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Ferromagnetic shape memory alloys (FSMA) based actuators are able to get very good precision, allowing,
indeed, under nanometer positioning applications. To get those precisions, a good controller is needed,
and different strategies have been developed. Experimental tests with a FSMA actuator designed by the
research group have proven that the use of a controller operating in a “set-and-forget”mode and follow-
ing an event-based control scheme allows for a position with a given precision and transient behavior
to be achieved, with a reduced number of control actions and therefore a reduced energy consump-

I;SQJI\'/[V:\OMS: tion. However, the tuning of all control parameter can be hard, especially when taking into account the
Actuator nonlinear characteristics of the actuator. It can be remarked that the NiMnGa alloy used in the actuator

is highly hysteric, and that the control action is pulsed. In this work, a numerical optimization based
design methodology is proposed, making easier the control design procedure. The tuning procedure use
amodel, that for the particular actuator considered in this work, is obtained using machine learning tools,
in particular the Tensorflow/Keras framework. An application example shows the good results obtained,
including experimental result.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

Energy-saving control
Optimized tuning
Machine learning based modeling

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The characteristics of ferromagnetic shape memory alloys
(FSMAs), allowing large strains in response to magnetic fields,
[1-5], have been exploited last years for the design of actuators that
can achieve nanometric resolutions, using suitable control strate-
gies, [6], and different actuator prototypes can be found in the
literature [7-12].

Different strategies have been proposed for the control of the
strain output obtained with those materials, with accounting for
the hysteresis being fundamental. The positioning control for a
FSMA actuator have been considered using linear feedback con-
trollers and adaptive controllers, taking into account the hysteresis
[13,14]. In [15,16], the use of observer-based inverse hysteresis
strategy is studied. The use of a simple proportional-integral-
derivative (PID) control strategy applied to an FSMA actuator allows
accuracies from 5 to 20 nm, [6,8,17,18].

On the other hand, control strategies for this class of actuators
reducing the energy consumption have been also studied. Hubert
etal.[19]discuss the design of efficient FSMA based actuators based
in a “Push-Pull” configuration. In [20], a FSMA based “push-push”
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actuator shows a reduction of energy losses of up to 60 %. More
recently, a “set-and-forget” submicrometric actuation is proposed
in [21,22] obtaining low power consumption and the combination
of this pulsed-mode actuator with different event-based control
schemes allows an efficiency increment, reducing the number of
control actions, without a significant performance reduction, [23].

Those works show that the combination of FSMA actuators and
advanced control techniques lead to large strains in responses with
high precision. However, the tuning of the controllers to obtain this
advantage can be difficult when taking into account the complexity
of the overall actuator dynamics. For this reason, the use of numer-
ical optimization techniques can be a valuable help. For instance, a
neural network self-tuning control has been proposed recently for
a piezoelectric actuator, [24]

In this paper, a numerical optimization based control design
strategy is proposed and applied to the FSMA actuator presented in
[23], where the control scheme is based on the event-based control
strategy. The numerical procedure uses a Montecarlo technique,
specifically arandom walk algorithm, for the controller’s parameter
tuning. This tuning process includes a model of the overall actuator,
which is calculated using machine learning techniques, in particu-
lar, based on the Tensorflow/Keras open source platform, [25,26].
The model considers the overall behavior of the actuator, including
the effect of the power system which leads to a non saturation effect

0924-4247/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Scheme of the experimental setup used for actuator testing, [31].

in the characteristic hysteresis of FSMA based actuators discussed
in this work. This characteristics of the actuator, makes difficult
the use of other modeling techniques proposed in the literature
for this kind of materials as the Preisach or the Prandtl-Ishlinskii
model, among others, [27,28]. The use of neural networks for the
hysteresis modeling applied to Magnetic Shape Memory Alloy actu-
ator has been also proposed in [29] and [30], with a Takagi-Sugeno
fuzzy neural network based model technique and a NARMAX model
based on diagonal recurrent neural network, respectively, obtain-
ing very good results.

This work is organized as follows: in the next section, the
actuator, its principal characteristics and the control are briefly
described, emphasizing the modeling and control design diffi-
culties. In the second section, the numerical optimization based
control design procedure is proposed, describing the main steps
and the proposed random walk algorithm. In the third section,
given the need for a model of the actuator, a machine learning
model is described. In the fourth section, the methodology pro-
posed is applied to the FSMA actuator and the experimental results
are presented. Finally, conclusions make up the last section.

