc. However, at a squeeze of 13% there is no significant difference between the
piezoelectric ring bender and the metal disc. At 20% it is difficult to make a clear conclusion since there
is a large spread in the results for the ring bender. However, it is clear that it is essential to closely
control the squeeze when sealing on piezoelectric ceramic. The results in Figure 7-42 are the average
leakage from three tests at each squeeze level.
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Figure 7-42. Graph showing the average results and error bars from the Helium test for different squeeze levels.

Due to the vacuum chamber, dynamic tests of the piezoelectric ring bender could not be conducted. It
is important that the O-ring provides a good seal even when the piezoelectric ring bender is moving.
Usually O-rings do not have to seal on a moving part. When a ring bender is moving, this could
potentially make it harder to create a sufficient seal to ensure no leakage.

7.7 DISCUSSION
From the tests conducted it is likely that the reason for failure is due to Hyjet leakage past the seal and
reaching the electrical connections. This is supported by the observation that the wires and electrical
connections have traces of an electrochemical reaction. Additionally, when the positive wire (red wire)
is fed back into the Hyjet, failure occurs significantly faster than without it being fed back into the
Hyjet. A thin film was visible around the seal and the electrical connection in some of the tests, which
is likely to be hydraulic fluid leaking past the seal. If the Hyjet leaked past the seal and reached the
wires, an electrical circuit could be created as a result. This could also explain the discoloration around,
mainly, the red wire and the red wire solder. As an example, there was a small amount of Hyjet that had
leaked out when testing Disc 9. However, this was not obvious and would not have been seen if not
inspected carefully. Hypothetically therefore, the Hyjet might have leaked out in previous tests and
reached the wires, without being observed. A Hyjet leakage in previous tests as well could potentially
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explain some of the failures. The tests where the red wire is inserted into the Hyjet support the theory
that failure occurs when an electrical circuit is made, as both of these tests showed signs of degradation
and failure within a very short time.
For an electrical circuit to be created, the Hyjet also needs to be able to reach the internal electrodes.
Any flaws in the outer layer of piezoelectric ceramic would most likely not be seen under a microscope
beforehand. The defects might be subsurface cracks that cannot be seen. Another uncertainty is that it
is unknown how large defects, voids or cracks need to be to create a path for the fluid to reach the
electrodes and cause a failure. One question is whether the point where a failure starts already has a
defect. There are gaps between the piezoelectric ceramic grains, but if these gaps alone are big enough
for fluid to reach the electrode is unknown. The hypothesis is that somehow a circuit needs to be closed
through the outer layer of ceramic to be able to have a failure.
There have been several additional tests (not reported earlier) done to investigate how the Hyjet affects
the piezoelectric ceramic when no voltage is applied, by submerging a ring bender in Hyjet. Several
different electrical wires, different epoxy and varnish compounds and the metallic foil were submerged
in Hyjet to investigate the effect. The piezoelectric ceramic or its electrodes will not degrade when
submerged in Hyjet when no voltage is applied. Different electrical wires have been submerged into
Hyjet, some wire insulation will swell up, but the PTFE insulation used for the piezoelectric ring bender
is not effected by the Hyjet. The metallic foil itself is not affected by the Hyjet, but the adhesive used
to apply the foil will degrade if in contact with the Hyjet. However, if the foil is not letting any Hyjet
through this is not of any concern.
The epoxy or varnish has been considered as a potential encapsulation for the piezoelectric ring bender.
However, all the epoxy and varnish tested will eventually soften. The time for this to occur is different,
it can take a few days or even months until degradation can be observed.
There are failure causes that are more likely than others, as can be seen in the fault tree in Figure 7-43.
It is not likely that the failure is due to an electro-mechanical failure by simply degrading due to fatigue
without Hyjet present.
The ceramic, wires or the solder do not degrade when no electrical field is applied. It is likely that there
is a combination the Hyjet getting in contact with the electrical connections and the Hyjet is finding a
path, through the ceramic, to the first internal electrode. The reason for the Hyjet leaking past the seal
could be poor squeeze on the O-ring in combination with the surface roughness or possible subsurface
cracks. The movement of the ring bender could create a pumping effect which promotes leakage.
It is likely that if the piezoelectric ceramic is protected to ensure no fluid penetrates to the electrodes or
that no fluid reached the electrical connections no failure will occur. The reason the positive connection
(red wire) needs to be protected is that it works as an anode and the control connections (blue) as a
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cathode. The control connection (blue) could be both positively and negatively charged, due to the
desired movement of the ring bender. The Hyjet contains potassium ions which are positively charged,
which will be drawn to the negatively charged areas. As the Hyjet gets in contact with the Hyjet an
electrical circuit can be made. The metallic ions from the positive (red) wire and solder will dissolve
into the Hyjet, hence the corrosion. Since the first internal electrode is connected to the control (blue)
wire the Hyjet could be ‘drawn’ into the piezoelectric ceramic and reach the electrode and damage it.
As shown by the tests when an electrical circuit is made the ring bender starts to degrade quickly.
Colour key:

