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Abstract

Since the advent of the new millennium, the scientific community has
been engaged in the study of novel smart materials, with the objective
of reaching new and higher levels of performance. Such interest is shared
by industry, which is required to meet new technological challenges on a
daily basis. From the field of surgery to the domain of competitive rac-
ing, the control of an object’s position has been a subject of study for
several years. However, with the advent of automated production lines,
this need has become a fundamental requirement. One of these the new
technology is Magnetic Shape Memory (MSM) was developed. However,
this potential technology presents certain issues in terms of control, which
have become a central focus of numerous researchers. In particular, the
strongly nonlinear behaviour of this element, identified as hysteresis, rep-
resents a significant challenge in achieving this goal. The objective of this
Master’s thesis is to integrate the conventional theory of control systems
with a novel technique that has the potential to address, or mitigate, these
challenging issues present in numerous other physical systems.
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Chapter 1

Introduction

The main goal of this work, and of research in general, is to provide a use-
ful contribution in order to achieve new and higher performance standards.
To reach this objective, the study of new materials is crucial in the field
of mechanical engineering, where precise and rapid control of motion is re-
quired. This research focuses on one such material class, known as ’smart
actuators.’ The use of these materials leads to simpler, lighter, and more
reliable systems compared to conventional technologies such as hydraulic
and pneumatic systems, while minimizing energy consumption, enhancing
structural lifespan, and reducing maintenance costs. Achieving these re-
sults requires the development of new materials capable of producing large
strokes under precise and rapid control. Currently, the most widely used
technologies are:

1. Piezoelectric materials: These exhibit rapid response but produce
small strokes when subjected to an electric field.

2. Magnetostricitive actuators: These undergo strain when a magnetic
field is applied, causing the rotation of magnetic domains within the
material. They offer rapid response, can generate forces 20 times
greater than those produced by piezoelectric materials, and have an
energy density 10 times higher than hydraulic systems. However,
their strain is limited to approximately 0.17%.

3. Shape Memory Alloys (SMA): When plastically deformed at one tem-
perature, they can recover their original shape upon heating. These
materials produce large strokes but have slow response times due to
the thermal control process, especially during cooling.

To develop a material capable of producing large strains and high forces
with rapid response times, Magnetically Controlled Shape Memory Alloys
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(MSMAs) have been introduced. To explain how an MSM works, the be-
haviour of the SMA needs to be explained. These materials undergo an
internal crystalline transformation from ’austenite’ at high temperature
to several variants of ’martensite’, including multiple twins, during the
cooling process. When the SMA is in the martensitic phase and a unidi-
rectional stress σ is applied, a temperature dependent critical stress σ(T )
begins to detwine the martensitic phase leading to a single variant aligned
with the axis of stress loading. A similar condition is achieved when the
SMA starts in the austenitic phase. If T is significantly low during the
phase transformation, a large residual strain remains after unloading and
a significant apparent plastic deformation is achieved. This strain can be
recovered by heating the SMA, this behaviour is called "shape memory
effect". This process can be controlled by constraining the SMA so that
partial recovery of strain is achieved, but some stress is present to prevent
full recovery.

1.1 MSM: state of art

The actuation of these materials relies on controlling the shape memory
effect through the reorientation of martensitic unit cells in an applied mag-
netic field. For the shape memory effect to occur, the martensite must ex-
hibit a twinned substructure. In this configuration, the martensite variants
with the easy magnetization axis aligned with the magnetic field increase
their relative volume and dominate at the expense of other twins (see
Fig.1.1).

More in detail, (a) MSM alloys have only variant 1 in the first state;
(b) with the strong magnetic field applied in the y-direction, the MSM
element stretches in the x-direction. The elongation stops when all twins
switch to variant 2; (c) Under weak or no magnetic field, MSM magnetic
field, MSM alloys can maintain their length; (d) MSM alloys can contract
with the application of a magnetic field in the x-direction; (e) MSM alloys
can contract with the application of a compression force. (f) MSM alloys
can return to their original position by process (d) or (e). See articles [2, 3]
for more details. The result is an actuator capable of achieving indicated
strains of 4%-6% (the largest MSM effect in Ni-Mn-Ga alloys has been
shown close to 10% [4]) with control that is both rapid and precise, within
the milliseconds range. For this reason, they are considered promising can-
didates for active elements in compact electromagnetic actuators, sensors,
generators, and dampers.



1.2 Previous works 3

Figure 1.1: Presentation of the MSM effect in a single crystalline actuating
element (source: [1]).

