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Abstract

The potential to actuate proportional flow control valves using piezoelectric ceramics or other smart materials has
been investigated for a number of years. Although performance advantages compared to electromagnetic actuation have
been demonstrated, a major obstacle has proven to be ferroelectric hysteresis, which is typically 20% for a piezoelectric
actuator. In this paper, a detailed study of valve control methods incorporating hysteresis compensation is made for the
first time. Experimental results are obtained from a novel spool valve actuated by a multi-layer piezoelectric ring bender.
A generalized Prandtl-Ishlinskii model, fitted to experimental training data from the prototype valve, is used to model
hysteresis empirically. This form of model is analytically invertible and is used to compensate for hysteresis in the
prototype valve both open loop, and in several configurations of closed loop real time control system. The closed loop
control configurations use PID (Proportional Integral Derivative) control with either the inverse hysteresis model in the
forward path or in a command feedforward path. Performance is compared to both open and closed loop control without
hysteresis compensation via step and frequency response results. Results show a significant improvement in accuracy
and dynamic performance using hysteresis compensation in open loop, but where valve position feedback is available for
closed loop control the improvements are smaller, and so conventional PID control may well be sufficient. It is concluded
that the ability to combine state-of-the-art multi-layer piezoelectric bending actuators with either sophisticated hysteresis
compensation or closed loop control provides a route for the creation of a new generation of high performance
piezoelectric valves.
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1. Introduction

Actuation using smart materials, such as piezoelectric ceramics and shape memory alloys, is an alternative to classical
designs where movement is achieved by an electromagnetic force. Solenoids and torque motors are conventionally used
in electrohydraulics to control flow and pressure. However, in the last two decades a number of new concepts which use
smart materials have been described in literature [1,2]. The main aim of the application of smart materials has been to
improve performance in terms of speed of response or accuracy, or to reduce mass or power consumption. In this paper,
we describe a small spool valve actuated by a piezoelectric ring bender. The motivation for designing a piezoelectric
actuated valve [3] is to avoid the complexity of electromagnetic actuation, reduce the cost of manual set up and the
consequent lack of repeatability and reliability associated with electromagnetic actuators such as torque motors.

Valve actuation using smart materials has been the subject of a number of previous studies. Linder et al. [4] described
a servovalve with a spool directly driven by a piezoelectric stack actuator. However, the approach required mechanical
amplification in order to obtain sufficient spool displacement. A similar concept is presented in [5], and the authors
undertook performance tests at high temperatures. Changbin et al. [6] used a spool that was directly driven by a
piezoelectric stack actuator; the major hysteresis loop was measured and phenomenological hysteresis models were
discussed, but the final controller did not include hysteresis compensation. A whole family of valves using piezoelectric



elements was developed in RWTH Aachen [7,8]. These papers were focused on the description of the different valve
designs using piezoelectric actuation and investigation of their basic performance.

Research into smart materials for hydraulic valves most frequently concern two-stage servovalves. A conventional
servovalve has an electromagnetic torque motor providing first-stage actuation, and either a flapper-nozzle, jet pipe or
deflector jet as the first hydraulic stage to create a pressure difference across the ends of the main spool. This pressure
difference is used to control spool position, which determines the port orifices sizes and hence the main-stage flowrate.
The conventional torque motor and first-stage is a complex design including machining processes with tight tolerances,
manual assembly, and requiring a very accurate calibration process [9]. In [10] the authors indicate the benefits of utilising
piezoelectric actuators compared with torque motors; these include the ability to achieve significant mass reduction,
smaller size, a simpler mechanical design and zero power requirement for constant spool position. An increase of torque
motor performance is also possible by application magnetic fluids in the air gaps [11]. Piezoceramic materials are one
example of a smart material to provide actuation and are characterised by a high dynamic response but small maximum
strains, in the region of 0.15%. Therefore, a challenge is to create sufficient displacement for first stage actuation since
typically there is a need for a displacement in the region of +0.1mm. One of the drawbacks of utilising piezoelectric
actuation includes the need for complex amplifier electronics and operation at a higher voltage compared to a torque
motor. In addition piezoelectric materials suffer from hysteresis, creep and a temperature dependence [12,13], primarily
as a consequence of domain motion in the ferroelectric materials employed. A number of piezoelectric actuator designs
for valve applications are based on bender actuators [14-16]. Sedziak et al. [14] investigated a servovalve with barometric
feedback where the ferroelectric hysteresis of the piezoelectric had a significant influence on the valve flow
characteristics. In [17] the authors presented a servovalve where a piezoelectric stack actuator moved a flapper assembly
and the displacement of the piezoelectric stack was mechanically amplified. The influence of ferroelectric hysteresis can
also be observed in the response of the flow rate versus input voltage. These valves are distinguished by control based on
spool or actuator position feedback provided by electrical position transducers. Conversely, [18] presents an aerospace
servovalve where a mechanical feedback wire is retained between the spool and piezoelectric bender, which is currently
an industry requirement for safety-critical flight controls.

