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Simple and efficient inverse hysteretic model and associated
experimental procedure for precise piezoelectric actuator control and
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Abstract

This paper exposes inversion techniques of a simple yet efficient system-level approach for model-
ing quasi-static hysteretic behavior of piezoelectric actuators, allowing the transducer voltage to
be properly shaped to get the desired target strain response. The inversion principles lie in consid-
ering a coeflicient relating the voltage derivative to the target strain derivative through a simple
formulation using a function of the input strain, combined with equivalent strain cancellation and
inversion when the desired target strain derivative crosses zero value. Conceptual and theoretical
developments are validated through experimental measurements that show good control capabil-
ities of the quasi-static strain. Hence, the proposed concept provides a lightweight yet efficient
approach for embedded control systems.

Keywords: hysteresis, actuator, piezoelectric, control, inverse model

1. Introduction

The rise of electroactive devices and associated smart materials and structures has unveiled
the development of numerous control systems for ensuring proper response of structures with
respect to their application environments (control, sensing, positioning or vibration control for

s instance - [1, 2, 3, 4, 5, 6]). Nevertheless, actuators may not exhibit a perfect linear response
to input stimulus and are even hysteretic in most cases ([7, 8, 9, 10]), yielding quite complex
implementation. Therefore, control systems should be able to adapt to these non-ideal behaviors,
while being as simple as possible in order to be easily implementable in lightweight controllers with
limited computational abilities and memory in the framework of embedded systems.

10 Classical hysteresis modeling approaches may typically be decomposed into two classes ([11]).
The first family, conceptually close to the material behavior (in terms of domain switching for
example), lies in considering several unit elements (“hysterons”) that, when put together, allow
relating the global transducer behavior. This class of hysteresis models includes the well-known

Preisach model ([12]) and its derivatives ([9, 13, 14, 15]) as well as Maxwell-slip and dry friction-
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based approaches ([16, 17, 18]). The second kind of models lies in mathematical formulation based
on physical analysis or phenomenological approach, such as Jiles-Atherton (19, 20, 21]), Bouc-Wen
([22, 23, 24]), Duhem models ([25, 26, 27]) or more recently the NARMAX method (Nonlinear
AutoRegressive Moving Average model with eXogenous inputs - [28]). Each class of these hysteresis
models has its own advantages and drawbacks: while being able to closely match the transducer
response, hysteron-based formulations, requiring a relatively large amount of unit elements, are
computationally intensive which may compromise their effective implementation in lightweight
controllers for embedded systems for instance. On the other hand, mathematical function-based
approaches are much lighter and require a reduced parameter set, but may fail in representing
particular behaviors such as minor loops and could feature stability issues as well.

In order to provide a trade-off between computational efforts and accurate representativeness
of a transducer’s response, a system-level approach inspired from the strain-electric field butterfly
shape at the material level has recently been introduced in [29]. The model basics lie in the defi-
nition of a output derivative-input derivative coefficient (e.g., voltage-dependent strain derivative
over voltage derivative coefficient for a piezoelectric transducer) using a mathematical function
that is shifted and reversed, both along the z-axis (i.e., voltage in the case of a piezotransducer)
when the input signal (voltage) derivative crosses zero value'. Such a model therefore allows simple
implementation (requiring 1 memory quantity - representing the remanence - and typically 2 or
3 fixed parameters) while being able to take into account particular behaviors such as actuator
minor loops.