1.2 Previous works

Despite the good performance of the MSM-based actuator, the technol-
ogy has not yet entered the market, although a large number of demon-
strators have been presented for a variety of possible applications. One
of the main technical reasons for this lack of commercialization seems to
be the complexity of the design process of MSM-based actuator systems
related to the non-linear and hysteretic magneto-mechanical coupling of
MSM. A field-stress-strain MSM hysteresis is particularly inconvenient for
under varying operating conditions such as temperature, frequency and
non-constant mechanical loads. The hysteresis effect causes inaccurate
positioning performance, e.g. if an actuator with hysteretic non-linearity
is used in the closed-loop system, the hysteresis will cause unwanted os-
cillations and even instability. In order to compensate for the hysteretic
behaviour, many modeling approaches have been implemented [5, 6, 7].
Much research has been carried out into control systems hysteresis be-
tween piezoelectric and magnetostrictive actuators. However, only a few
studies have been devoted to the MSM specific control problems [8, 9, 10].

1.3 Contribution of this work

The main objective of this work is to implement a control strategy for the
position control of a MSM-based actuator. In order to achieve this goal,
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an identification algorithm of the hysteresis introduced by the actuator
is implemented. The central point of interest of this part of the work
is the study of a computationally efficient strategy that can be proposed
for real-time application. Once the on-line identification of the non-linear
behaviour of the actuator is achieved, the compensation of the hysteresis
is implemented. The combination of feedforward and feedback control is
analyzed to optimize the overall performance of the control system. In the
present study, a Ni-Mn-Ga MSM element with dimensions of 20 mm x 3
mm x 1 mm, was employed (see Fig. 1.2).

Figure 1.2: MSM element (AdaptaMat, 2008).



Chapter 2

MSM actuator

In this first chapter, the MSM actuator is described and modeled in order
to develop an appropriate position control loop. Furthermore, a compu-
tationally efficient technique for hysteresis modeling is analyzed, with the
simulation results presented.

2.1 Linear and non linear behaviour

A MSM element constitutes an intrinsic transducer which converts the
fed magnetic energy into the twin-boundary motion. It’s also possible
to achieve the same effect applying an external mechanical stress to the
material in order to describe the total stress applied to the element σ:

σ(ε) = σext + σmag(he) (2.1)

Where σext is the external mechanical stress applied to the material
and σmag is the stress produced by the applied magnetic field he. Some
experiment demonstrated that the strain ε exhibits an hysteretic behaviour
that can be described with the equation:

ε = Γ−1(σext + σmag(he)) (2.2)

Where Γ is an hysteresis map. This means that energy dissipation oc-
curs at each conversion stage and the principal cause is due to the work
required for a lattice reorientation during the twin boundary motion. In
addition, it’s important to keep in mind the presence of eddy currents,
hysteresis losses in iron core of the magnetizing system, flux leakage losses
in the air-gap, as well as the frictional and structural losses in the mechan-
ical drive. So the MSM strain constitutes the dynamic input nonlinearity
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and represents a structural rearrangement of a large number of martensite
twin variants. For this reason, the Preisach-type hysteresis model appears
as particular suitable for a MSM modeling considering that the superpo-
sition of multiple elementary hysteresis operators (referred as ’hysterons’
γαβ) is high analogously to the mechanisms acting on the twin variants.
To describe the MSM strain in function of the applied external magnetic
field and mechanical stress, it is possible to use the following expression:

ε(t) =

∫∫

P

ρ(α, β)γαβ[χ[he(t), σext(t)]] dαdβ (2.3)

Where P is the Preisach plane where the density function ρ(α, β) is de-
fined and the operator χ transfers both hysteresis inputs into a mechanical
internal stress.
To identify the linear behaviour of the actuator is necessary to describe
its structure. The MSM element is housed inside a black box, where a
screwed spring is used to return the element to its original position when
the magnetic field is no longer applied (see Fig.2.1).

m

spring

MSM

m
a
g
n
et
ic

fi
el
d

Figure 2.1: Structure of the actuator.

It is important to emphasize that the calibration process of the spring is
crucial to achieving optimal results. In particular, if the spring exerts too
much force on the MSM element, a shorter displacement can be observed,
while if the spring is not screwed tightly enough, it will result in a non-zero
position when the MSM is not excited. The dynamic MSM actuator model
of this structure can be describe using a spring-mass-damper system (see
fig.2.2) where:
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The concentrated mass m includes the mass of the MSM element, out-
put push rod, and mechanical interface between both.

Stiffness k represents the return spring connected with the moving mass.

Damping element d represents an aggregated viscous damping of the
bearing and structural damping of the spring.

Force Fp is the pre-stress applied to all elements within the fixed mount-
ing frame in direction of the relative displacement.