2. Actuator description

The actuator used for the experiments in this work has been
used in previous publications [23,31], and a more detailed descrip-
tion can be found in them. A description of the experimental setup
can be observed in Fig. 1. It basically consist of a single crystal of
Ni-Mn-Ga, with a 5 mm sided square base, and 23 mm long. The
actuation field is generated by a set of orthogonal coil pairs through
which a capacitor bank is discharged. The coil pair coaxial with the
length causes the crystal to contract, and the other set causes the
crystal to elongate, leading to a non symmetric deformation curve
for contraction and expansion, [23].

The actuator includes a 30 mm in diameter fan to blow air
directly into the FSMA crystal to minimize the temperature effect
in the system behavior, [31].

This actuator exhibits a large hysteresis when the direction of
actuation is changed, and the actuator’s response, the deforma-
tion/voltage relation, is not symmetric, meaning that the voltages
needed to obtain a given deformation in contraction are lower than
those needed for the absolute deformation in expansion.

The controller used in this work, shown in Fig. 2 and described
indetailin[23,31], was designed taking into account the particular
characteristics both of the actuator and the FSMA. One important
characteristic of this actuator is that it works in the “set-and-forget”
operation mode, because once the desired stroke is achieved the
actuator maintains it without the need for further energy supply
and, then, the control actions are stopped when the desired position
is reached within the required accuracy and is only activated when
a reference change is introduced or appears a temperature effect,
[31]. It should be noted that the actuator described in this paper
is not intended for fast actuation like other commercially available
FSMA actuator that can work at frequencies higher than 60 Hz, but
rather for applications where low power consumption is essential
and only small, sporadic position corrections are required.

The control scheme is based in an event-based control (EBC)
algorithm, schematized in Fig. 2, for reducing the control actions
and the time constants of the circuit were limited to set a conser-
vative interval minimum of 500 ms between actuations, [22]. This
actuation time limits the actuator’s time response.

The event-based sampling law, which fires the simultaneous
sampling of the system output and the control signals [32-34], is
defined as a function of the change in the computed control signal
ey = Uy — Up, thatis, the difference between the last applied control
action (u;) and the current calculated value (u;) according to the
sampling law formulated as

lunl if (un > 0)& (leul > 0u.c ltn| + £u.c)
U1 = —[unl if (un < 0)& (leul > Ouf [Unl + €u k) (1
i otherwise : eventnottriggered
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Fig. 2. Scheme of the implemented synchronous discrete event-triggered control system.
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Fig. 3. Voltage dependency of the actuator deformation in contraction (blue line) and expansion mode (green line). Increasing deformations are shown for repeating voltage

values until saturation.

where &, ¢/p and o, ¢/p are tunable parameters, chosen by the
designer. C/E subscripts make reference to the contraction or
expansion mode, respectively. In this form, the sampling law takes
into account the asymmetric nature of the FSMA actuator. The use
of different values &, ¢, &y g, 0y, c and oy, g is arefinement of the con-
trol scheme used in [23,31], which leads to a more complex control
design.

The controller implemented C(z) is defined by a non symmetric
Proportional-Integral (PI) algorithm:

Ki cen—1+Kp cen if (up > 0)
Un = ) (2)
K,"Een,] + prgen if (up <0)

Again, the control algorithm includes different control gains for
contraction and expansion in order to take into account and com-
pensate the inherent non symmetry and the slope differences of
the actuator, increasing the control design complexity.

In previous works [23,31], the value of the controller gains have
been obtained using model based simulations, using a simple actu-
ator model, and tuned to the final values experimentally. But, in
general, the design process is time consuming and can be difficult to
reach a good design, depending on the particular working zone and

particular FSMA crystal used, since each crystal presents different
behavior, which in addition changes with time.

Finally, although the resolution achievable with the actuator is
higher, in the following experiments the specified allowable error
has been set to 0.5 wm. Then, in the “set-and-forget” mode, when
the error is below the threshold error ey, = 0.5 pwm, the control
action is stopped.

2.1. Non saturation effect

Usually, it is assumed that, once a given deformation is obtained
in a particular direction, FSMA based actuators need a higher
amplitude magnetic field to increase the deformation in the same
direction. Excitations lower than the previous one do not change
the deformation in the actuator.