Meanwhile, in terms of hysteretic actuator control, many works have been devoted to the use
of one or the other kind of hysteresis models. Nevertheless, the principles for ensuring proper
response of the transducer with respect to the target value is typically done in two ways (without
consideration of neural network-based approaches that may not be implementable in lightweight,
embedded systems). First, the hysteresis effect may be compensated by including a direct model of
the actuator in the control loop (either feedforward or feedback), using inverse multiplicative struc-
ture ([30, 31]) for example. While these approaches may be quite simple to implement when the
direct hysteretic model is available, they may yield high computational cost as well as robustness
and stability issues. Hence, the other method lies in directly inverting the direct hysteresis model,
hence directly giving the control signal to get the desired transducer response ([32, 33, 34, 35]).
While being more efficient, the latter technique cannot be strictly applicable to all of the hystere-
sis models (especially in an analytical fashion) thus requiring approximated functions ([36]), or
yields computationally and memory-intensive approaches (e.g., look-up tables). Other approaches
than these two classical ones also exist, such as tracking error bounding ([37]). Although ro-

bust with respect to the hysteretic behavior of the transducer, such approaches are still usually

IWhile the model principles allow to consider any derivative, it will be considered in the followings that the

derivation variable is the time.
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computationally-intensive and their implementation in lightweight controllers may be an issue.

Still, inversion techniques are facing a trade-off between computational requirements and ac-
curacy. Hence, the purpose of this study is to expose and devise the inverse approach of the
direct system-level model presented in [29] for the control of a piezoelectric transducer, providing
a computationally efficient yet accurate way for controlling the mechanical output of the actuator.
The motivation behind such an analysis lies in that fact that the direct hysteretic model, although
allowing a quite precise prediction of the actuator response to an electrical stimulus, cannot be
directly and readily applied for controlling the actuator with a desired input strain (including it in
a compensation loop would lead to a quite computationally-intensive technique possibly featuring
robustness issues), while an inverse model takes directly the target strain as direct input. Hence,
the originality of this present study with respect to this previous model ([29]) yields in the direct
disposal of a method able to automatically set the required voltage to reach the desired target
strain in quasi-static hysteretic actuators, without the need of using complex methods based on
direct actuator models. The inversion strategies are twofold for obtaining such a readily applicable
control technique. First, an analytical inverted model will be presented when the function describ-
ing the output derivative-input derivative coefficient of the direct model is simple (linear). Then,
the generalization to any kind of function, based on experimental procedures, will be exposed. It
will be shown that one strength of the inverted model approach is that its generalization is based
on similar principles than the direct model, considering the coefficient linking the input quantity
derivative to the output one.

The paper is organized as follows. Section 2 recalls the main basics of the direct model, and
introduces the concepts and theory for the inverse approach, with an example of analytical inversion
given in Section 3. Then, Section 4 will present, in a pragmatic and applicative point of view, the use
of the inverse model for more complex functions. Before final conclusions in Section 6, experimental
and numerical investigations in terms of control will be exposed in Section 5 to validate the model

and show its effectiveness.

2. Theoretical Modeling

2.1. Direct model basics

The principles of the direct approach described in [29] lie in describing the strain S-voltage
V relationship through the voltage-dependent coefficient (V') linking the strain derivative to the

voltage derivative as:

so=[ aven® ™) 4r 1)

where ¢ refers to the time variable for instance (the model can however be applied as a function of

any variable).
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Hence, through the proper shaping of the voltage-dependent strain derivative-voltage derivative
coefficient «(V'), the actuator response may be obtained. More particularly, hysteretic response
may be achieved by defining «(V) through a mathematical function h as well as introducing a

variable shifting voltage Viniy: for relating the hysteretic behavior as:

(V) =ag+h(V = Vinigt) (2)

with o representing the linear, low-voltage coefficient. Vp;s:, actually representing the hysteretic
remanence / memory effect, is therefore a piecewise function defined in continuous time domain

re-evaluated to the actual voltage value when the derivative of the latter crosses zero value:

Vt € [ttt ¥ (tk) = 0A LY (trg1) =0
NGF (E# te) # 0= Vanige(t) = V (1)

with t and t;41 representing the time instants when this piecewise constant function changes its

(3)

value?. In other words, Vi, £t is set to the voltage extremum value until the next one occurs. As
an example, Figure 1(a) depicts both the evolution of a(V) and strain as a function of applied

voltage.

