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ABSTRACT
High speed of response, large generated force, high precision and ultra-low power consumption are some of the
advantages why piezoelectric actuators are widely used in modern car fuel injectors, in automated sperm
injection systems, cell surgery, nanorobotics and etc. However, hysteresis nonlinearity in piezoelectric actuators
affects precision of the actuators, and hence, it limits the maximum benefits that can be achieved using PEA. In
this paper, we propose an experimental process that can be used to capture hysteresis nonlinearity in
piezoelectric actuator. Hysteresis minimization by using PID based feedback control and Inverse multiplicative
techniques have been investigated. The performances of the different minimization techniques for level of
hysteresis minimization were investigated based on integral absolute error (IAE). It was observed that the
performance of Inverse multiplicative technique is better when compared to the feedback minimization
technique. However, unlike the PID control, the Inverse multiplicative technique requires an accurate model
which may be difficult to obtain. Finally, suggestions for future works were made.

Keywords: Bouc-Wen model, hysteresis, image processing, optimization, inverse model, PID, piezoelectric
actuator, system identification.
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I. INTRODUCTION

Piezoelectricity is an electromechanical energy conversion fundamental process, that relates electric polarization
to stress/strain in some materials that exhibit piezoelectricity. Commonly used piezoelectric material is lead
zirconate titanate (PZT). When piezoelectric materials are subjected to mechanical stress, they generate an
electric charge and alternatively, when subjected to electric field, they produce strain. Piezoelectric property is
the basis upon which these materials have the ability to act as sensors or actuators.

Due to numerous advantages of piezoelectric actuators (PEAS) like small size, fast response, high generated
force, high displacement resolution, ultra-low power consumption, low cost, no mechanical friction due to the
absence of moving parts etc, PEAs are widely used in high precision micro/nano manipulators [1-4], in
automotive fuel injectors, cell wall cutting [5,6], in automated sperm injection [7], in active vibration control [8-
11] etc. Miniaturization trend in applied research further fueled the application of PEAs.
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Despite the numerous advantages offered by PEAs, hysteresis nonlinearity is a major drawback that impedes the
maximum benefits that can be drawn from using PEAs. Hysteresis nonlinearity may result in large inaccuracies
in positioning and may even lead to instability of the PEA system [7,12,13].

In order to capture or model hysteresis nonlinear behaviour in PEASs, different models have been proposed in the
literature. Generally, the models are classified into phenomenological based models and physics based models.
Bouc-Wen model [14-20], Duhem model [21], Preisach model [22,23] and Prandtl Ishlinskii model [3,24,25]
are examples of phenomenology based models. Examples of physics based models include fractional order
Maxwell resistive capacitor model [26], Kelvin-Voigt model [27] and Jiles-Atherton (JA) models [28,29]. The
physics based models build on corresponding physical effect based on first principles [28]. The major challenge
limiting the use of most physics based models for hysteresis modelling is model parameter estimation [29]. Ad-
hoc techniques rather than optimization techniques are usually used to identify these models. Effective hysteresis
minimization depends largely on the accuracy of the hysteresis model. Optimization techniques are usually
employed to identify optimum values for the parameters of these hysteresis models. In the literature, techniques
like particle swarm optimization (PSO) [2,3,18,19,25,30], nonlinear least square [29,31], evolutionary algorithm
based [16,17,27,32,33] etc have been investigated for identifying optimum parameters for hysteresis models.
However, complex algorithms like the evolutionary algorithms have high computational cost and slower solution
convergence when compared to other techniques like simple direct search [34]. PSO does not consider the
optimization problem gradient, hence, an optimal solution cannot be guaranteed.

Hysteresis minimization strategies exist in literature. Feedback based hysteresis minimization techniques have
been proposed in [7,24,35]. For feedback techniques, sensors are usually used to monitor the state of PEAs (like
displacement). However, the sensors that are required for feedback loop bring about an additional system cost
and are slower, hence, they deter PEA system speed of response [36]. Furthermore, there is the need to
investigate other techniques that can minimize hysteresis better than these feedback techniques. Another
alternative technique proposed in the literature for hysteresis minimization is the feedforward technique
[3,14,15,37,38]. Feedforward techniques involve computing an inverse model for hysteresis cancellation.