Many smart actuator materials exhibit hysteresis, which prevents accurate and precise open loop control and hinders
tuning of closed loop controllers. To better describe this phenomenon, mathematical models of hysteresis have been
developed [19], which relate the input and output of the system; rather than being physics-based. An early model was
developed by Preisach to describe magnetization effects in ferromagnetic materials [20]. Krasnosel’skii and Pokrovskii
proposed a modification of this model [21]. These models use a sum of discrete elements called operators or hysterons,
therefore the quality of the model depends on the number of elements used. In this field a group of Prandtl-Ishlinskii
models (classical, modified and generalized) which combines a simple structure and analytical invertability have been
developed; the approach provides an easy application for real time hysteresis compensation. The application of a
hysteresis model in a piezoelectric servovalve control system has been reported [22], in which a precise fuzzy control
algorithm with Preisach hysteresis model in a feedforward loop was proposed to provide better valve performance than
PID (proportional integral derivative) control. Nevertheless, the results presented in [22] do not show the accuracy of
Preisach model in following hysteresis behaviour. The authors used this model as a feedforward compensator, but it is
also possible to perform direct compensation by using the inverse Preisach model. Unlike the Prandtl-Ishlinskii analytical
inversion, inversion of the Preisach model is more complicated and its requires numerical operations [23,24].
Furthermore, the presented results are only limited to tracing results of a low frequency (5 Hz) sine wave and do not
investigate the performance of this control approach for a dynamic response or at a wider frequency bandwidth. When
using smart materials for actuating positioning systems in other applications described in literature [25,26], controllers
with hysteresis compensation have shown to provide better performance.

Conventional servovalves also exhibit hysteresis because of magnetization effects in the armature and parts of the
core. The technical literature defines hysteresis in flow control servovalves as the difference in the electric current applied
to the torque motor coils to generate the same output flow in a test cycle from a negative to a positive rated current. The
hysteresis value is presented as a percentage of rated current, and is typically less than 3% [27]. However, in smart actuator
materials the hysteresis can be much larger, and presents a very significant obstacle to accurate control. Despite many
examples of piezoelectric and other smart material valves being proposed, hysteresis compensation has been rarely
investigated to date. Thus the main contribution of this paper is to undertake a detailed investigation of different control
strategies to improve the performance of a novel piezoelectric-actuated spool valve using a ring bender, in particular the
compensation of hysteresis. The use of a piezoelectric ring bender is particularly attractive since it is well matched to this
application in terms of the balance between displacement and force output. The existence of ferroelectric hysteresis is the
most common reason that prototype piezoelectric hydraulic valves have not been successful to date. Thus the application
of an inverse hysteresis modelling method to this problem, and a detailed comparison of several candidate control schemes
incorporating this inverse approach represents a significant contribution to the field.



2. Piezoelectric valve design

The valve concept considered in this work is a small spool valve that is directly controlled by a piezoelectric ring
bender. A ring bender is an annular disk that deforms to form a dome in a concave or convex fashion depending on the
polarity of the applied voltage. An example of the doming effect of the actuator can be seen in Fig. 1a. Such an actuator
configuration has been chosen since a ring bender actuator exhibits a greater displacement than a stack actuator of the
same mass, and an increase in stiffness in comparison to similar size rectangular bender [28].
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Fig. 1 Piezoelecric ring bender deformation after application of electric field (a), multilayer piezoelectric ring bender
(b) electrical connection and (c) cross section of Noliac CMBRO8 actuator, the electrode spacing is 67um for scale.

In this paper a multilayer piezoelectric ring bender, manufactured by Noliac (CMBRO08), is used to control the spool.
Fig. 1(b) shows the ring bender with its three wire electrical connection. The ring benders are made up of multiple 67
pum thick lead zirconium titanate (PZT) piezoceramic layers. To apply the necessary electric field across the piezoceramic
and actuate the device, silver palladium electrodes are located between each layer; see the light regions in Fig. 1 (c). In
order to deflect the ring bender in both directions the electrodes are combined into three groups, see Fig. 1 (c). One set of
electrodes are maintained at a negative voltage (-100V, black wire), one set are maintained at a positive voltage (+100V,
red wire), and the voltage is varied on the intervening electrodes (control electrodes, blue wire) between -100V to +100V.
Based on an electrode thickness of 67 pm, the magnitude of the maximum electric field is ~3kV/mm (200V across 67
pm). This electrode configuration allows deflection of the device in both directions since half of the piezoceramic layers
expand in-plane, while the other half contract as the control voltage varies from zero to -100V or 100V. When the control
voltage is zero the upper and lower half layers experience the same electric field, resulting in no displacement.

A prototype of the piezoelectric actuated spool valve was designed, manufactured, assembled and tested. A cross
section of the valve can be seen in Fig. 2 (a) and the complete valve with the piezoelectric actuator is shown in Fig. 2 (b).
The ring bender, which is submerged in hydraulic fluid, is attached to hub linked to the spool and to a linear variable
differential transformer (LVDT) position sensor. A hydraulic actuator is connected to the valve, however this will not be
analysed in this paper. The prototype valve and actuator body was manufactured by additive manufacturing using a laser
powder bed fusion process, achieving a significant mass and volume reduction.