The expense of the gravity acting due to the vertically moving mass
is quite low in comparison to the output force, so that the gravity
impact is fully neglected during the modeling.

Figure 2.2: Dynamic actuator model when the MSM element is excited by
a magnetic field (source:[11]).

The pre-stressed actuator dynamics is:

mẍ+ dẋ+ k(x− ε) = FP (2.4)

Where FP = Aσext = k(x − ε) in static-condition with ε = f(he, σ).
The eigen behavior and nonlinearities of the applied magnetization system
are omitted from consideration, due to a strong coupling with the MSM
behavior and the lack of measurability. This simplification assumes that
the active MSM element closes the magnetic circuit without changing sig-
nificantly the magnetic flux in the air gap during the elongation . Since no
field measurement and control are available, from a closed system point of
view the controllable coil current constitutes the input value and the in-
duced relative displacement constitutes the output value of the MSM based
actuator. From eq.2.4 it is evident that the output relative displacement
is lagged behind the applied input force due to the second order actuator
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dynamics. At the same time, the hysteresis nonlinearity constitutes the
rate-independent map so that no frequency dependent lag occurs (see an
example in fig2.3).

Figure 2.3: Time evolution of hysteresis phenomena.

A frequency analysis on the spectrum [0 300]Hz reveals the following
behaviour:

G(s) =
45.57

s2 + 737.9s+ 5.439e05
exp(−0.002s) (2.5)

Where the variable s is the Laplace variable used for frequency-domain
representation of linear time-invariant systems. It’s interesting to notice
that the frequency-independent input lag is attributed to the hysteresis.
From the eq.2.5 is possible to get the natural angular frequency wn = 737
rad/sec and the damping factor ξ = 0.5 Knowing these parameters and the
moving-mass m = 0.0015 kg, to find the physical parameters of stiffness k
e damping d is simple.







ωn =
√

k
m

→ k = 815.7835 N/m

ξ = d

2
√
mk

→ d = 1.1069 Ns/m
(2.6)

To validate the model a comparison between the real step response and
the modeled one is reported in fig.2.4.

Finally the bode plot of the eq.2.5 is reported in fig.2.5.
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Figure 2.4: Measured and computed step response comparison.

2.2 Hysteresis modeling

The phenomenon of hysteresis is encountered in many areas of science but
the large amount of interpretations is a result of the need of a rigorous
mathematical definition in order to avoid confusion and ambiguity. The
scalar Preisach hysteresis model is a universal mean for describing the
rate-independent phenomena that remains a widely accepted and reason-
able approach for describing this behaviour in functional materials. This
model was based on some assumption concerning the physical mechanism
of magnetization but later this tool evolved in a pure mathematical form
separated from its physical meaning. This formulation cannot represent
every hysteresis nonlinearities but some essential conditions have to be
satisfied:

• The output y depends on the sequence of input values but not on
the frequency with which they are proceeded. As originated from
an ancient greek word "hysteresis", meaning "lagging behind", this
effect is mathematically described as a negative-signed integral of the
phase shift over a full period, in every scenario.

• The past exerts its influence upon the future through instantaneous
values of output.

• Any past history can be wiped out by input oscillations of sufficient
large magnitude. This is called ’wiping-out property’ and was proved
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Figure 2.5: Bode plot of the G(s) transfer function.

by several experiments in the area of magnetics that showed the
evidence of major hysteresis loops whose shapes don’t depend in
how they are approached.

• All hysteresis loops corresponding to the same extreme values of in-
puts are congruents, i.e. they have the same shapes.

Once these conditions are satisfied, the Preisach model can be used
as described in this section. Consider a infinite set of simplest hysteresis
operators γαβ. These operators represent rectangular loops on the input-
output plane (see fig.2.6) where α and β correspond to ’up’ and ’down’
switching values of input. The output of these operators can assume ±1
only.

The hysteron’s states is given by:

γαβ(t) =











−1, if x(t) ≤ β

+1, if x(t) ≥ α

y(t0), if β < x(τ) < α ∀ τ ∈ [t0, t]

(2.7)

Where the switching threshold values (α, β) define the position of the
hysterons on the Preisach half-plane α ≥ β. The classical model formula-
tion is given by:

f(t) =

∫∫

α≥β

µ(α, β)γαβx(t) dαdβ (2.8)
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Figure 2.6: Hysteresis modeling. Elementary hysteron operator γαβ
(source:[12]).