2.2. Inverse model principles

The previous model linking the strain to the applied voltage may be useful for predicting the
voltage-induced strain of a piezoelectric actuator for instance. However, being able to directly get
the required voltage to obtain a desired target strain is of particular interest in an applicative
point of view for control systems. Although compensation techniques can be applied with the
direct approach, the novelty of the present study is to propose to inverse this direct model in order
to dispose of a straightforward implementation, hence requiring less computational efforts while
being less prone to error.

To do so and in a similar way than the direct model, a coefficient §(S), this time linking the
voltage derivative to the strain derivative as a function of the strain, is introduced as:

5(5) = G(8) @

Using the same example as previously (Figure 1) but representing 3(S) yields the curves shown
in Figure 1(b). From these results, it can be seen that a similar procedure than the direct model
can be applied by reversing the input/output quantities (i.e., voltage and strain), highlighting the
advantage of the system-level approach in terms of versatility.

Hence, considering an input target strain S, the procedure of the inverse model consists in

defining the voltage as:

?Note that Eq. (3) is only valid for C! functions. While this condition may not be respected for pure theoretical

signals, practical implementation does not suffer from this limitation.
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where the coefficient 5(.5) is defined by:

B(S) = Bo +h' (S — Sshigt) (6)

with Sgpi . representing the shifting/memory strain that is obtained when the target strain deriva-

tive crosses zero value:

VEE [thstiaal G (0) = 0N G () =0
AN (£ 1)) # 0= Senipe(t) = S ()

(as previously, Sspif+ can be also be defined as the strain extremum value until the next one occurs)

(7)

and h' is the hysteresis-defining function that shares similar properties than h:

(i) for a symmetric hysteretic behavior, h’ is even, and the expression of 3 can be rewritten as a

function of another function ¢’ only defined for positive reals as 5(S) = 8o + ¢’ (|S — Ssnifel)
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(not that taking into account asymmetric behavior consists in defining A’ not even, with the

the positive part relating the ascending branch and the negative one the descending one)

(ii) A’ can be set as h'(0) = 0 so that the linear, low strain response is represented by $y. Although
not required, setting both h(0) and h’(0) to 0 yields Sy = 1/ .

2.8. Direct and inverted model relationship

The previous section demonstrated that a similar approach than the direct model can be con-
sidered to get the voltage-strain relationship, or in other words to compute the required driving
voltage to obtain the desired target strain. This section aims at giving some insights in terms
of direct and inverse model link. Starting from the respective definition of the strain derivative-
voltage derivative coefficient a(V’) of the direct model and the voltage derivative-strain derivative

coefficient 3(S”) of the inverse model given by:

ds = a(V')dV’ 8)

dv = B(5")dS’ (9)

where S and V respectively stand for the output strain in the direct model and the required
command voltage for the inverse model and V' and S’ the input voltage (direct model) and target
strain (inverse model), respectively, inserting Eq. (8) into Eq. (9) and equalizing both strains and

voltages yields the following relationship between the coefficients o and 3:

1
p(S")

However, « is here a function of the target strain S’ and 8 of the input voltage V’. In order

AV = B(S")a(V')dV = a(V') =

(10)

to obtain an expression of the same input quantity, namely the desired target strain S’, it is

nevertheless possible to use Eq. (9) considering V = V', yielding:

S 1
a</5{ 5(5)ds>:6(5,> (11)

init

where S/, ,, represents the initial strain.

3. Experimental investigation of an analytical inversion example

8.1. Analytical derivation

From the link between the direct and inverse models, it is proposed here to analytically derive

the relationship between the two models in the simple case of a linear expression for a(V’):

a(V') = ag +~V’ (12)
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where 7 represents the linear slope of the strain derivative-voltage derivative coefficient.