(a) (b)

Fig. 2 Piezo valve: (a) cross section of valve, (b) assembled valve with actuator



3. Modelling
3.1. Generalized Prandtl-Ishlinskii hysteresis model (GPIM)

The main characteristic addressed in this paper is the hysteresis exhibited in the piezoelectric actuator, which is
universal for such actuators driven by conventional voltage amplifiers [13]. The classical Prandtl-Ishlinskii model is a
superposition of weighted play operators and is presented in Fig. 3. Fig. 3(a) represents a classical operator while Fig. 3
(b) is a generalized operator [29]. Due to the symmetrical shape of the single play operator this model can only represent
symmetrical hysteresis. Asymmetrical and saturated hysteresis characteristics require modifications of the model
structure. Although the hysteretic characteristics of a ring bender may be expected to be symmetrical, in combination
with friction and damping occurring in the servovalve, it is in fact asymmetric and reasons will be discussed later. For
such situations two popular derivative models have been developed. The first one is a modified Prandtl-Ishlinskii model
where weighted superposition of play operators is placed in cascade with a scalar, memory free function represented by
a weighted side dead zone operators [30]. This model has been successfully used for modelling saturated hysteresis in
magnetic shape memory alloys [31,32]. The second method is a generalized Prandtl-Ishlinskii model, using the
generalized play operator [29], and this idea has been developed by Al Janaideh [33-35]. This model is able to reflect
complex hysteresis shapes, as demonstrated for shape memory alloys [36,37] and magnetostrictive materials [34]. The
advantage of this family of Prandtl-Ishlinskii models is their analytical inversion which enables fast implementation in
real time hysteresis compensation systems. In addition these models are more simple to implement than Preisach and
Krasnosel’skii-Pokrovskii models [33], as significantly fewer operators are used which accelerates computation time.

Unlike operators from other models (so-called hysterons), the Prandtl-Ishlinskii play operator output value is
unlimited. This play operator, denoted by F,, is the same as ‘backlash’ which is well known in engineering where it
represents clearances between gears. The basic principle is presented in Fig. 3 (c).
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Fig. 3 Classical play operator (a), generalized play operator (b) for Prandtl-Ishlinskii models and (c) mechanical
representation of (a) [33,38]

For the input function v(t) which belongs to space Q[to, ts], where space Q represents only a piecewise continuous
monotone functions in each time interval [ti, ti+1], this input function v(t) must fulfil the condition of monotonicity.
According to these assumptions the analytical description fromto=0<t; ... <ty =g, is as follows under conditions that
ti<t<tj+1 and O<i<in.1 [33]

ax(v(t)-r,wv]t)) for v(t)>v(t)
Fe[vIt) =1 min(v(t)+r,wlv]t)) for v(t)<v(t) 1)
wlvti), for v(t)=v(t)
For a full description of a hysteresis model output Yp, each operator has to be weighted by a density function p(r),

which is always positive. The final structure of the model is expressed as (2). A finite number of operators, n, is sufficient
to model the hysteresis because the density function tends to zero as the operator number, j, increases. The complete

model contains a positive constant «. The density function p(r;) = pe_frj is described by three parameters p, z, and a.
Where p and a are always positive and rj=a; [33].

Yp(t)=e[vit)+ [ p(r) F [vIthdr @

O —=



The generalized operator G, is described by two user defined envelope functions. For an increasing input v(t), the
output z of a generalized play operator is expressed by values along the curve y, for a decreasing input, z is expressed by
values along the curve y¢ (Fig. 3 (b))[33].

max(y (t)-r,z[v)t)) for v(t)>v(t)
G, [v]t) =< min(y, (t)+r, z[vlt)) for v(t)<v(t) 3)
z[vls) for v(t)=v(t;)

The shape of the hysteresis determines the appropriate function to use. For example, hyperbolic tangents can be
appropriate to describe saturated hysteresis in magnetic shape memory alloys [37]. In the case of piezoelectric materials
simple linear functions y|(t)=acv(t)+a1 and yi(t)=bov(t)+b,, are appropriate to describe the hysteresis shape effectively [33].
A future simplification of the model to envelope functions expressed as y = y- where y; = aox + ai can also provide
sufficient modeling and compensation results [34] hence, this approach will be used in this paper. In a similar approach
to the classical Prandtl-Ishlinskii model, the generalized Yy, is given by a finite sum of weighted generalized play operators
(4), where wg is positive constant but in this work it is assumed that wg = 0 since hysteresis modelling without this
function has also provided satisfying results without increasing model error.

Yo, ()= s lvt)+ Zp( )67 [v)t)ar @

3.2. Inverse generalized Prandtl-Ishlinskii model

The application of an inverse model H! to compensate hysteresis is schematically presented in Fig. 4, which shows
that the input yn(t) is initially input into the inverse model where it is transformed to a value u(t). The output of the inverse
model is then applied as an argument to object with the hysteresis H, as a modified voltage (in the case of piezoelectric
materials). Based on an inverse function theorem, perfect compensation leads to the input and output signals being equal,
yn(t) = y(t). The inverse generalized Prandtl-Ishlinskii model is a cascade of inverse envelope functions (5) [34].