Where µ(α, β) entirely parameterize the Preisach hysteresis operator.
The study of eq.2.8 can be facilitated dividing the Preisach plane in 2 areas:
P+ consisting of the points where γαβ = +1 and P− where γαβ = −1.
Using this geometrical interpretation the model can also be represented
with the following form:

f(t) =

∫∫

P+(t)

µ(α, β) dαdβ −

∫∫

P−(t)

µ(α, β) dαdβ (2.9)

For practical utilizes an infinite number of hysterons is not realizable.
For this reason it’s necessary to discrete the Preisach half-plane in L =
(N2+N)/2 parts where N is called ’discretization level of the Preisach
plane’. In this way the discrete Preisach hysteresis model can be seen as
the superposition of a finite number of hysteron whose contribute on the
total output is given by:

y(t) =
L
∑

i=1

µiγi(x(t), yi(t0), αi, βi) (2.10)

In this particular work the input signal is included in the range [0 5]
A, for this reason a equally spacial distribution of hysterons is reported in
fig.2.7 (for more details about the software implementation, see Appendix
A.1).

The aim of this part of work is to introduce a new computationally
efficient formulation of a Preisach hysteron with a low set of primitive
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Figure 2.7: Hysteresis modeling. Random density function whose sum of
all the weights is unitary.

operations required: two summation, two sign operators, two comparison
and one memory storage for the previous stage. The algorithm is described
in fig.2.8.

Figure 2.8: Hysteresis modeling. Blocks scheme of an elementary hysteron
(source:[13]).

To describe the algorithm we refer to the fig.2.6 where is possible to
observe that the eq.2.11 well describe the behaviour when x(t) ≤ β or
x(t) ≥ α.

min[sign(x− β), sign(x− α)] (2.11)

Considering now the interval x(t) ∈ (β,∞) and the switching condition
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sign(x-α), it’s possible to describe the behaviour in this working area as:

max[sign(x− α), y(t−)] (2.12)

Where y(t−) is the previous state and, in case of initial state, it assumes
the value:

y(t0) =

{

sign(x(t0)), if x(t0) < β or x(t0) > α

[−1,+1], otherwise .
(2.13)

Combining the eq.2.11 and eq.2.12 the entire behaviour of a single
hysteron can be described as following:

y(t) = min[sign(x− β),max(sign(x− α), y(t−))] (2.14)

2.3 Numerical simulations

The algorithm is tested in real time to prove the effective parallel processing
of the system (for implementation details see ChapterA). The goal of these
simulations is to evaluate the highest performance of the algorithm with
a sampling rate of 2 KHz. The first test is made using a Preisach plane
subdivided in 20x20 parts for a total of 210 hysterons. The results are
reported in fig.2.9.

In particular one of these experiment (Fig.2.9c) demonstrate the prop-
erty of congruence described before. In Fig.2.9d it’s possible to observe
some internal hysteresis generated by sinusoidal inputs of low amplitude.
Most of them are completely hidden from the external loop hysteresis that
wipe-out the state of the minor ones (wiping-out property).

In fig.2.10 is possible to appreciate the effect of the discretization of
the Preisach half-plane. This comparison highlights a more rough char-
acterization of the hysteresis operator for N ≤ 30. The advantage of a
high-resolution of the Preisach plane is limited from the real time process-
ing of the algorithm, to process an higher number of hysterons is necessary
to reduce the sampling time.

Another interesting test is to observe the effect of two different Preisach
density µ(α, β), represented in fig.2.11, on the hysteresis model (see fig.2.12).
This behaviour is explained using the geometrical interpretation, where
µ(α, β) express how much the hysteresis is affected by the input into that
precise zone of the Preisach plane. This consideration indicates that the
density function affects the shape of the hysteresis model, representing
another parameter to take into account during the projecting phase.
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Figure 2.9: Hysteresis numerical simulation. Response to different inputs
by a hysteresis computed with 210 elementary hysterons.
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Figure 2.10: Hysteresis numerical simulation. Effect of different resolutions
of the Preisach plane.
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Figure 2.11: Hysteresis numerical simulation. Different normalized density
function µ(α, β) on the Preisach plane.

Figure 2.12: Hysteresis numerical simulation. Effect of different density
functions µ(α,β) on the output model (left) and on the shape of the hys-
teresis model (right).
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In conclusion, the algorithm reproduces correctly the hysteresis phe-
nomena without any violation on the necessary conditions to apply the
Preisach model. A computational limit is reached in real-time condition
using a sampling rate of 2 KHz on a 35 x 35 mesh equivalent to L = 630.



Chapter 3

Control approach

In this chapter, the experimental setup (Fig.3.1) is illustrated to explain
how to practically achieve the goal of controlling the position of the actua-
tor. Moreover, the control system plant is explained and analyzed in order
to describe the process of tuning of the regulator.