In this research paper, the Bouc-Wen model has been proposed due to its use of compact equations, its ability to
model wide range of hysteresis effects, its low number of parameters to be identified and ease of implementation
in MATLAB/Simulink. Nelder-Mead (NM) simplex method has been selected for the identification of optimum
parameters for the Bouc-Wen model because of its simplicity and efficiency [42]. Hysteresis minimizations
based on optimized PID controller and Inverse multiplicative technique were compared. The Inverse
multiplicative technique has been proposed due to the fact that it does not need extra complex computations that
are involved when finding inverse hysteresis models for the case of model-inversion-based minimization
techniques. The performance as a result of using the PID and Inverse multiplicative technique will be
investigated. Integral Absolute Error (IAE) will be used to quantify the degrees of hysteresis minimization by
using the proposed control strategies.

The rest of the research paper has been organized as follows. In Section |1, experimental procedure to capture
the hysteresis nonlinear behaviour in PEA system and transfer function modeling for the PEA system is
presented. Transfer function parameters of the PEA system are identified in this section. In section I11, the PEA
hysteresis model and model parameters identification are presented. In section IV, the different hysteresis
minimization techniques are presented. In section V results are presented and discussed. Lastly, in section VI
conclusions are drawn and recommendations for future work improvement are suggested.

Il. EXPERIMENT AND TRANSFER FUNCTION MODELLING

2.1 Experimental Process

Figure 1. shows the setup for the experimental process. The major objective of the experiment is to capture
hysteresis nonlinearity by acquiring input and output data. The PEA used in this experiment is AEO505D16DF, a
resin coated type multilayer stack PEA by NEC Tokin. The actuator maximum driving voltage is 150V DC with
a corresponding maximum output displacement of 17.4+2.0 pm [39]. Equipment used for conducting the
experiment include: Olympus IX3-ICS inverted microscope attached to desktop computer, DC power supply
unit, a laptop computer, stack-type piezoelectric actuator, microcontroller module and arduino microcontroller
based signal switching circuit.

DC power supply unit was used to generate the required voltage for driving the actuator, while the switching
circuit connected to a laptop computer was used to generate different signal wave forms at different frequencies.
Programs written in C programming language were programmed on the microcontroller using the laptop to
generate the frequency and wave form of interest. Inverted microscope was used to capture the change in PEA
tip position when the driving voltage changes. Fig. 2a shows the position of the PEA tip at an input of 125V as
captured by the microscope, while Fig. 2b shows the tip position when the driving voltage was zero. With the
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help of the microscope utility software known as DigiAcquis, a video was recorded at 25fps. The video was then
converted to still pictures so that the frames at voltages of interest can be analyzed individually.
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Figure 2: Piezoelectric actuator tip displacement monitoring using inverted microscope. (a) Tip at 125V input.
(b) Tip at OV input.

The use of microscope was necessary in order to capture the very fine displacements of the PEA. When the
actuator tip moves, it changes the area of the light reaching the magnification lens of the microscope.
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Image processing techniques were used to determine the corresponding change in displacements when the
driving voltage changes using the extracted frames. The PEA system was tested using different signal
waveforms. Fig. 3b shows a triangular type input voltage that correspond to loading (increasing voltage) phase
and unloading (decreasing voltage) phase, while Fig. 3a shows the corresponding change in tip position. The
PEA was also tested with a square wave type input signal vibrating at a frequency of 1Hz with a duty cycle of
50% as shown in Fig. 4b, while Fig. 4a shows the corresponding changes in tip position for the actuator vibrating
at 1Hz.
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Figure 3: Input and output graphs for loading and unloading phases (a) Output graph (b) Input graph

~

70

)
T

o
T
T
a
o
T

IS
T
IN
o
T

Tip Displacement (um)
w
T
Voltage (V)
<]

N
T

N

=)

il L

0
; 100 1€
m 0 50 . 100 150
Time (s) Time (s)

(@) (b)
Figure 4: Input and output graphs for vibrating piezoelectric actuator (a) Output graph (b) Input graph
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2.2 Transfer Function Model Estimation
To establish the transfer function of the PEA, 400 sets of input and output data points were collected. Using the
system identification toolbox in MATLAB software, the transfer function model for the actuator was established.
A 4th order model given by (1) was established with a 98.01% fitness to estimation data, Mean Squared Error
(MSE) of 0.008147 and Final Prediction Error (FPE) of 0.032820.