[;p() (t)j or 50
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Fig. 4 The approach of cascade hysteresis compensation by an inverse model

The inverse model requires both inverse threshold and density function values. These are obtained from parameters
identified from measured data, which is possibly due to an initial loading curve concept, which was proposed and
described by [29] as an alternative method for hysteresis description. Based on this concept the inverse model is
analytically available, which was investigated in detail and presented in [13,30,34]. Threshold values, which describe the
play operator Ffj in the inverse model, are given by (6). The density function for the inverse model is given by (7) and
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3.3. Valve modelling

A schematic view of the valve can be seen in Fig. 5, where the piezoelectric ring bender (left of image) and the spool
is shown. When a control voltage is applied to the piezoelectric ring bender it displaces, as in Fig. 1 and thereby moves
the spool. As the spool moves in the positive x direction this will connect the supply pressure (Ps) to the control port 1
(P1) and return pressure (Py) to the control port 2 (Py).

Py Ps P,

e

Q. Q
P2 Py

Ring bender

Fig. 5 Piezoelectric valve schematic showing ring bender (left of image) and spool position

The dynamic response of the valve spool motion to the ring bender control signal is determined by:
i the power amplifier bandwidth, and its current limit which limits the rate of change of output voltage
given that the piezoelectric actuator behaves approximately like a capacitor,
ii.  the friction, damping and inertia associated with ring bender and spool motion,
iii. flow forces acting on the spool as the ports open.

These dynamic characteristics lead to a complex, non-linear valve response, modelled in detail in [3]. However, in
this work an off-line control algorithm based on a low order ‘black box’ model has been identified as a least-squares fit
to input-output measurements. The amplifier input signal was a sine wave sweep of 5V amplitude (form 0 to 10V), and
frequency from 0.2 to 250 Hz. At low frequency this amplitude corresponds to 100V amplitude applied to the ring bender
and 70um output position amplitude. The spool position was measured by the LVDT position sensor connected to the
spool, see Fig. 2(a). The resulting second order transfer function is expressed by equation (9). The identified transfer
function is compared to the valve frequency response in Fig. 6, with steady state magnitude normalized to unity. Note
that the additional phase lag at low frequency is a non-linear effect, resulting from the hysteresis. The second order model
is sufficient to approximate the characteristics up to 250Hz since the phase lag is no more than -180° in this frequency
range. More precise modelling needs to include higher order model and non-linearities, as shown in [3].
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Fig. 6 Measured and model frequency response (magnitude and phase) from the

amplifier input to spool position

4. Control
4.1. Alternative control strategies

The valve performance is directly related to the accuracy of spool positioning, and thus hysteresis is a major issue in
achieving optimum performance. In a piezoceramic actuator, hysteresis is observed between the applied voltage and
charge, and charge is proportional to displacement. In this section control strategies, used to reduce this effect, will be
presented; six control strategies will be compared.

Test data for hysteresis modelling were collected during application of a voltage input signal u(t) to the amplifier. The
output in this case is the open loop (OL) spool movement y(t), as shown in the Fig. 7 (a), where H is the hysteresis and
G(s) is the dynamic behaviour of the valve. After identification of the GPIM parameters, the inverse GPIM (or IGPIM),
H-1, was introduced to modify the valve control signal as in Fig. 7 (b). In this case the desired position of the valve yo(t)
is processed by the IGPIM to supply a voltage signal u(t) to the voltage amplifier. The resulting output position of the
valve spool, y(t), ideally should exhibit no hysteresis behaviour. This strategy is tested to examine the hysteresis reduction
performance of the IGPIM.

The first closed loop strategy employed uses a proportional-integral-derivative (PID) compensator, as in Fig. 7 (c).
The desired spool position yo(t) is compared with the actual position y(t). The resulting control error, e(t), is processed by
the PID compensator to provide a voltage signal u(t). The second closed loop scenario consists of the PID compensator
in series with the IGPIM (Fig. 7 (d)). The idea of this strategy is to use the inverse model to reduce the nonlinear behaviour
of the valve and simplify the control problem to control of a linear system. The next strategy uses the inverse GPIM as a
feedforward hysteresis compensator to reduce the influence of the hysteresis behaviour on the system. A PID controller
in parallel is used to reduce the remaining control error. The inverse model output voltage signal, ui(t), and the PID output,
Uy(t), are added to give the valve control signal, u(t).

With the feedforward (FF PID) strategy, a sudden change in demand will lead to a control signal much greater than
the steady state value required due to large contributions from both us(t) and ux(t) [39]. To reduce this, the valve dynamic
model G(s) (an estimate of G(s)) can be introduced, as in Fig. 7 (f). The predicted position signal y1(t) should be similar
to the measured position y(t). The assumption in this work is that a system response which is the same as Gy(s) is adequate,
and the purpose of the closed loop controller is to correct for modelling errors or parameter variations that would cause
the response to deviate from this simple model.
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Fig. 7 Control strategies (a) open loop, no hysteresis compensation (OL), (b) open loop hysteresis compensation strategy
(OL HC), (c) PID closed loop control strategy (PID), (d) PID closed loop with hysteresis compensation control strategy
(PID HC), (e) feedforward hysteresis compensation with PID closed loop control strategy (FF PID), (f) feedforward
hysteresis compensation with valve model and PID closed loop control strategy (FF PID G).

4.2. Controller implementation — PID controller description

The PID controller is the most popular closed loop industrial controller which is frequently used for fluid power
applications because of its simplicity and easy application in real time control systems [40,41]. The mathematical
expression of this controller is given in (10). Three gains Kp, Ki and Kq scale the proportional, integral and derivative part
of the controller, respectively. However, finding the optimal values for the gains is not straightforward [42].

de(t)

u(t) = K, e(®) + K, Ie(r)dr+ K, (10)

where u(t) is the command signal, and e(t) is the system error.