0.
Piezoelectric Ring Bender
Failure in Hyjet

Very likely

Possible

1.
Electrochemical attack
(in fluid)

2.
Mechanical fatigue

2.1
Simple mechanical
fatigue (no fluid)

1.3
AND

1.1
Gradual migration (via fluid)
of metal from electrical
connections

1.1.2
Fluid penetrates
edges of disc

1.2.1
Fluid penetrates the
piezoelectric ceramic
and create a connestion
between internal electrodes

1.1.2.1
Edge porosity or
cracks

1.2.1.1
Bulk porosity or
cracks

1.1.1
Fluid connects with external
electrical connections (seal not
effective)
1.1.1.1
Poor seal
squeeze

1.1.1.3
Surface porosity or
cracks

1.2
Gradual migration (via fluid) of metal
between closely spaced conductors (may lead
to arcing)

2.1.1
Piezoelectric
ceramic

2.1.3
Solder
material

2.1.2
Electrode
material

Very unlikely

2.2
Fatigue capability reduced by fluid
(no applied electrocal field)

2.2.1
Piezoelectric ceramic
weakened by fluid

2.2.3
Solder material
weakened by fluid

2.2.2
Electrode material
weakened by fluid

1.1.1.2
Surface
roughness

Figure 7-43. Final fault tree illustrating the likely scenarios that could break down a piezoelectric ring bender submerged in
Hyjet.