Hence, applying Eq. (11) with the previous expression leads to:

’

1

ag + S"dS" = 13
0 Y st B( ) ﬂ(S’) ( )

The solution of Eq. (13) has the following form:
B(S) =k (S +a)" (14)

giving, when inserted into Eq. (13):
oo+ 25 (8" + ) = (Shie + o) = Loy (15)
p_|_ 1 wnit k

Identifying the parameters p and k from the left and right sides of the previous equation therefore

gives the following values:

ptl=-p = p=—3

ko1 - /L
p+1 — k = k= 2

(16)

that then allows obtaining the strain shift parameter o when combined with the initial strain S;,;;

as:

2
Qo ’
R 1
27 S'LTL’Lt ( 7)

Finally, the expression of 3(S’) is solved from the parameters describing the coefficient «(V') and

g =

from the initial strain S, ;,:

N 1
ﬁ(s ) - \/27 (S, - Sz{nit) + a02 (18)

3.2. Experimental assessment

Figure 2 depicts the reconstructed input voltage from experimentally obtained strains under si-
nusoidal voltage excitation and from the identified parameters for the function o (cg = 6.4 udef.V—1
and v = 0.08 pudef.V=2 - [29]). The test apparatus consisted in a PI'" PICMA® P-888.51 stack
actuator (with input voltage in the range of 0—100 V) equipped with a strain gauge (BQ120—3C A
from Zhonghang Electronic Measuring Instruments Co., LTD - nominal resistance value of 120.3 Q)
connected to a quarter Wheatstone bridge and conditioner (Donghua Testing Technology Co., LTD
DH3840) for strain measurement. Strain sampling rate was set to 1 ms, and the signal was then
post-processed using a 5-point moving average filter.

Hence, it can be seen that the voltage reconstruction matches well the actual voltage applied
during the experiment, although slight underestimation can be observed for high voltages (reach-

ing a relative absolute error of 6% with respect to the experimental voltage magnitude). These
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Figure 2: Voltage reconstruction from experimental strain using inversion of linear model (g = 6.4 pdef.V—1 and

~ = 0.08 pudef.V—2).

discrepancies can however be explained by the limit of the linear approximation for the function h

Strain (pdef)

in describing the strain derivative-voltage derivative coefficient a(V")3.

4. The Experimental Way

The analytical expression linking the direct and inverse models, Eq. (11), may not be practical
and even impossible to solve for some forms of «. Hence, this section provides a more convenient way
for obtaining the required voltage derivative-target strain derivative coefficient 5. The principles

are based on an experimental identification procedure quite similar to the direct model ([29]). More

specifically, the procedure is as follows:

1. Application of a voltage V to the transducer and recording of the measured strain S.

2. Computation of strain and voltage derivatives® (dS and dV respectively) and calculation of

B =dv/ds.

3. Representation of 3(.5) as a function of the strain S and curve fitting.

3In [29], an exponential function for « is shown to provide a better fit.

4for example time-domain derivatives, or directly differentiation of strain and voltage vectors in discrete case.
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When doing so, the experimental curves (still considering PI"" PICMA® P-888.51 stack ac-
tuator with BQ120 — 3C'A strain gauge and DH3840 signal conditioner) giving the coefficient 3
for ascending and descending strains considering several voltage magnitudes are depicted in Fig-
ure 3(a) . In order to remove part of the noise that arises from the derivation/differentiation
process, all signals were downsampled by a factor of 20 and were cropped (by 3, 2 and 1 sam-
ples for driving voltage magnitudes of 20 V, 50 V and 100 V respectively) to remove the deriva-
tion/differentiation divergence due to low strain rate close to minimum and maximum values.
First, results demonstrate that the shape of [ is consistent with the butterfly-shape assumption
and expected model behavior (Figure 1(b)). Secondly, it is possible to properly fit the coefficients.