In this paper, PID controller tuning is acheived by using the proprietary MathWorks PID tuning algorithm available
in the simulink control design toolbox [43]. A Simulink model for each control scenario was prepared, using the identified
dynamic model, Gy(s), GPIM and the inverse hystersis model. The first value of K, and K;, presented in the Table 1, was
tuned for a response time of 0.01s and with good reference tracking settings. The algorithm linearizes the prepared model
and tries to find a balance between the response time and reference tracing settings [43,44]. The other controller gains in
Table 1 were manually adjusted on a test stand in an attempt to improve behaviour of the system in terms of settling time
and overshoot. In all cases the automatic tuning of gain Kq gave zero. In practice a non-zero Ky leads to oscillatory
behaviour of the spool due to unmodelled high-frequency dynamics, and so Ky was set to zero for all control scenarios.
The K, and K; values are different for the six control methods due to the different ways in which hysteresis is compensated:
the plant as controlled by the PID controller is effectively different in each case.

5. Results

5.1. Testrig



A prototype of the piezoelectric ring bender spool valve was assembled and tested on a dedicated test bench (Fig. 8
(a) and (b)). All the tests were performed at 100 bar and the power pack supplies hydraulic fluid at a constant temperature.
The piezoelectric ring bender was actuated by a Noliac NDR6220DC voltage amplifier. The amplifier input voltage was
set from 0 to 10V, which corresponds to a variable output voltage from -100V to +100V respectively. During all tests the
ring bender was submerged in hydraulic oil. The data acquisition and the real time controller platform was an ‘xPC
system’ using a National Instruments (NI) PCI card, connector block, Host PC and a Target PC. This system uses a real-
time auto-coded Simulink model to program the control schemes. All the input and output signals were received or sent
out through the NI connector. The data analysed were command signal (commanded position of the ring bender),
command voltage (signal to the amplifier), amplifier output voltage, and ring bender-spool position. The sampling time
for all the tests were 10 kHz.
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Fig. 8 Test rig (a) configuration, (b) schematic

5.2. Identification of hysteresis model parameters

The parameters of the GPIM must be estimated from real test data. To evaluate the main and minor loops of the
hysteresis and the relationship between them, a harmonic damped input signal described by the equation (11) was used.
This signal will be also used as a training signal for the hysteresis model parameter estimation. To unify the measurement
conditions and avoid the occurrence of arbitrary states of the piezoelectric actuator, as a result of hysteresis, a
synchronization procedure was employed. Before each measurement a damped sine signal was applied to the valve and
the measurements started when the command signal, valve output and compensator output were at zero value.

5 for t € (0; 1.25s)
Virening (t): 5+53in(2”'0'2(t _1'25)) forte <1.5; 1OS> (11)
5-+5sin(27-02(t~1.25))-(1-0.02(t~10))  for t  (10; 60s)

The spool position is plotted against time in Fig. 9 (a) and against command voltage in Fig. 9 (b). The maximum
deflection of the piezoelectric spool assembly is approximately +70 um and the maximum hysteresis width is 17.2 % of
the full movement range. The hysteresis loops are almost symmetric with a small movement restriction that can be seen
at both sides of the loop, caused by mechanical friction. Modelling attempts indicate good accuracy of the hysteresis
model when using envelope functions expressed as y = yr- where y = agX + a; — which was also proposed in [34]. This
was found to provide modelling error equal to 3.3 um peak error and compensation error equal to 3.68 um peak error. In
this case the generalized play operator is symmetric and similar to the classical play operator. The constants ag and ay,
which change the operator’s slope and offset, have an influence on the model accuracy and continues to lead to a
difference compared to the classical Pl model. The GPI model could be reduced to the classical Pl model, while applying
yi=Yyrand yi=v [34]. As seen in Fig. 9 (a) the GPIM can model the valve sinewave response very well. In addition, Fig. 9
shows that the movement restriction at the loop ends are approximated with sufficient accuracy, the maximum peak
modelling error is 3.3 um (Fig. 9 (c)), which is 2.36% of the full displacement. The parameters of the model are as follows:
ao=0.9647, a; = 0.1014, o = 0.4193, p = 5.8387, z = 1.0302. The number of operators n=15 was chosen as a trade-off
between complexity and precision of the model. Values of these parameters were obtained by a nonlinear least squares
fit [45].
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5.3. Open loop control with hysteresis compensation

In order to compensate for the nonlinear behaviour of the piezo-spool assembly an inverse GPIM (IGPIM) was
prepared based on the estimated parameters and expressions described in section 3.2. In this test the inverse model was
used as a series compensator, as shown in Fig. 7 (b). The open loop control with hysteresis compensation achieved a
hysteresis reduction of an average of 2.03 um (1.45% of the full movement range), which is clearly visible in Fig. 10 (a)
and Fig. 10 (b). The maximum error, presented in Fig. 11, was connected with a modelling inaccuracy at the loop turns
and is equal to 3.68 um, which is 2.63 % of the movement range. The output of the IGPIM, presented in Fig. 12, is a
voltage reference which was applied to the amplifier to achieve the hysteresis compensation.
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For validation purposes another more complex input signal was applied to the inverse model with the aforementioned
parameters. The validation signal was a combination of trigonometric functions as in (12). The response for this signal is
shown in Fig. 13 against time and against command voltage in (cases (a) and (b)). Fig. 13 (c) shows that the modelling
error has increased up to 4.22 pm, which is 3.02% of the full movement range.