7.8 CONCLUSION
From the tests and investigations completed in this chapter several conclusions can be drawn.
When no electrical field is applied the piezoelectric ceramic, the internal electrodes or the electric
connections will not degrade.
When a cycling electric field is applied to the piezoelectric ring bender it will not degrade significantly
in air nor in water. Most literature about degradation of piezoelectric actuators talk about water or
moisture to be of concern. However, in this investigation this is not the case.
When the piezoelectric ring bender is in operation with an electric field and submerged in Hyjet if the
Hyjet reaches the electrical connections, especially the positive wire, a failure will occur within hours.
An electro-chemical reaction is taking place between the positive charge connection, the Hyjet and the
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variable voltage which is connected to the internal electrode closest to the surface. However, if the
ceramic is protected so that it is impermeable or the Hyjet does not reach the electrical connections no
failure will occur.
By applying a metallic foil on the surface of the piezoelectric ring bender, to prevent Hyjet from
penetrating the ceramic, this will significantly improve the life of the piezoelectric ring bender. The
metal layer for a piezoelectric ring bender needs to be flexible to allow the piezoelectric ring bender to
bend. Most literature and patents state that a metal layer needs to be applied to protect the piezoelectric
actuator, since most polymers are permeable.
The piezoelectric ceramic surface seems to be more prone to leak at lower O-ring seal squeeze than
using a metallic surface. The dynamic movement of the piezoelectric ring bender could have an impact
on the amount of leakage.
The SEM investigation shows signs of cracks that start from the surface going towards the first electrode
and also shows a large number of pores. These pores are a combination of piezoelectric grains being
pulled out of during the polishing process and, isolated pores which are manufacturing defects.
The surface roughness of the piezoelectric ring bender surface is about ISO Rz 4-5 µm. The helium test
shows that the seal squeeze on the piezoelectric ring bender surface needs to be sufficient, in this case
at least 13%, otherwise there could be leakage.
The final recommendation for the encapsulation would be to apply a two layer protection, where the
first layer would be an insulated polymer layer and the second a metallic layer. The first polymer layer
could be applied by dipping and would work as a secondary protection as well as insulating the electrical
connections. It would protect the connections from possible leakage and protect from short circuit in
case the metallic layer would get in contact with the connections. The metallic layer would work as an
impermeable layer and could also give a better sealing for an O-ring or similar elestomeric seal.
The ring bender used in the valve prototype was submerged in mineral oil, therefore no failure occurred
during testing of the valve.
The next chapter will present the conclusions from the research project and present some possible future
work.
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8 CONCLUSION AND FUTURE WORK
8.1 CONCLUSIONS
Significant progress has been made in developing a new approach to servo-mechanism design which
makes use of novel first-stage actuation in combination with an AM valve body. The results of the study
demonstrate the clear potential of the technology for replacing conventional designs. If the future
development of such servo-valves is done thoroughly, it is anticipated that this would support the drive
towards a lighter, cheaper and more efficient valve technology.
8.1.1

Valve Design

It is the first time a piezoelectric ring bender has been used to control a small first stage spool in a two
stage servovalve. The first stage spool had significant overlap and electrical second stage position
feedback was used. The valve was successfully tested and the ring bender shows potential to be used
for future aerospace hydraulic servovalves and to make the valves both lighter and less complex. By
using a small first stage spool with significant overlap the internal leakage was reduced by 80% in
comparison to a conventional first stage. It was possible to develop an additive manufactured valve
body and this manufacturing method shows great potential to be used for manufacturing of aerospace
valve bodies. To the authors knowledge the valve tested in this research was the first AM valve tested.
8.1.2

Analytical Model

A dynamic analytical model of the novel two-stage piezoelectric actuated valve with a first stage small
spool has been developed. The sub-models in the analytical model include the amplifier for the
piezoelectric ring bender, the ring bender including hysteresis, the first stage spool, the flow from the
first stage to the second stage and the second stage spool. The dynamic model was developed to obtain
further understanding of the complete system. The analytical model was also used for controller
development.
The analytical model of a dynamic second stage step response correlates well with the experimental
data. The first stage movement and the amplifier also compares well while the second stage is moved
in a step response fashion. The analytical model shows that the valve behaviour was largely as expected.
However, the second stage behaviour is sensitive to the first stage flow model, especially within the
overlap region. It is hard to create a flow curve that matches consistently a range of amplitudes.
8.1.3

Controller Design

Due to the large first stage spool overlap a conventional Proportional-Integral controller for second
stage spool position control is sensitive to amplitude changes, and therefore the performance of the
controller will vary depending on the amplitude. An alternative control algorithm was developed and
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tested to obtain a more consistent response. The experimental controller integrates hysteresis
compensation, overlap compensation and feed-forward into the control loop.
To compensate for the first stage overlap a higher gain was implemented within the overlap region to
increase performance and be less sensitive to amplitude changes. Ring bender hysteresis compensation
improved the response and accuracy of the second stage performance. It also makes the overlap
compensation perform more accurately, due to the linearization of the ring bender. The feed forward
path increases the bandwidth of the second stage tracking response. The complete experimental control
algorithm provides the quicker response compared to a conventional PI controller. This is the first time
a controller has been developed to compensate both for spool overlap and piezoelectric hysteresis
together and a patent has been applied for.
8.1.4