More particularly, bi-exponential fit in the form of:

B(S) _ nleljlls—sshiftl + n2eu2|S—Ssmft\ (19)

is considered for analytically describing the evolution of 5. It can be noted that the use of expo-
nential functions can be found in other works related to hysteretic actuator modeling for control
purposes, such as in [38] that consisted in charge-voltage (or current-voltage) mapping for obtain-
ing the hysteretic response. In the present study, the bi-exponential fit is shown to follow quite
well the evolution of the coefficient for all of the considered driving voltage magnitudes, as demon-
strated in Figure 3(b) for ascending strains, although inverse linear approach seems to be slightly
better adapted to medium excitation magnitude case. It should be noted here that the considered
curves were all obtained considering an zero initial voltage. In the considered approach however,
as the effective strain (target one minus shift) is reset at each extremum, so is the value of 5 and
thus the slope. While this slope is not the same than the one at the considered strain value for
nonlinear functions (allowing relating minor loops), the fact that the initial slope remains the same

yields minor loops with same gains. However, it has been demonstrated that a slight modification

Driving voltage 20 V / ascending strain 0.2 0.2
= = = - Driving voltage 20 V / descending strain

Driving voltage 50 V / ascending strain
= = = *Driving voltage 50 V / descending strain

Driving voltage 100 V / ascending strain | < 0.15 £~0.15

Driving voltage 100 V / descending strain E 'S
mm—— Inverse linear B8 2

Bi-exponential fit > >

@ 01 = 01 T
0.05 0.05
0 200 400 600 800 1000 0 200 400 600 800 1000
Strain (pdef) Strain (udef)

(a) Experimental value of 8 as a function of strain (both ascending and (b) Fit considering ascending strain

descending strain) only

Figure 3: Experimental plots of the voltage-strain derivative coefficient and comparison with inverse linear model
and bi-exponential fit (n; = 0.04036 V.udef~!, v1 = —7.789 x 1073 pdef~1, n2 = 0.1184 V.udef~! and vo =
—408.2 x 1076 pdef~1).
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of this gain arises with the bias ([39]). Such an effect is thus actually not taken into account by the
proposed model and provides a way for enhancement?®.

Using such an approach, reconstructed voltage from measured strain is shown in Figure 4. It
can be noted that, compared to the fitting procedure in Figure 3, parameters of the bi-exponential
function have been slightly changed for better results, especially for low and medium excitation
cases. Compared to inverse linear case, similar results in the low/medium range are observed,
with slight high overestimation in this last case, but a significant improvement in the large volt-
age range is achieved. Interestingly however, it can be noted that the maximal relative error (with
respect to the voltage magnitude) is quite constant and around 3% whatever the considered voltage

magnitude.
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Figure 4: Voltage reconstruction from experimental strain using bi-exponential fit (n; = 0.078 V.udef~!, v; =

—5.916 x 1073 pdef~1, 2 = 0.1000 V.udef~! and vy = —277.8 x 1075 pdef~1).

5Although out of the scope of the present study, using a second shifting variable, related to the first one (Ssp; ft)
is a probable way for taking into account variable minor loop gain, at the cost of a slight increase in complexity and

memory and computational requirements.
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5. Experimental Validation - Application to Linear Control of a Hysteretic Piezoelec-

tric Actuator

5.1. Set-up & identification

The aim of the inverse model is to provide a mean of efficiently controlling, in quasi-static
fashion, a transducer without relying on computationally and memory intensive compensation
techniques for instance. Hence, this section aims at experimentally validating the possibility of
effectively obtaining target strain output using the proposed model. To do so, the previous ap-
paratus (PITM PICMA® P-888.51 stack actuator with BQ120 — 3C A strain gauge and DH3840
conditioner) is still considered. The control voltage is generated by a dSpace®© DS52102 control sys-
tem (with a time step fixed to 0.1 ms) connected to a power amplifier (PITM E-508 Piezo Amplifier
Module). The set-up schematic is depicted in Figure 5. It can be noted that the input strain to
the dSpace system is only used for visualization and recording, and does not provide any feedback
to the model block. Finally, preliminary measurements allowed identifying the control system pa-
rameters, either considering direct control (i.e., assuming ideal linear relationship between strain
and voltage), linear strain derivative-voltage derivative coefficient o (with 8 obtained through the
analytical inversion exposed in Section 3), or bi-exponential function for 8. Identified parameters

are listed in Table 1.