Figure 3.1: Experimental setup (UiA mechatronics laboratory view).

3.1 System plant

The MSM-based actuator is produced by ’Adaptive Materials Technology’
and provides a DC connection to the excitation coils that can produce
a field strength of about 400−500 kA/m, required to produce the maxi-
mum strain of the MSM element. The nominal characteristics of the MSM
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Main features Value

Strain or stroke typically 3-5 %
Force density 1-2 MPa
Work output (force x stroke) max 100 kJ/m3

Operating frequency up to 1-2 KHz
Operating temperature max 40 °C

Table 3.1: MSM datasheet provided by the manufacturer.

element are reported in table3.1.

It is important to emphasize that the calibration process of the spring is
crucial to achieving optimal results. In particular, if the spring exerts too
much force on the MSM element, a shorter displacement can be observed,
while if the spring is not screwed tightly enough, it will result in a non-
zero position when the MSM is not excited. Moreover, in order to reach a
deterministic (further as ’accommodated’) response to a homogeneous pe-
riodic excitation, the actuator has to leave first the memorized initial state,
that will be called a ’transfer’ response. From the experiment (see fig.3.2)
it’s evident that the transfer response crosses two different transitions be-
fore reaching the level of accommodated response which remains nearly
constant during the remaining execution time. Note that the remarkable
diversity between the transfer and accommodated response cannot be at-
tributed to the warm-up of the MSM actuator.

The laser displacement sensor is called optoNCDT ILD 1420-200 and
is produced by ’Micro-Epsilon’. It is integrated in a small case of 20 x 30
x 46 mm size and it provides an integrated cable 0,3m long with 12 pin
connector. The most relevant information about this sensor are reported
in the table3.2.

To connect the sensor to the digital controller, a current-to-voltage con-

Main features Value

Measuring range 200mm (from 60 mm to 260 mm)
adjustable measuring rates 4 kHz/2 kHz/1 kHz/0.5 kHz/0.25 kHz
Repeatability 8 µm at 2 KHz
Analogue output from 4 mA to 20mA
Power supply from 11 VDC to 30VDC

Table 3.2: Laser sensor’s main characteristics provided by Micro-Epsilon.
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Figure 3.2: Initialization process using a train pulse input.

version is necessary. For this purpose, the PCF1402-3/U interconnecting
cable is used to convert the current produced by the sensor into a volt-
age within the range [1V... 5V]. The power supply for the laser sensor
is provided by the EX355, manufactured by AIM-TTI INSTRUMENTS.
The sensor is fixed above the actuator using a structure designed with
SolidWorks software and 3D-printed to ensure that the sensor remains
stable and unaffected by the vibrations produced by the MSM element.
The digital controller is SpeedGoat RealTime Target, which is connected
to the computer using an Ethernet cable. It is used to execute the con-
trol strategy, to collect and filter the data received from the sensor, using
the software Matlab/Simulink 2019b. Specifically, to remove noise from
the signal, a digital second order low-pass filter is applied. Its transfer
function is:

F (s) =
1

(1 + sτg)2
(3.1)

Where τg = 1/ωg is the time-constant of the filter and ωg is the cut-off
angular frequency of the filter corresponding to 10 Hz. The Bode plot is
reported in fig.3.3.

Finally, a current control interface connects the SpeedGoat to the ac-
tuator to prevent overcurrents and deviations from the imposed current
reference.
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Figure 3.3: Bode plot of the second order low-pass filter F (s) .

3.2 Feedback control design

One of the most used feedback control regulator in industry is the Pro-
portional Integral (PI) controller-based approach. This regulator grants
an infinite gain at low frequencies reducing to zero the control error. On
the other hand, it introduces a negative phase into the system leading to
the instability if not well-tuned. A wide-used way to tune this type of
regulators is the Bode synthesis. To apply this method, it is necessary to
consider the function L(s) = R(s)G(s)F (s), referred to as the ’Open-loop
transfer function of the system’, where:

• R(s) = kP+
kI
s

is the transfer function of the regulator. In alternative
a PID controller can be used introducing a derivative factor to obtain
greater gain at high frequency with the disadvantage of amplifying
the high-frequency noise;

• G(s) is the transfer function of the process to control reported in
eq.2.5.

• F (s) is the transfer function of the low-pass filter (eq.3.1).