F(t)=sin(27z-t-0.35)+2cos(27z-t-0.2+ 7/ 2) + 2sin(2z -t -0.3+ 7/ 2)

Vyerificaton (t) = F (t+8), for t & (0; 53s) (12)
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5.4. Closed loop control experimental results

The control performance is shown in two ways: (i) step responses for different reference step sizes and (ii) frequency
response for different displacement amplitudes. For each case study all the control strategies were tested. The results are
compared by the settling time and overshoot for step responses and -3 dB amplitude frequency and -90 degree phase shift

frequency for the frequency responses.

5.4.1. Step response results

Three step response amplitudes were chosen to show different valve working points. The step sizes were up to £70
pum, where O um is the neutral position with all ports closed as in Fig. 5. The spool overlap is approximately £25 pum from
the neutral spool position. The first step was from 0 to 17.5 pm (reference amplitude 17.5 pm), the second from -17.5 to
35 pm (reference amplitude 52.5 pm) and the third from -52.5 to 35 um (reference amplitude 87.5 pm). These steps
correspond to spool movement in the overlap area, spool movement from a closed valve to positive open valve position
and spool movement from a negative open valve to positive open valve position respectively. The settling time criterion
is fulfilled when the spool position reaches and stays within £5% of the current step amplitude. The overshoot is calculated
as the ratio of the peak spool position and the current step amplitude. The results for step responses for all closed loop
control strategies are presented in Table 1. For this study a ramp command over 2 ms was used rather than a pure step,
since an ideal step command reached the device’s current limit (1.5 A peak current).



Table 1

Results for different control scenarios and PID constants

Controller Acronym Kp Ki Settling time 5% (milliseconds) Overshoot (%)
Reference amplitude (pm) > 175 | 525 | 875 | Avg. | 175 52.5 875 | Avg.
PID closed PID1 1.1987 4745090 | 11 | 48 | 57 7.2 799 | 406 | 041 42
loop control PID 2 2.3968 949.0180 | 103 | 118 | 8.1 101 | 3387 | 0.68 030 | 116
PID 3 0.5992 4745090 | 16.7 | 139 | 127 | 144 | 1586 | 16.24 | 1488 | 157
PID 4 1.1987 949.0180 | 22 9 9.2 134 | 4261 | 1962 | 1037 | 242
PID5 1.1987 237.2552 | 227 | 216 | 194 | 212 2.40 0.97 0.55 13
PID 6 0.5992 237.2552 | 143 | 152 | 141 | 145 | 258 121 | o058 15
PID with PIDHC 1 0.4823 1909162 | 142 | 170 | 171 | 161 | 205 | 097 | 058 12
hysteresis PID HC 2 0.4823 213.8982 | 114 | 151 | 145 | 137 | 275 | 1.09 | 0.69 15
compensation PIDHC 3 0.9645 4277964 | 12.2 | 9.8 6.5 9.5 4.67 1.27 0.72 2.2
PID HC 4 1.4468 641.6946 | 106 | 76 | 7.2 8.5 6.94 1.09 | 0.69 2.9
PIDHC5 1.6879 7486437 | 41 | 7.2 74 6.2 1.92 344 | 367 3.0
PIDHC 6 1.4468 7486437 | 44 | 117 | 74 7.8 7.17 5.59 434 5.7
Feedforward FFPID1 1.1987 4745090 | 11.7 | 155 | 183 | 152 | 5257 | 3658 | 25.90 | 384
hysteresis FFPID 2 0.5992 4745090 | 219 | 203 | 189 | 204 | 5869 | 39.73 | 27.33 | 419
compensation FFPID 3 1.1987 949.0180 | 19.2 | 174 | 181 | 182 | 7582 | 39.32 | 27.09 | 474
with PID FFPID 4 1.1987 2372552 | 201 | 230 | 231 | 221 | 39.11 | 29.76 | 21.81 | 302
FFPID5 0.5992 237.2552 | 202 | 201 | 219 | 20.7 | 37.36 | 34.07 | 25.09 | 322
FFPID6 0.2996 118.6276 | 347 | 299 | 20.7 | 314 | 2023 | 26.09 | 2184 | 227
Feedforward FFPIDG1 1.1987 4745090 | 11.9 | 107 | 57 9.4 1311 | 10.72 | 3.18 9.0
hysteresis FFPIDG2 2.3968 949.0180 | 133 | 4.9 5.9 8.0 8.74 2.74 1.75 4.4
compensation FFPIDG3 0.5992 4745090 | 135 | 5.2 5.6 81 8.92 472 2.31 5.3
with valve model ~ FFPID G 4 1.1987 949.0180 | 137 | 48 5.7 81 8.92 2.04 3.08 4.7
and PID FFPIDG5 0.5992 237.2552 | 341 | 166 | 6.7 191 | 1259 | 711 4.61 81
FFPID G 6 0.2996 118.6276 | 52 | 108 | 1127 | 92 5.77 6.35 7.59 6.6