5.2. Control implementation

In order to generate the proper control voltage to get the desired target strain using the previous
model, the dSpace system (still with a time step of 0.1 ms) is this time fed with the Simulink®
schematics depicted in Figure 6, for both the inverted linear direct model and bi-exponential inverse
expression of the voltage derivative-strain derivative coefficient 3 (these schematics correspond to
the block labeled “Inverse model” in Figure 5). In this study, only open-loop control is considered,

to clearly demonstrate the relevance of the proposed scheme. Input is the target (desired) strain and

Conditioner
(Donghua Testing Wheatstone bridge
LTD DH3840)

Voltage amplifier
(PI™ E-503)

Piezoelectric actuator
(PI™ PICMA® P-888.51)
with strain gauge
(Zhonghang Electronic Measuring
Instruments Co. BQ120-3CA)

dSpace system

Figure 5: Experimental set-up.

11
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Direct control - 5(S) = Bairect

Control gain Byirect % V.pdef 1

Inverse linear model - 5(S5) = m

Low-voltage strain-voltage

derivative coefficient o 6.2 pdef.V 1

Slope coefficient 0.075 pdef.V =2

Bi-exponential inverse model -

B(S) _ nlel/1|5—ssmft| + ,,726'/2|S—Sshift\

First pre-exponential

factor ny 0.078 V.udef™!
First exponential

coefficient vy —5.916 x 1073 pdef?
Second pre-exponential

factor 79 0.100 V.udef~!
Second exponential

coefficient vy —277.8 x 1076 pdef?

Table 1: Experimental model parameters.

the output is the associated voltage to experimentally reach such a strain. The principles consist
in sampling the desired strain value when its derivative crosses zero value thanks to a zero-crossing
detection block combined with a switch. Then this sampled target strain value, corresponding to
Sshife, is subtracted from the target strain S. This effective strain S — Sgpif¢ is then fed into the
function describing 3(S) (block “f(u)” in Figure 6), yielding the current value of 5. The strain
derivative is then multiplied by the obtained coefficient, and the resulting variable integrated to
get the required control voltage to obtain the target strain. In the following experiments, the
desired test strain is set to be a sinusoidal signal of 1 Hz (for which the piezoelectric stack shows

quasi-static response) with varying magnitude and shifted to yield unipolar driving.

5.3. Results € discussion

Figure 7 depicts the measured strain vs. the target one for the three considered control ap-
proaches (direct, inverse of linear model, bi-exponential inverse model) as well as the relative error
with respect to the maximal command strain for each case. Hence, it can be observed a strong hys-
teretic response in the direct control, along with significant underestimation of the required voltage
to achieve the target strain at low magnitude and significant overestimation at high strain magni-
tude. Therefore, such a control is not useable in practice. The inversion of the linear model permits
much better response, with matching maximal strains with respect to the target one and reduced

hysteretic response. Interestingly, the proposed approach performs better at high strain/voltage in

12
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Figure 6: Simulink schematics used in the experiment for modeling inverse hysteresis model (the integrator reset is
used when the system is at rest to reinitialize the algorithm in the case of failure in the experiment, such as dSpace

input voltage clipping).
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265