Given all the equations, except for R(s), the only parameters to tune
are kP and kI . Therefore, to solve the problem, it is necessary to find the
solution to the following equations:
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{

|L(jωa)| = 1

π + ∠L(jωa) = ϕm

(3.2)

Where ωa is referred to as the ’control bandwidth’ and representing the
speed of the controlled system, while ϕm is called ’phase margin’, which
represents a measure of the stability of the system. In order to obtain a
stable control system despite inaccuracies and noise affecting the control
loop, a phase margin ϕm = 1.4 rad (equivalent to 80 degrees) is chosen. To
define the project parameter ωa the effect of the filter must be taken into
account. Considering the cut-off frequency of this element ωg = 10 Hz,
the condition ωa < ωg must be satisfied due to the attenuation effect of
the filter at high frequencies. This constraint has to be considered with
the stability limit, represented in fig.3.4, which shows the phase plot of the
system actuator+filter having a total phase of -102 degrees. This makes
clear that using a PI regulator at 10 Hz is not possible without violating the
condition ϕm = 80 degrees considering that the PI regulator can introduce
only negative phase.
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Figure 3.4: Feedback design. Bode plot of the system G(s)F (s).

To achieve a phase margin of 80 degree, a total phase of the system
equal to -100 degree is necessary. In order to reach this condition, it’s
necessary to operate below 62.8 rad/s. For tuning the regulator, a control
bandwidth ωa = 31.4 rad/s (5 Hz) is chosen. At this frequency, the filter
introduces a phase lag of 53 degree, while the system contributes a negative
phase of 6 degree. The total effect results in a delay of -59 degree. Solving
the system in eq.3.2 produces the following transfer function:
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R(s) = 11279 +
306138

s
(3.3)

The Bode diagram of this transfer function is shown in fig.3.5.
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Figure 3.5: Feedback design. Bode plot of the PI regulator R(s).

As shown in Fig.3.5, the regulator introduces a negative phase of 41
degrees, which is used to achieve the required -100 degrees of phase lag in
the open-loop transfer function L(s). To better understand the behavior
of the entire system, the Bode plot of the closed-loop transfer function
Z(s) = R(s)G(s)

1+L(s)
is provided here.

From Fig.3.6, it can be observed that the regulator is well-designed, and
the closed-loop transfer function is stable with a sufficient phase margin.

3.3 Hysteresis nonlinearities compensation

To achieve better results in terms of control performances on the actua-
tor, the nonlinear behavior of the MSM element is compensated using a
non-classical approach. Specifically, an inversion-free feedforward compen-
sation technique, as proposed in [14], is adopted in this work.
As well known, a feedforward stage always offers advantages in terms of
performances because it operates independently of the signal produced by
the measurement process, which is often affected by noise or low accuracy.
This control strategy is valid if an accurate model of the system is pre-
sented considering that the feedforward control strategy is based on the
inversion of the transfer function of the system to control (see fig.3.7).
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Figure 3.7: Hysteresis compensation. Scheme diagram of a feedforward
control strategy (source:[10]).

Since this assumption is never valid, every control loop uses an auxiliary
external loop of feedback to compensate the effect of external disturbance
and inaccuracies on the model. The interaction between this two control
methods is illustrated in Fig.3.8.

Figure 3.8: Hysteresis compensation. Total control system block diagram.

To define the feedforward block, a thorough understanding of the actu-
ator is necessary. As described in Chapter2.1 1, the MSM element exhibits
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a hysteretic behavior whose inverse cannot be directly obtained. The pro-
posed feedforward control is based on the internal model principle and
consists of a high-gain integral feedback loop that regulates the identified
hysteresis model, as shown in Fig.3.9.

Figure 3.9: Hysteresis compensation. Inversion-free control loop
(source:[14]).

If the control loop is well-designed, the modeled hysteresis should pro-
duce an output equivalent to the reference signal only when the desired
input u is applied. The control law is:

u(t) = K

∫

(r(t)− y∗(t)) dt (3.4)

This loop mimics the inverse of the hysteresis function. To prove it,
the result of the simulation with K = 1e07 is attached in fig.3.10.

Another interesting analysis to do is to observe the feedforward out-
put in relation with the reference signal. Furthermore, to evaluate the
performances of the system a plot reference-output is reported in fig.3.11 .

In Fig.3.11a is possible to observe the hysteresis used to feed the system
to control. In Fig.3.11b the relation reference-output is similar to the
desired linear ramp with unitary scope. Finally the time-evolution of the
controlled system is reported in Fig.3.12.

A more detailed analysis of the sensitivity function B(jw), where j is
the imaginary unit and w is the angular frequency, is now reported to
better understand the theoretical performances of this system.