G ( S) _ 34005+62060
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The order of the transfer function given by (1) was reduced to 2nd order given by (2) by matching its time
response characteristics to those of (1). By reformatting (2) in the form given by (3), mass, m, damping
coefficient, b, and elastic constant, K, were obtained and presented in Table I.
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Table I: Piezoelectric actuator parameters

Parameter Value Unit
Mass (m) 0.1348 Kg
Damping coefficient (b) 0.4313 N s/m
Elastic constant (K) 8.6957 N/m

2.3 Model Validation

The validity of the transfer function model given by (1) was investigated based on residual analysis. The
autocorrelation for the output displacement and cross correlation for voltage and displacement residuals are
given by Fig. 5. It can be seen that, based on 99.9% confidence level (given by dotted lines), the model has
passed validation tests.

In Fig. 6, the model order reduction validity was investigated by comparing the step responses of the model
given by (1) against the step response of the model given by (2). It can be seen that the models have same time
response characteristics.
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Figure 5: Model validation based on residual analysis Figure 6: Model order reduction validation based
on step response criteria

I11. HYSTERESIS MODELING AND PARAMETER IDENTIFICATION

3.1 Bouc-Wen Hysteresis Model Formulation
The dynamic equation of motion of a one degree-of-freedom (1-DOF) PEA can be expressed in the form given
by (4) [40]. By considering the nonlinear hysteresis property of the PEA system without considering parameter
uncertainties and unmodeled dynamics, equation (4) is modified and expressed in the form given by (5). Fig. 7
shows the representation of the PEA model with its various parameters and hysteresis property. It is assumed that
one end of the PEA is fixed, and the order end is a free end, and can produce displacements along the
longitudinal axis of the actuator when an input voltage is applied between the actuator's input terminals,

my + by +ky =u 4

My + by +ky = k(dgu —h(t)) (5)

where m, b, k, u, 1, de and h(t) represent the mass of the system, viscous damping coefficient, elastic constant,
excitation voltage, tip displacement, piezoelectric strain coefficient and hysteresis displacement of the system
respectively. The parameters m, b, and k have been identified from the PEA transfer function obtained
experimentally in section Il and were tabulated in Table 1. The hysteresis nonlinearity for n-degrees-of-freedom
is modelled using the Bouc-Wen equation adapted for PEA given by (6) and (7). The other parameter, n,
controls the smoothness of transition from elastic to plastic response. In this paper, hysteresis along the PEA
longitudinal axis (d33) is our subject of interest, hence, the Bouc-Wen hysteresis equation given by (7) can be
written as (8). The parameters o, B and y define the shape, orientation and magnitude of the hysteresis loop
respectively. The implementation of the Bouc-Wen hysteresis equation given by (7) in MATLAB/Simulink is as
shown in Fig. 8. The entire dynamic simulation model implemented using (5), (6) and (7) is as shown in Fig. 9.

w(©) = deu—h®), wtg) =vg ©)

DOI: 10.9790/1813-0610017586 www.theijes.com Page 79



Preparation of Papers for the International Journal of Engineering and Science

b = i — gluful™ ™~ yulp]” h(tg) =y )

h(t) = au - B|d|u - yulh| ®)

; Bouc-Wen _;Z

-
K

; m

; u

T

/

Figure 7: Piezoelectric actuator model
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Figure 8: Bouc-Wen hysteresis model simulation blocks
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Figure 9: Complete PEA model with Bouc-Wen hysteresis model simulation blocks

3.2 Parameters ldentification Using NM-Simplex Algorithm

At this point, the parameters of the Bouc-Wen hysteresis model of the PEA were identified. The process of
identifying optimum model parameter values is a challenging task. Hence, the identification problem becomes an
optimization one. The goal is to minimize the objective function subject to constraints. Nelder-Mead Simplex
method was used to identify optimum parameters for the Bouc-Wen model.