This was the assumption made for this actuator in previous
works, [22,23,31]. However, depending on the particular crystal
used, this may not be valid. Fig. 3 shows the actuator deformation
as a function of the applied voltage. As can be observed, repeating
a voltage value in expansion or contraction mode the deformation
increases until a saturation value is reached. An explanation of this
behavior is that, for this actuator, the maximum magnetic field for
a particular voltage is not constant over time but pulsed, and, then,
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the magnetic field is not maintained the necessary time to posi-
tion all the material twins with one single pulse. Other actuator
configurations use a constant magnetic field, and don’t present this
behavior, [17].

This actuator characteristics can be very relevant and must be
taken into account in a control design process for getting accu-
rate results. Consequently, an actuator model should consider this
behavior, complicating the use of Preisach or Prandtl-Ishlinskii like
modeling techniques. To the best of the authors’ knowledge, there is
no hysteresis modeling technique considering explicitly the non-
saturation effect described in this section and, then, a rework of
other existing hysteresis modeling techniques would be necessary
to be applied accurately in the case of the actuator used in this work.

It is must be remarked that this non-saturation effect is derived
from the power system and the generation of the voltage pulse.
In order to reduce this effect, the pulse duration must be con-
trolled, requiring the redesign of the power system. In this work, the
actuator’s controller should improve the overall system behavior,
effected by the non-saturation.

3. Numerical optimization based design process

The basic procedure of the proposed optimization process of the
controller’s parameters can be summarized as is shown in Fig. 4.
There are three main phases: 1. obtaining of an actuator model,
2. an optimization process of the controller’s parameters based on
simulations using the model and 3. a final tuning using real actuator
in the optimization process.

A good model is fundamental for obtaining an applicable control
parameter set from the optimization process. This is a crucial step
in the overall process and it is discussed in the next section.

The numerical optimization algorithm used is also very impor-
tant for achieving the convergence of the control parameters
towards a good actuator performance. The list of possible tech-
niques is very long, including gradient descent based algorithms
[35], genetic algorithms [36] or Monte Carlo techniques [37]. The
actuator behavior, including the EBC controller, has a complex and
nonlinear dynamics which makes impractical the use of gradient
descent techniques (various attempts have lead to not satisfactory
results). The use of random optimization algorithms seems more
practical in this case. For this reason, a Monte Carlo random walk
technique has been defined, [38]. This algorithm, detailed below,
has been compared with a real-coded BLX-« crossover genetic
algorithm [39], obtaining better results with lower function cost
needing a lower number of iterations (see Section 5).

The proposed optimization algorithm can be summarized in the
next steps:

1 Inthe first step, the actuator model and EBC control algorithm are
set with initial control parameters values. The set of parameters
P = {Py, P1, ...} are the gains of the event-based sampling law (1)
and the PI controller (2). Initially, they are manually tuned and
denoted P[0].

2 A cost function ] must be defined. This cost function determines
the control objectives and is an important choice of the designer.
In this case, the cost function is defined as follows:

J =Kelr =y + Kylu| + Knn (3)

where r — y is the position error, u is the control signal value (in
this case, a voltage) and, finally, n is the number of control actions.
This function cost must be minimized constrained to the dynam-
ics of the actuator and to a set of valid values for the parameters
to tune P; € A;. The procedure is very flexible for including new
constrains.
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3 A control objective for the system is set around an operation
point, using changing position references (for instance, a train of
pulses of different values representing desired actuator positions
as reference). Once the simulation setup is defined and executed,
the initial cost function J[0] with the manually tuned control
parameters is computed as first reference.

4 Next, the iterative process starts. In each iteration, new control
parameters P/ are selected through a random search:

P{:Pi[n—1]+ozi,Pf[n—1]/\PirEA:’ (4)

being all the parameters within the set of constraints A;, which
is defined with the knowledge of the designer about the actua-
tor behavior. In each iteration, a random value ¢; is added to the
actual optimal control parameters P;[n — 1] (fori = 1.. .np, being
np the number of control parameters) to obtain the new ones to
use in the next simulation step, as is defined in (4). So, the ran-
domly chosen parameters in each optimization loop are around
the last optimized control solution.