B(jw) =
e(jw)

r(jw)
=

r(jw)− y∗(jw)

r(jw)
(3.5)

where y∗(jw) = Au(jw) is a rate-independent linear operator that de-
scribes the hysteresis behavior. Considering the entire feedforward system,
the estimated output can be described as:

y∗(jw) = A
K

jw
e = A

K

jw

1

1 + KA
jw

r(jw) (3.6)
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Figure 3.10: Hysteresis compensation. Result of the inversion of the hys-
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Figure 3.11: Hysteresis compensation. Deeper analysis of the internal
behaviour of the inversion process.
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trolled with only the feedforward technique.

The final equivalence in eq.3.6 can be obtained by recalling the relation
valid for any closed-loop system: y(s)

x(s)
= A

1+AB
where y(s) in output, x(s) is

input, A is the open-loop transfer function and B is the process in feedback.
From eq.3.6, it is possible to express the error as a function of the reference:

e(jw) =
1

1 + KA
jw

r(jw) (3.7)

Substituting the eq.3.7 in eq.3.5 is possible to obtain the final expres-
sion:

B(jw) =
e(jw)

r(jw)
=

1

1 + KA
jw

=
jw

jw +KA
(3.8)

Two aspects are really interesting to observe (see fig.3.13) if A is con-
sidered constant:

Error convergence is equal to zero at steady state. Moreover the error
is limited to the amplitude fo the reference signal at high frequencies.

Effect of gain K rises the bandwidth virtually to infinite.
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Chapter 4

Online Hysteresis identification

This chapter presents an identification algorithm based on the model re-
ported in Chapter2.2. Subsequently, the algorithm is put forward as an
adaptive strategy for nonlinear control.

4.1 Recursive algorithm

The identification of the parameters associated with hysteresis behaviour
under normal operating conditions represents a significant challenge for
model-based control synthesis and tuning approaches. It is noteworthy
that only a limited number of recursive methods have been subjected to
theoretical analysis and experimental verification for the purpose of on-
line Preisach model identification. This work employs the direct recursive
identification method for the Preisach hysteresis model and provides a
description of the high efficient-computing discrete-time algorithm for an
adaptive hysteresis filter.
It should be recalled that the overall density distribution µi(αi, βi), for all
i = 1, ..., L, over the Preisach half-plane determines the shape of input-
output hysteresis loops (see fig.2.12) and it is the variable to identified
for the given hysteresis system. The discretization process of the Preisach
model, as defined by eq.2.9, is applied to the total output. The resulting
output of the Preisach hysteresis model is:

y(t) =
∑

P+

µi(αi, βi)−
∑

P−

µj(αj, βj) (4.1)

The set P+ is a subset of those hysterons of index i whose instanta-
neous state is +1, while the set P− is a subset of those hysterons j whose
instantaneous state is -1. The direct recursive identification algorithm is
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designed to identify the Preisach distribution µ(α, β) based on the estimate
µ̂(α, β). The identification algorithm employs the differential output error,
defined as e(k) = y(k)− y(k− 1)− ŷ(k)+ ŷ(k− 1), where ŷ represents the
output of the adaptive hysteresis filter under identification. The combi-
nation of this error with eq.4.1 demonstrates that the differential error is
the equivalent mathematical representation of the error in the estimation
of the density function µ(α, β):

e(k) =
∑

S+(k)

(µ− µ̂)−
∑

S−(k)

(µ− µ̂) (4.2)

Where we denote those subset of hysterons which switch on, i.e. change
their state from -1 to +1 at the time step k by S+(k) while the subset of
hysterons which switch off, i.e. change their state from +1 to -1, is denoted
by S−(k). The direct recursive identification algorithm updates the weight
of those hysterons in the switching region S(k) = S+(k) ∪ S−(k). The
update formulation is determined in accordance with the following criteria:

µi(k) = µ̂i(k − 1) + r(k) (4.3)

Where r(k) represents the correcting factor, which is described by the
following equation:

r(k) =

{

e(k)A(k)−1 if (αi, βi) ∈ S+(k),

−e(k)A(k)−1 if (αi, βi) ∈ S−(k)
(4.4)

In this formula, A(k) = dim(S(k)) and it represents the number of
hysterons within the switching region, which is calculated as the sum of
the individual operators s(k) described by the expression:

s(k) = 0.5|y(k)− y(k − 1)| (4.5)

Finally the update law that modifies the hysteron weight is presented.

µ̂i(k + 0.5) = µ̂i(k) + s(k)r(k) (4.6)

The block diagram of the adaptive hysteresis filter is presented in
Fig.4.1 for the reader’s convenience.