The steps executed by Nelder-Mead simplex optimization process are as follow [41]:

N-+1

o A simplex, S, is defined as a convex hull having N+1 number of vertices {xj} 4 in N-dimensional space
J:

given by SRN . The vertices the condition that simplex hull volume is nonzero.
o NM algorithm starts iteration from an initial simplex. K" iteration starts by ordering and labeling the current

x-(k)}N+1

vertices as { .
J J=1

k k k (k)
0" > 9§ 2 g{".......2 g ©

e The point X(Nk+)1 is referred as the best point, point ng) as next to the worst, point Xi(k) as the worst point.
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e Our goal is to minimize the cost point. For this reason, the worst point is then discarded, many 'better' trial
points generated. Function values are computed at these generated points.

o A new simplex is then constructed having N+1 vertices by making use of rules that favour minimization of the
objective function value.

e A single function evaluation is required when iteration process terminates after reflection or two evaluations
for termination after an expansion, and N+2 evaluations for a shrinkage step.

Iterations were performed and the solutions converged at the 262™ iteration. The Bouc-Wen model parameters
trajectories are as shown in Fig. 10. The optimal values for the Bouc-Wen model parameters are given by Table
I1 while Fig. 11 shows a comparison between measured data obtained experimentally against simulated data that
was obtained from Bouc-Wen model (as far the optimum parameters).

Table II: Identified Bouc-Wen model parameters

Parameter Initial Guess Optimum Value Unit
Alpha (o) 7.20 x 107 8.09 x 107 -
Beta (B) 1.76 x 102 3.80x 107 -
Gamma (y) 1.66 x 107 540 x 10° -
Piezoelectric Coefficient 1.27 x 10 2.06 x 10! pm/V
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Figure 10: Trajectories of Bouc-Wen model parameters
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Figure 11: Measured data and Bouc-Wen model simulated data compared
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IV. THE HYSTERESIS MINIMIZATION TECHNIQUES
4.1 Hysteresis Minimization Based on PID Control
The PID controller algorithm is given (10). The error, e(t), is given by (11). This is the tracking error obtained as
the difference between the command set-point (which is desired output displacement in our case) and the actual
output (displacement which is hysteretic in nature) [42],

g (1) = Kpe(t) + K, Je(t)dtsKp < e(t) (10)

e(t) =y, (1) -y(t) (11)
where . (t]) is the desired displacement and (£} is the actual displacement. This is to say, the hysteresis
nonlinearity problem can be considered as the error that results in tracking the desired output displacement. The
parameters K. K; and K, are proportional, integral and derivative gains of the PID controller respectively.
These gains determine how much of the controller proportional (P), Integral (1) and derivative (D) -actions are
needed. The control action, u.(}, is adjusted to minimize the error to near zero.

The P-action dictates the current error reaction, I-action dictates the reaction of the sum of the current error and
recent past errors while the D-action dictates the reaction due to the rate at which the error has been changing
[42]. Increasing the P-action increases system speed, reduces steady state error (SSE) and may introduce
overshoots (OS). Increasing I-action removes completely the SSE but increases OS. The D-action decreases OS
and slows down the system. The error minimization is achieved by the weighted sum of the P,I and D actions.
Figure 12 shows the simulation blocks for hysteresis minimization using PID control technique. The controller
optimum and feasible tuning parameters gains were obtained using NM-simplex optimization technique.
Simulink PID controller automatic tuning functionality was used to obtained initial guess for the values of these
gains for the optimization process. The solutions for the gains converged at the 50" iteration. The values for the
gains (K. K; and Ky) are given by Table I1I.

Table 111:  Optimized PID controller tuning gains
Initial Guesses for Gains Optimal Gains
Kp K| KD Kp Kl KD
52.6280 | 70.6480 | 3.9813 | 50.1370 | 84.4050 | 3.9926

4.2 Hysteresis Minimization Based on Inverse Multiplicative Technique
The structure of the control strategy is as depicted in Fig. 13. The objective of the control strategy is to have the
desired tip displacement and actual tip displacement satisfy (12).

v () -yw(t)=0 (12)
In the literature, most model based hysteresis minimization techniques rely on computing an inverse hysteresis
model. This is done by inversion of the identified hysteresis model to cancel hysteresis effect. Hysteresis model
inversion usually involves additional computations. Additional work is required to compute the parameters of the
inverse model. A control strategy for hysteresis cancellation that requires no additional computations is the
inverse multiplicative minimization technique [37]. By writing h(t)=H(u), (6) can be written in reduced form
given by (13).