5 One the simulation step is done and the corresponding cost func-
tion J, computed, if the obtained cost function is lower that the
previous optimal one J» < J[n — 1], the control parameters P] as
well as the current value of the cost function are saved as refer-
ence:

Pi[n] = P{
JInl =Jr

Otherwise, the reference values are unchanged.

6 The process is repeated going back to the previous step 4 where
the control parameters are selected through the random search
around the last saved control and sampling law parameters. The
optimization process can be concluded when the cost function is
not more minimized after a number of iterations. The number of
simulations to carry out can be very high (thousands of iterations
can be necessary), but this stage can be finished in several hours.
In any case, it must remarked that the optimization process is
suboptimal.

The definition of the parameters ¢; is done to assure that the new
simulation parameters P/ are in a bounded region around the last
reference values P;[n — 1].

The simulation based optimization process continues until the
cost function reaches a (local) minimum. Once this cost function
is stalled in a minimum, the resulting control values are tested,
obtaining the closed loop time response to observe if can be con-
sidered good enough. If the result is satisfactory, the final stage of
the procedure is applied, repeating the previous steps but substi-
tuting the model based simulations with experimental tests. If the
model is accurate, the control parameters obtained in the model
based optimization phase are near enough from optimal param-
eters for the real actuator and this final stage could require only
several tens of iterations for the final convergence.

For some applications, it can be considered that the proposed
optimization procedure could be applied directly to the real plant,
making not necessary the first simulations based phase. However,
the large number of iterations normally required could be very time
consuming and deteriorate the actuator, making the procedure, in
consequence, impractical.

4. Actuator model

The most relevant characteristic to consider in the modeling
process of the actuator is the hysteritic response of the NiMnGa
alloy used as the active element of the actuator. Different model-
ing techniques are proposed in the literature to deal with this kind
of materials as the Preisach model or the Prandtl-Ishlinskii model,
among others, [27,28].

However, this actuator has a characteristic which is no usual
in other works: its pulse nature which leads to the non satura-
tion behavior described in Section 2.1. For this reason, the model
considered in this work is based in machine learning techniques,
for dealing with all the complex details at once. In particular, the
Tensorflow/Keras library has been chosen to define the model,
[25,26]. The structure of the model selected can be observed in
Fig. 5. This model structure has been chosen taking into account
that it must consider the actuator’s memory effect, including the
non-saturation described in Section 2.1. Several structures has been
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Table 1

Example of the result of the training phase, with a particular set of data. The error percentile is the average of all results for the training and prediction phases.

Samples Epoch Loss

Mae % Error training % Error prediction

14988 1000 1.0829¢ — 04

0.0073 1.42% 5.13%

tested by using recursive layers as LSTM or GRU in order to have
internal feedback, but the best model response comparing with the
real actuator have been obtained feeding some previous outputs
as model inputs, with an initial layer with parallel dense layers
for each input and an intermediate LSTM layer for including some
internal feedback. A final layer is used to generate the one dimen-
sional output. The number of previous outputs to consider as inputs
and the particular size of each layer has been selected by mean of
a try and error process. So, the model has four inputs: the voltage
and the three previous outputs of the model. Most model layers
are dense type (dimension, 1000), but a bidirectional LSTM layer
(dimension, 200)is included for adding some feedback connections.
As stated before, the final time distributed dense layer gives the
model output and, then, its dimension is 1. The model is completed
with the RMSprop optimizer, the mean squared error loss function
and, finally, the mean absolute error performance metric.

The most remarkable feature of the model is that it includes as
input not only the voltage, the actual input of the actuator, but also
three previous positions. This fact results in a more accurate model
but with an additional complication. The data used for training the
model are real positions obtained under experimental tests, but
the inputs used in the prediction phase are model outputs. This
means that the error in each prediction is feedback to the model,
making the prediction error higher than expected from training
phase. However, the resulting model with those inputs gives better
predictions than other configurations.

The modeling process is the usual using Keras, [26]:

e First, the training phase uses data experimentally obtained, mea-
suring the actuator position output for different random values
that cover the entire input voltage range V < (—400, 400). Differ-
ent training data are obtained in sets of more than 12000 point
(V;, P;). The total number of datasets depends on the needed accu-

racy for the model. Part of those datasets are used in the training
process.