terms of magnitude, when the hysteresis behavior is the most important, especially for the analyt-
ical inversion of the linear direct model. Furthermore, the hysteresis is almost totally suppressed
using the bi-exponential fit of the voltage derivative-strain derivative coefficient 3, although minor
overestimation of the required voltage and thus higher strain than targeted appears at low driving
magnitudes. Even if the models were mainly fitted regarding the high voltage/strain response, the
strain output is still well reconstructed with respect to the target one whatever the driving magni-
tude, thanks to the control principles whose experimental evidence is given in Figure 3. Hence, such
results demonstrate the efficiency of the proposed inverse model for obtaining target strain using
simple yet effective system-level hysteresis modeling approach. As highlighted by Table 2, while
inverse linear approach slightly outperforms the bi-exponential inverse method at low magnitude
in terms of maximal strain value (which can be explained by the fact that bi-exponential inverse
model parameter set was mainly identified considering high magnitude case), the latter allows a
drastic reduction of the hysteresis behavior, making it more suitable for precise control.
Experimental driving voltages are depicted in Figure 8. As expected, the direct control voltage
is a direct image of the target strain (i.e., unipolar sine) that therefore cannot correctly control the
hysteretic behavior of the transducer. Compared to the inverse linear and bi-exponential inverse
models, it can be seen that the direct control voltage magnitude is lower at low strain magnitudes
and higher at high strain magnitudes, which is consistent with the strain results of Figure 7.
Such an effect is actually caused by an underestimation of the voltage derivative-strain derivative
coefficient S at low strain values and by its overestimation at high target strain values. On the

other hand, control signals based on inverse models are not only able to adapt their magnitude,

Inverse Bi-exponential
Direct linear inverse

200 pdef  Max strain (error) 181 pdef 213 pdef 221 pdef
target (—9.4%) (+6.5%) (+10.5%)
magnitude Hysteresis area (reduction 2 725 pdef? 1 758 pdef? 922 pdef?

w.r.t. direct control) (N/A) (35.5%) (66.2%)
500 pdef  Max strain (error) 529 udef 522 udef 524 udef
target (+5.9%) (+4.5%) (+4.8%)
magnitude Hysteresis area (reduction 30 218 pdef? 7 960 pdef? 2 639 pdef?

w.r.t. direct control) (N/A) (73.7%) (91.2%)
800 pudef  Max strain (error) 905 pdef 791 pdef 796 pdef
target (+13.1%) (—1.1%) (—0.5%)
magnitude Hysteresis area (reduction 85 743 pdef? 6 714 pdef? 2 926 pdef?

w.r.t. direct control) (N/A) (92.2%) (96.6%)

Table 2: Quantitative comparison of the considered schemes.
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Figure 8: Experimental voltage waveforms for several control approaches and target strain magnitudes.

but also their shape as the associated waveforms are no longer pure sine, with a dissymmetrical
shape that becomes more and more pronounced as the target strain magnitude increases, hence
efficiently addressing the hysteresic behavior of the transducer thanks to the evolution of 5 with

the desired target strain value (contrary to the direct control where f is fixed).

5.4. Case of advanced signals

While the previous developments and validations considered pure sinusoidal signals, it is pro-
posed here to evaluate through numerical simulations the performance of the proposed scheme
when the target strain waveform is more complex. To do so, a discrete Preisach model of the
actuator is considered (such an approach is preferred here to the previously validated direct model
([29]) in order to exclude any biased result as the inverse model is initially based on the latter). The

control system (using bi-exponential inverse model through the function h) is then implemented
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300

to feed the obtained transducer block, leading to the representation shown in Figure 9. For com-
parison purposes, the direct control is also implemented, with the gain fixed as the inverse linear
(low magnitude) gain of the actuator model.

The first simulation consisted in a triangular command strain with an intermediate magnitude
of 400 pdef. The interest in this waveform, in addition to its wide use, is the fact that the triangular
function shows a discontinuous derivative, along with no exact zero crossing. However, as depicted
in Figure 10(a), the response of the device using the proposed inverse model still allow a faithful
output strain compared to the target one, with a maximal error of less than 3%.