The open loop (OL) and open loop with hysteresis compensation (OL HC) step responses are shown in Fig. 14, where
three different step sizes are presented in (a) 17.5 um, (b) 52.5 um, (c) 87.5 um. As can be seen the OL response has
different start values and the commanded value cannot be achieved because of the hysteresis behaviour of the piezoelectric
ring bender. The OL HC response has a constant start value error due to inaccuracy of the inverse model. The commanded
value is reached for all values, but is not maintained due to creep of the piezoelectric. Creep is a gradual change of ring
bender deformation with time while the command voltage is constant, and this is due to slow ferroelectric domain motion
in the piezoelectric material. However, the piezo-spool assembly response time (10 milliseconds) is good even without

control.
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The step response results for the closed loop PID controller are presented in Fig. 15 (a), (b), (c). The PID 1 variant
has the fastest settling time for all step amplitudes. Furthermore, the overshoot does not exceed 8% which makes this PID
variant the best of those examined. Compared to other variants the PID 1 is a good compromise between lower overshoot
(PID 5 or PID 6) and lower settling time (PID 2).
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The step response results for the closed loop PID with hysteresis compensation (HC) control scenario are presented
in Fig. 16 (a), (b), (c). The best variant is in this case PID HC 5, with an average settling time for all amplitudes, equal to
6.2 ms, which is 1 ms faster than for PID 1 and average overshoot reduced by 1 % from 4.15% for PID to 3.01% for PID
HC. The applied gains for PID HC are in a similar range to those used for PID without hysteresis compensation.
Nevertheless a significant reduction of overshoot (46.5%, comparing the average overshoot of PID 1 and PID HC 3) can
be seen comparing these two strategies. This is because the control error e(t) is reduced by cancelling the valves hysteresis.
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The step response results for closed loop feedforward hysteresis compensation with PID control (FF PID) are
presented in and Fig. 17 (a), (b), (c). The overshoot and settling time values are much larger than other control scenarios,
for example on comparing the average overshoot and settling time values of FF PID 1 and PID 1 the control scenarios
were increased by a factor of over 2 and over 9 times respectively. The origin of this problem is that the PID and IGPIM
are both trying to cancel the hysteresis and the sum of these efforts leads to the overshoot.
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Fig. 17 The FF PID step response for (a) 17.5 um, (b) 52.5 um, (c) 87.5 um

The step response results for closed loop feedforward hysteresis compensation with valve model and PID control (FF
PID G) are presented in and Fig. 18 (a), (b), (c). The overshoot problem was resolved by introducing the simplified
dynamic model G,(s) before the control error calculation. As a result, the response overshoot was reduced and is lower
than for the PID scenario with the same gains. The best set of gains is FF PID G 6 with an overshoot of 7.6% and settling
time of 10.8 milliseconds. Compared to the PID 1, the average settling time is similar but the PIF FF G overshoot is larger
by about 2.4%. Compared to the PID HC, the FF PID G controller gives inferior overall performance for step responses.
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5.4.1. Frequency response results

The two amplitudes used for frequency response testing were chosen to demonstrate the valve’s behaviour for 50%
(35 um) and 70% (49 um) of spool displacement. Both amplitudes correspond to the valve operating from a negative to
positive flow, but in different flow ranges. For these tests, the bandwidth (in terms of -3 dB frequency, and -90° frequency)
and amplitude overshoot above 0 dB (resonant peak) are presented in Table 2. Only three of the sets of gains presented
in Table 2 were tested for each controller, selected on the basis of the lowest settling time. The feedforward PID FF
controller was not evaluated here because of the large settling time and overshoot compared to the other control strategies.
Frequency responses are estimated from swept sine tests up to 250Hz.



Table 2
Frequency response results

Refer_ence oL PID PID HC FFPID G

Controller: am(p:llrth]L)Jde oL HC 1 5 3 4 g 6 5 4 6

3dB 35 | 251 396 | 961 1646 77.6| 1195 1249 118.7| 1025 102 109.9
Iﬁg“ency 49 | 267|349 | 766 884 688| 798 768 768 | 864 871 OL5
-90° 35 | 80.7| 1011 | 909 1537 583 | 1232 1427 121.4| 1038 857 1152
Iﬁg“ency 49 | 8391049 | 1071 1428 624 | 1377 1451 1355| 907 685 904
Resonant 35 0 | 0 | 095 123 211| 06 07 10 | 015 043 014
peak (dB) 49 0| o 08 07 12| 043 045 058 | 016 023 0.5

The frequency response results for open loop and open loop with hysteresis compensation are presented in Fig. 19 (a)
and (b). The hysteresis compensation causes relocation of the starting amplitude to 0 dB as well as starting phase to 0°
for both amplitudes. In consequence the bandwidth frequencies are moved from 25 Hz to 40 Hz for -3 dB and 81 Hz to
101 Hz for -90° with a 35 pum reference amplitude.
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Fig. 19 OL and OL HC frequency response for (a) 35 um and (b) 49 um