¢ [nthe second step, the model is evaluated with the rest of datasets
in order to validate the model.

The partial result of a validation process, comparing the real actua-
tor position and the predicted one can be observed in Fig. 6. In this
evaluation, a random set of 13,000 voltages V ¢ (—400, 400) was
used and the total prediction error was 5.4%. The figure shows the
comparison of the measured values of the actuator deformation
and the model outputs. The model outputs are obtained follow-
ing two different procedures. The first ones are obtained applying
the inputs as in the training process, that is, using the real actu-
ator previous positions as model inputs. In the second case, the
output values are obtained feeding the model inputs with the out-
puts obtained from the model, getting a more real evaluation of the
model effectiveness. In Fig. 6, the deformations are normalized to
the range [0,1], being 0 the minimum deformation and 1 the max-
imum deformation obtained for the particular actuators’s crystal.
This normalized deformation is useful for comparing the results
when using different FSMA crystals in the actuator.

The Table 1 gives information about the result in the training
and prediction phase. The mean error of the model prediction is
around 5%, but in a particular case can be higher that the 10%. In
any case, the model response can be considered sufficiently good
to be used in the control design process.

5. Experimental results

In this section, the results applying the numerical optimization
based control design process described in Section 3 using the mod-
eling procedure described in Section 4 are shown.
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One important consideration is that the actuator crystal will
change its behavior with time, resulting in a changing actuator’s
dynamics. This is due to the occurrence of micro fractures in the
FSMA crystal structure, limiting the twins movement and, in conse-
quence, the deformation range of the crystal. So, an actuator model
can be inaccurate after a certain time of actuator use. For this rea-
son, it can be convenient to rebuild the actuator model regularly,
depending in the particular crystal response. In the case of the actu-
ator considered in this work, a new model has been computed every
6 months.

The complete procedure followed, including the modeling phase
and the numerical optimization steps, is the next:

—

Actuator’s experimental data collection using random voltage
inputs. The experimental data should cover all the working range
of the actuator. Different data sample lengths have been tested
and the data sample length 12,000-15,000 gives good balance
between results and computational effort, for the problem dis-
cussed in this paper.

2 Keras framework based model training, using the experimental
data and following the process of Section 4.

3 Model evaluation to assure that the model precision has an
affordable error (5-15%).

4 Numerical optimization based control design using simulations,
described in Section 3, around an operation point. A typical opti-
mization process needs a couple of hours of simulation (around
5000 simulation iterations).

5 Experimental test using the obtained control parameters.

6 Final tuning, using the same procedure with the real actuator,

using as the starting point the parameters obtained in step 5.

This phase requires few experiments (around 20), which can be

done in less than three hours.

Those steps can be automated, requiring for completing all the pro-
cess a couple of days. The most time demanding step is first one,
and, then, if a new optimization process for a different operating
point (using the same model) is needed, the process is sensibly
faster (around 3 h). Note that the optimization process is sub opti-
mal and in different optimization processes the result obtained will
be different, but qualitatively similar.

Following the proposed procedure, setting as position refer-
ence a pulse train going from 40 to 100 um and the cost function
gains K. =20, Ky = 0.1, K, =2, the obtained (sub)optimal con-
trol parameters were Kp g = 2.075, K; p = 22.165, K, c = 1.8 and
K; c = 266.78, and the sampling law parameters were &, ¢ = 0.66,
&u,g = 0.43, with oy, ¢/g = 0. Fig. 7 shows the evolution of the func-
tion cost in this numerical optimization trial, which leads to a local
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minimum (function cost value 107486). In addition, Fig. 8 shows
the evolution of the control parameters in the process.

Fig. 9 shows the result of the first phase of the simulation pro-
cess, with respect to the control iterations. The figure shows that
the model in the contraction mode is smooth enough, but it is not
the case of the expansion mode.

In order to value the algorithm performance, a BLX-« crossover
genetic algorithm has been implemented to compare the results
with the proposed optimization method. From Fig. 7, the local min-
imum obtained using the random walk method is 107,486 after
a total number of 5000 iterations. On the other hand, the better
results obtained using the BLX-« crossover genetic algorithm with
a initial population size of 3000 genes has been 144,477, needing
a total of 18,000 simulations. This one has been the better result of
different trails, using different initial population sizes (1000, 2000,
3000, 5000) and different « values..