Ring Bender Mounting

From the investigation of the ring bender mounting an optimum overlap-thickness combination can be
found. However, the optimum solution is dependent on the Young’s modulus of the mounting. The
optimum solution also implies that the overlap and thickness would be very small. Small overlap and
thickness will allow the ring bender to rotate at its outer edge while being stiff axially to provide
maximum force. This thin, optimum, solution might not be feasible in certain applications, for example
when the mount is used as a seal as in this research project. However, the model can still be used to find
a suitable thickness when the overlap is specified beforehand, and vice versa. The Young’s modulus
works as a scaling factor of the stiffness of the mount and will increase or decrease the stiffness.
8.1.5

Durability and Encapsulation

When the piezoelectric ring bender was tested in Hyjet (a very common civil aerospace hydraulic fluid)
and no voltage is applied the piezoelectric ceramic will not degrade. Nor will the solder or the wires
used for the ring bender. The insulation on some wires can swell when submerged in Hyjet.
This research shows that the piezoelectric ring bender is unlikely to degrade in air or water when an
electric field is applied.
A significant finding in this research is that when an electric field is applied to the piezoelectric ring
and submerged in Hyjet, and the Hyjet reaches the electrical connections, especially the positive
connection, a failure will occur within hours. This is due to an electro-chemical reaction between the
positive charge connection, the Hyjet and the negative internal electrode. However, if the ceramic is
protected or the Hyjet does not reach the electrical connections this failure is significantly delayed. A
metallic foil applied on the surface of the ring bender can protect the ceramic from being penetrated by
the Hyjet and will significantly improve the life of the piezoelectric ring bender.
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An elastomeric seal pressed against piezoelectric ceramic surface seems to be more prone to leak at
lower seal squeeze than using a metallic surface. The dynamic movement of the piezoelectric ring
bender could have an impact on the amount of leakage.
From SEM images, there are signs of cracks that start from the surface going towards the electrode that
could possibly help the Hyjet penetrate the ceramic and reach the first internal electrode. Multiple pores
are also observed.
The surface roughness of the piezoelectric ring bender surface is about ISO Rz 4-5 µm. A helium test
shows that the seal squeeze on the piezoelectric ring bender surface needs to be sufficient, in this case
at least 13%, otherwise the seal would be less effective than using the seal against a metal surface.
This is the first time an extensive investigation has been done to research the failure modes of ring
benders in a phosphate ester based fluid.
8.1.6

Overall Conclusion

A two stage piezoelectric actuated Additive Manufactured (AM) servovalve for aerospace use, was
designed, manufactured and successfully tested. This research could potentially change the design of
future servovalves. It is reasonable to believe that AM will be used in the future to manufacture valve
bodies. When the material characteristics are better understood, the valves could be designed to
minimize weight and electronics could also be incorporated in to the valve design. AM is already in use
for valves for robotics and it is just a question of time when the first AM valve will be introduced in
aerospace.
Using electrical second stage spool position feedback means that the conventional feedback wire, which
has fine manufacturing tolerances, is no longer needed. This could make the valve less complex, more
accurate, lighter and smaller since the second stage spool can be made shorter. In this research, an
LVDT was used, but this could be replaced by a digital encoder, by doing this the noise can be reduced
and no analogue to digital converter is needed. By using an electrical second stage spool position
feedback there is more flexibility in controller design.
The internal leakage was considerably reduced by using a small first stage spool with significant
overlap. Since there is a need to make valves more efficient, this solution could be used with other
actuation methods other than a ring bender, for example a linear force motor. Therefore, it is possible
that a first stage small spool with large overlap could be used in future valves where low leakage is
essential, however an appropriate non-linear controller needs to be used.
The controller designed in this research, with overlap compensation, hysteresis compensation and a
feed forward path, considerably outperforms a conventional PI controller and could also be adjusted
and used for other actuation methods which exhibits hysteresis. This non-linear compensation could