The frequency response results for closed loop PID control are presented in Fig. 20 (a) and (b). The results show that
the PID control improves the frequency response to 165 Hz for -3 dB and 154 Hz for -90° with the PID 2 gains and 35
pm amplitude much higher bandwidths than open loop control, but this controller also gives a resonant peak of 1.23 dB.
Note that this set of gains (PID 2) caused power down of the amplifier before 250Hz was reached.
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The frequency response results for PID HC are presented in Fig. 21 (a) and (b). The maximum -3dB frequency
achieved is 124.9 Hz for PID HC 5, but this value was obtained with a lower resonant peak (0.7 dB) than the best PID
controller without hysteresis compensation (PID 2). Furthermore, the -90° frequency for the 35 pm amplitude is only
lower by 10 Hz and is better for the 49um amplitude.
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Fig. 21 PID HC frequency response for (a) 35 um and (b) 49 um

The frequency response results for the FF PID G controller are presented in Fig. 22 (a) and (b). A common feature is
a much lower resonant peak than the other control techniques. Almost 110 Hz (for 35 pum amplitude) for -3 dB frequency



was achieved with FF PP G 6 while the response remains flat. The -90° phase was reached at 115 Hz. This makes the FF
PID G controller a good compromise between maximum operation frequency and flat response, compared to other control
techniques.
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6. Conclusions

The control of a new proportional hydraulic valve driven by a piezoelectric ring bender actuator has been investigated
in this paper. In particular, the actuator hysteresis problem is addressed; hitherto this has been a major obstacle in the
adoption of smart materials for valve actuation.

A Generalized Prandtl-Ishlinskii model has been adapted to represent the hysteretic relationship between the voltage
applied to the piezoelectric actuator and the resulting valve spool displacement. Model parameters are estimated by a
least-squares fit to experimental data. The hysteresis gives a deviation of 17% of maximum displacement away from the
ideal linear relationship. Applying a real-time analytical inverse of the hysteresis model (open loop) linearizes the actuator
behaviour very effectively, reducing the error to a maximum of 2.6% and an average of 1.5%. Uncompensated, hysteresis
significantly effects steady state accuracy as evident in step response results, and also reduces amplitude ratio by 1.5dB
and introduces an extra 10° phase lag in the frequency response results; these effects are eradicated when hysteresis
compensation is used. The -90° phase lag frequency, which is the conventional measure of bandwidth used for servovalves
and other hydraulic proportional flow control valves, is increased from about 80Hz to 100Hz as a result.

Closed loop position control of a valve spool requires additional position sensing and interfacing hardware, but
potentially improves positional accuracy and dynamic response. Conventional PID control has been investigated, and also
three PID variants incorporating hysteresis compensation. Increasing the -90° bandwidth frequency to about 150Hz is
shown to be realistic. Although similar bandwidths can be achieved with and without hysteresis compensation in the
forward path (i.e. comparing PID HC and PID, for example PID HC 5 and PID 2), they can only be achieved without
hysteresis compensation if higher controller gains are used which increase the size of the resonant peak and also cause
more overshoot in the step response (particularly at low amplitude as in Fig. 17(c)). Hysteresis compensation in a
command feedforward path is only satisfactory if a dynamic model (or filter) is included in the command to the feedback
loop (the FF PID G controller), or otherwise overshoot is too high. Comparing frequency responses, although the
bandwidth achieved with FF PID G is generally lower than PID HC, the response is nearly flat (little or no resonant peak)
which may be an advantage in some applications. Overall it may be concluded from the controller tests that:

(i) Open loop hysteresis compensation improves accuracy (significantly) and frequency response
(if) Conventional closed loop PID control is also effective at overcoming the hysteresis problem, although
necessitating position feedback, and avoids the need for hysteresis modelling.



(iii) Closed loop hysteresis compensation schemes, either PID HC or FF PID G, achieve the best performance in
terms of high speed of response but without so much overshoot or resonant amplification as with conventional
PID.

The spool in the prototype valve is from a commercial Moog E024 series servovalve [46], which has a rated flow
of up to 7.5 L/min with 35bar pressure drop across each valve orifice. The valve is designed for a maximum supply
pressure of 210bar. In the commercial E024 valve, like most servovalves, the spool is actuated by hydraulic pressure
controlled by an electromagnetic torque motor. This actuation mechanism is a complex design requiring highly precise
machining, manual assembly, and an accurate calibration process, and thus piezoelectric actuation is an attractive
alternative. Conventional valves of this size have -90° bandwidths in the region 50Hz to 300Hz, and thus the prototype
valve has a broadly similar dynamic performance, particularly with closed loop control. The E024 like most servovalves
is specified to have hysteresis less the 3% [46], and so even without closed loop control the prototype valve can achieve
this if hysteresis compensation is implemented using the inverse model.

In summary, the original contributions of this work are:

(i) The implementation of a generalized Prandtl-Ishlinskii model of hysteresis and demonstration that this model

can be trained to fit the hysteretic behaviour of piezo-actuated device very well.

(if) Analytical inversion of the model, and experimental demonstration that this inverse can cancel out the

actuator hysteresis very effectively.

(iii) A detailed comparison of closed loop control schemes with and without embedded hysteresis compensation.

(iv) The first in-depth control performance results for a novel piezoelectric ring bender actuated spool valve

designed for controlling high pressure hydraulic actuation systems.

(v) Demonstration that resulting valve performance, in terms of hysteresis and dynamic response, is comparable

with commercial valves using much more complex pilot stage actuation.
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