After this initial optimization process, the obtained parameters
were applied as the starting point in the final optimization process
using the real actuator. In this final step, the obtained (sub)optimal
control parameters were Kpg=0.6572, K;p=197.71, K, c=
1.16435andK; ¢ = 351.167, and the sampling law parameters were
éu g = 0.49, & c = 0.8672,with oy /g = 0.Figs. 10 and 11 show the
resulting actuator behavior. As can be observed in Fig. 10, the actu-
ator position follows the reference with a good transient, being the
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Fig. 10. Actuator position (deformation, blue line) following the desired reference
(orange line) using the optimized control sampling law parameters.
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Fig. 11. Controlinput (voltage) calculated using the optimized control and sampling
law parameters.

position error in the allowed range (< 0.5 um). Fig. 11 shows the
generated control signal, that is, the voltage value to apply as the
actuator input. As can be observed, the behavior of the real plant is
more smooth that the model response, but, in any case, the opti-
mization process using this model gives a valid optimization stating
point.

Both Figs. 10 and 11 show the evolution of the actuator position
with respect to the control iterations. In this work, the minimum
time interval between control events is around 3 s, distributed
between the time required by the power system to fire the control
signal (~ 500 ms) and a sleep time introduced by the controller to
facilitate the heat dissipation and to reduce the temperature effect
over the FSMA crystal (2.5 s). However, the EBC controller used does
not fire a control action each control iteration. In fact, the number of
control actions is one of the elements considered in the cost func-
tion to minimize. Fig. 12 shows the evolution of the accumulation
of fired control events over time with respect to the total control
iterations. The final relation is 230 events from 1000 total control
iterations (a 77% reduction), showing an important reduction of the
needed energy and, leading to an improvement of the actuator life.

Additionally, Fig. 13 shows the actuator experimental deforma-
tion using random references, different from the values used in the
optimization process, and with variable pulse lengths. The results
show that the actuator behavior is still valid, but presenting ini-
tial overshot in the expansion mode, which are rapidly recovered.
This result could be expected, since the actuator is highly nonlinear
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Fig. 12. Evolution of the accumulated events fired by the event sampling law with
respect to the control iterations. The final relation is 230 events from 1000 total
control iterations (a 77% reduction).
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Fig. 13. Actuator position (deformation, blue line) following the desired reference
(orange line) using the optimized control sampling law parameters, using random
position references.

in this mode, making very exigent its control and this behavior is
similar to the result obtained in the simulation based optimization
phase.

The crystal used in this experiment was aged and, in con-
sequence, the resulting dynamics was somewhat deteriorated,
making the manual design process more challenging and time
consuming. With the proposed methodology, the design presents
a very good result in transient response, precision and number
of control actions, following a highly automated procedure. The
resulting behavior is very good, indeed comparing with the results
presented in previous works applying manually tuned control algo-
rithms, [23].

6. Conclusions

A FSMA actuator, as other actuators based on smart materials,
could need an advanced controller to get all the advantages which
can be obtained from the material’s characteristics as a good posi-
tioning precision. The controller design can be a challenging task
and the use of a numerical optimization procedure can be helpful.

This is the case of the event based controller implemented in this
work for positioning control applications using a FSMA-based actu-
ator. The parameter tuning of the controller is exigent for getting
high positioning accuracy and, also, energy savings.
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In this work, a random walk algorithm is proposed as the central
element of the numerical optimization of the controller parame-
ters, which can be separated in an initial simulation based stage,
using an actuator model and a final experimental step, less numer-
ical taxing.

The optimization process is based on an actuator model in a
first phase, which should be sufficiently accurate for getting good
results. In this case, the model is obtained using a machine learning
technique, using Tensorflow/Keras, to overcome all the dynamic
characteristics of the system. The hysteresis of the material and
the non-saturation behavior due to the pulsed actuation difficulties
the use of other possibilities as Preisach or Prandtl-Ishlinskii like
modeling.

The experimental results show that the procedure is valid for
obtaining accurate results for a demanding design process. This
good result is specially satisfactory considering the nonlinear char-
acteristics of the actuator and EBC controller tuning.

It’s must be remarked that the proposed procedure is applied
in this work using a machine learning based model and an EBC
controller, but it can be applied to other actuators with different
control algorithms and modeling techniques.
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