154

potentially also be used in an open loop fashion, if the first stage was to be used on its own in other
applications, as a direct drive valve.
The concept of the prototype shown in this research and shows potential; however, it is yet to be proven
that the complete valve can be made lighter and hopefully also cheaper.
It was found that the ring bender will fail in Hyjet if the Hyjet makes contact with the electrical
connections. To prevent this, an encapsulation method and a good hydraulic seal is essential. It could
be possible that the encapsulation could be incorporated during the manufacturing process of the ring
bender. The ring bender could potentially be used, without encapsulation, in industrial or military
applications where a form of mineral oil is used, but it still needs to be tested more rigorously. If a ring
bender is used as valve actuation method, a large number of ring benders will be needed. This would
significantly reduce the price of ring benders, which could potentially make the valves cheaper.
An optimized mounting arrangement can be found and this tends to be a thin knife edge. If the ring
bender were to be used in a mineral oil, as the prototype valve in this research, the ring bender could be
fully submerged and an optimum mounting can be used as it does not have to act as a seal. The mounting
optimization method developed in this research could be used as a guideline for mounting a ring bender
for other applications as well.

8.2 FUTURE WORK
From this research project, there are still areas that could be considered for further investigation.
There are several short-term challenges:
i.

The valve prototype tested could be optimized for weight. This includes several areas:
a. Shorten the second stage spool.
b. Replace second stage LVDT with a digital encoder.
c. Incorporate the first stage into the AM valve design.
d. Remove the first stage LVDT.
e. Optimise valve body for weight.
f.

Integration of electronics.

g. Investigate if a smaller ring bender have enough force and displacement to control a
first stage spool.
ii.

The limitations and possibilities with using a charge amplifier instead of a voltage drive
amplifier to drive a ring bender need to be further understood.

iii.

A better nulling arrangement for the first stage spool and ring bender, to be made easier and
more precise.

Long-term challenges are:
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i.

Further understanding of different encapsulation methods and material, and how they can be
applied to the ring bender. Investigate if this could be incorporated into the manufacturing
process of the ring bender. A more structured test program is needed.

ii.

More material properties for the additive manufacturing needs to be understood.

iii.

Making a safety assessment investigation of electrical spool position feedback for civil
aerospace.

iv.

Testing piezoelectric ring benders in other hydraulic fluids.
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APPENDIX
A.1 MOUNTING STIFFNESS MATRIX
Table A - 1. Axial mounting stiffness matrix from the FEA investigation.
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Table A - 2. Torsional mounting stiffness matrix from the FEA investigation.
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A.2 MOUNTING Graphs

Figure A - 1. Work output for Young’s modulus of 5MPa for a 40mm ring bender.

Figure A - 2. Work output for Young’s modulus of 10MPa for a 40mm ring bender.
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Figure A - 3. Work output for Young’s modulus of 13.7MPa for a 40mm ring bender.

Figure A - 4. Work output for Young’s modulus of 15MPa for a 40mm ring bender.
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Figure A - 5. Work output for Young’s modulus of 17.5MPa for a 40mm ring bender.

Figure A - 6. Work output for Young’s modulus of 20MPa for a 40mm ring bender.
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Figure A - 7. Work output for Young’s modulus of 5MPa for a 30mm ring bender.

Figure A - 8. Work output for Young’s modulus of 10MPa for a 30mm ring bender.
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Figure A - 9. Work output for Young’s modulus of 13.5MPa for a 30mm ring bender.

Figure A - 10. Work output for Young’s modulus of 15MPa for a 30mm ring bender.
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Figure A - 11. Work output for Young’s modulus of 17.5MPa for a 30mm ring bender.

Figure A - 12. Work output for Young’s modulus of 20MPa for a 30mm ring bender.
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