w(t) = deu — H (u) (13)
Let us consider the model given by (13). Using only the linear term d.u, we extracted the value of u such that it
satisfies the desired displacement, y,. We obtain:

u= %(WH ) (14)

The compensator is given by (14). The input to the compensator is the desired (or reference) tip displacement v,.
In addition, the compensator has an output u and a nonlinear feedback H(u). The only required inversion is that
of de and is strictly positive. Since d. and H(u) have been identified already, no further calculations were needed.
For this reason, the compensator implementation was simple computation wise.
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Compensator Bouc-Wen model

H(u)
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Figure 12: Simulation block for PID controller based Figure 13: Inverse multiplicative hysteresis
hysteresis minimization compensator structure

V. RESULTS AND DISCUSSIONS

In this section, the results obtained based on the investigated hysteresis minimization techniques are presented.
Hysteresis minimization results for rising and falling reference input tracking based on PID feedback technique
and inverse multiplicative technique are given by Fig. 14 and Fig. 15 respectively. The tracking errors for the
two techniques were compared in Fig. 16. Based on the results, it can be seen that, hysteresis minimization using
Inverse multiplicative technique is more promising. To further support this argument, a quantitative comparison
for the degrees of hysteresis minimization by both techniques based on IAE are given by Table IV. IAE
integrates over time duration of the absolute deviation of the PEA actual tip displacement from desired tip
displacement (setpoint). The IAE error value for the uncompensated hysteresis case was 67.73. Error results for
PID and inverse multiplicative technique were 3.099 and 1.478 respectively. These values correspond to 95.42%
and 97.82% reduction in hysteresis nonlinearity by PID and Inverse multiplicative technique respectively.

PID control is the most popular control strategy, it is simple to implement and can be implemented without
having full knowledge of the system (i.e. it does not require accurate model). However, feedback techniques
being closed-loop controls require accurate sensors which can be bulky, slower, expensive or even not available.
On the other hand, Inverse multiplicative technique being an open-loop technique requires no feedback sensors,
hence, it is relatively cheaper and have faster response. However, it requires model and hence, can only be
implemented when there is sufficient knowledge of the system under consideration. Furthermore, the
effectiveness of the open-loop technique studied depends largely on the accuracy of the model.

VI. CONCLUSION

Piezoelectric actuators are applied in high precision, general micro/nano positioning and manipulation
applications as a result of their numerous advantages like, ultra-high precision, relatively low cost, low power
consumption, small size and large generated force. However, a major setback for piezoelectric actuators is
hysteresis nonlinearity which can result in large positioning inaccuracies. Hence, control engineers find
hysteresis minimization techniques an interesting field to investigate. In this paper, hysteresis modelling was
conducted based on Bouc-Wen model and parameters of the model were identified based on optimization
technique. In this work, a comparative study of control strategies based on PID and Inverse multiplicative
technique has been conducted. Degrees of hysteresis of hysteresis minimizations by the different strategies have
been compared based on IAE. Based on IAE values, Inverse multiplicative technique offered better
minimization as compared to feedback control using PID controller. However, Inverse multiplicative technique
depends on model accuracy which may not be possible to be obtained. To further improve the research work,
rate-dependent hysteresis should be considered.

DOI: 10.9790/1813-0610017586 www.theijes.com Page 83



Preparation of Papers for the International Journal of Engineering and Science

=
(<2}

— Hysteresis minimization by PID

=
N
I

[uny
N

=
o

[e0]

Displacement (um)

0 20 40 60 80 100 120 140
Voltage (V)

Figure 14: PID tracking control response for loading and unloading phases

16 \ \ \ \

wll Minimization by inverse by multiplication

=
N

=
o

[ee]

Displacement (um)

0 20 40 60 80 100 120 140
Voltage (V)

Figure 15: Multiplicative Inverse tracking control response for loading and unloading phases

Table I11: Hysteresis minimization techniques performance comparison based on IAE

Minimization Technique | Error (IAE) | Residual Hysteresis | Degree of Hysteresis
None 67.73 100.00% 0.00%
Optimized PID 3.10 4.58% 95.42%
Inverse Multiplicative 1.48 2.18% 97.82%
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