Another signal under consideration lies in an abruptly changing (decreasing) target strain mag-
nitude, allowing the appearance of minor loops in the hysteretic response. Results, depicted in
Figure 10(b), also show a good strain control. However, after the appearance of the minor cycle, it
can be noted that a small static error appears. This could be explained by the abrupt change, es-
pecially in the input command strain derivative. Indeed, one limitation of the proposed model lies
in the use of an integral form to get the required voltage (as the method is based on the coefficient
linking strain and voltage derivatives), which is therefore quite sensitive to initial conditions and
abrupt changes. However, in real applicative environments, natural filtering would prevent such
sudden modification of signals, while the control system should have sufficiently small sampling
rate to avoid aliasing.

Finally, Figure 11 depicts the response to a step input®. It should however be noted here
that the transducer model does not relate the dynamic response of the real transducer, which is
nonetheless out of the scope of the present study. Compared to the direct control case, which
yields increasing error with the command strain magnitude due more pronounced hysteresis effect,

it can be seen than the proposed model, taking into account such a nonlinearity, permits drastically

2 Command strain
Direct control

Input selection
J\ - | Direct control
r\% Voltage Strain
Triangle
— Actuator model
1_\ Inverse model
[
2 ) Ly T
t1 >
” = T\
—0 At
Minor loop Signal ——=oF

selection

outt

— Voltage™ Strain

Step Bi-exponential

inverse control

Function h

Actuator model

Figure 9: Simulink model for the assessment of advanced target strain waveforms.

SIn order to keep the simulation meaningful and not prone to purely numerical divergence, the step response

has been affected by a slew rate of 10* udef.s™1.
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Figure 10: Responses to a) Triangular target strain and b) target strain with abruptly varying magnitude (minor

cycles).
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Figure 11: Response to step strain input.

limiting the error, hence providing output strain very close to the target one (Figure 11(b)) . An
underestimation can however be noticed at small driving magnitude, with an error of about 15%
at small driving strains (while this error stays under 5% for strain magnitudes above 200 udef

- Figure 11(c) ). Such a deviation can be attributed to the selected bi-exponential function and
the associated fitted parameter sets. More particularly, at small strains, as the exponential terms
approach 1, the sum of the two pre-exponential factors should be equal to the small-signal direct
gain, which is not the case when using the previously fitted parameters, that are more adapted
to medium to high strain magnitudes. In other words, the main limiting factor in this case of
small-signal excitation arises from the choice of the function h’ (and associated parameters) rather

than the root principles of the proposed model.

6. Conclusion

Based on an computationally and memory efficient yet effective direct hysteresis model, the
present study proposed an open-loop, system-level quasi-static control technique for a hysteretic
piezoelectric actuator by developing an inverse approach based on rather similar principles as the
direct model. These principles lie in the consideration of the coefficient linking the required driving
voltage derivative to the target strain derivative. More precisely, this coefficient is calculated
according to a mathematical function that is shifted and inverted when the target strain derivative
crosses zero value, with the shifting strain being the target strain value when its derivative crosses
zero. While the two models (direct and inverse) feature rather different physical roots, objectives
and methods, the rather similar methodology for both of them demonstrates the strong advantage
of such an approach for providing unified concepts.

Analytically derived and experiment-based inverse model applications have also been experi-

mentally implemented in the framework of the quasi-static control of a piezoelectric transducer
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strain in a successful way, yielding a very good linear relationship between the target and mea-

sured strains, both in terms of hysteresis reduction and magnitude matching. Hence, such an

approach can be of significant interest to dispose of a computationally and memory efficient (as it

only requires few parameters and one storing variable) yet effective model to be implemented into

embedded control systems. Finally, although the model has been demonstrated on a piezoelectric

transducer, its principles can be extended to any kind of actuators (electromagnetic or magnetorhe-

ological for instance). Further works would consist in including loading effects as well as dynamic

contributions such as (potentially nonlinear) dynamic losses, creep and so on, to further extend

the model accuracy and applicability.
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