Ultimately, it can be demonstrated that the quantity ||µ̂(k) − µ|| is
monotonically decreasing for stochastic input processed and almost surely
converges to zero exponentially, following the law Cexp(−λk), in the ab-
sence of measurement noise. In contrast, in the presence of measurement
noise, this quantity converges to a constant residual proportional to the
noise power.
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Figure 4.1: Recursive identification algorithm. Blocks diagram
(source:[15]).

4.2 Numerical simulations

In this section, a random hysteresis model is constructed for the purpose
of analyzing the behaviour and results of the identification process (for
the Simulink implementation see AppendixB.1). The algorithm operates
at a rate of 2 kHz and reconstructs the hysteresis model using a mesh of
35x35, equivalent to 630 hysterons with a initial uniform density function
µ̂(k = 0) = 1e-9. In the initial test, the model is provided with a sinusoidal
signal with an amplitude of 5 and a frequency of 1 Hz, with the objective of
verifying the identification of the external loop. The results are presented
in Fig.4.2.
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Figure 4.2: Recursive algorithm simulation. This figure illustrates the
hysteresis identification process.
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A more detailed examination of the identification performance can be
conducted by analyzing the time-evolution of the differential error (see
fig.4.3).
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Figure 4.3: Recursive algorithm simulation. Convergence of the error to
zero is demonstrated in this picture.

A more detailed examination of the system can be conducted by an-
alyzing the difference in the density function of the two systems at the
conclusions of the identification process fig.4.4.

Figure 4.4: Recursive algorithm simulation. The picture illustrates the
distinction between two distinct density functions.
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In order to obtain a more detailed identification of the hysteresis com-
prehensive of the internal loop, two additional input signals are employed
to test the algorithm. The initial signal is a sine wave exhibiting an increase
in amplitude at a frequency of 1 Hz. The subsequent signal is a sinusoidal
signal with a non-zero mean, random amplitude, and a frequency of 1 Hz.
The temporal evolution of the algorithm and the identified hysteresis are
presented in Figure4.5 and Figure.4.6, respectively.
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Figure 4.5: Recursive algorithm simulation. Time evolution of the identi-
fication process.
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Figure 4.6: Recursive algorithm simulation. Time evolution of the identifi-
cation process. On the right the vertical line is due to the initial hysteron’s
weights.

From the figure 4.5 and 4.6, it can be observed that the random in-
put amplitude presents a greater degree of complexity for the algorithmic
evaluation. A more accurate comparison can be made by utilizing the
differential error as a valuable investigative tool (see fig.4.7).

It is noteworthy that the differential error in Fig.4.7b is unchanging
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Figure 4.7: Recursive algorithm simulation. Time evolution of the differ-
ential error, that represents a precise accuracy factor of the algorithm.
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and attains a steady-state value that is less than that observed in the
other case. Furthermore, in Fig.4.7a, a slight increase in the differential
error can be observed. This can be attributed to the fact that the algo-
rithm is receiving input values of increasing amplitude for the first time,
necessitating a second period for adjustment of the density function within
this new region of the Preisach plane. Error values equal to zero have been
limited to 1e-10 in order to use this representation.

4.3 Experimental results

To identify the hysteretic behaviour of the MSM element, a triangular
input of 0.1 Hz and 5 A amplitude is applied. To better visualize the
result (see Fig.4.8), the sensor data is filtered using the same second order
low pass filter with a cut-off frequency of 10 Hz as described in eq.3.1.
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Figure 4.8: Recursive algorithm experiment. Comparison between the
hysteresis of the actuator and the modeled hysteresis using the KP model.

This result shows a peculiar hysteresis that can be interpreted as a
combination of three different Krasnosel’skii-Pokrovskii (KP) operators.
The identification algorithm described in the first section of this chapter
is based on Preisach model that described the hysteresis as the superpo-
sition of multiple hysterons with same shape but different weights. This
representation differs from KP model in which every operator is defined
not only by the threshold values (αi, βi) and the weight but also from a
fourth parameter called slope. This indicates that in order to adequately
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describe the hysteresis of the actuator, it is necessary to consider 12 param-
eters. For this reason this behaviour cannot be identified by the algorithm
described in this chapter, whose only degree of freedom is to adjust the den-
sity function µ(α, β) on the Preisach plane. This consideration brings to
the idea that the easiest way to reproduce this hysteretic response is to use
a Matlab script that mimics accurately this behaviour (see AppendixB.2).
As example, the identification process is tested on the experimental data
signals (Fig.4.9b). The sampling rate is set to 2 kHz and the number of
hysterons adapted is L = 630.

As explained before, the shape of the hysteresis of the actuator plays
an important role on the identification process. In particular, this char-
acteristic does not allow the algorithm to converge to the exact hysteretic
behaviour. It’s possible to recognize the shape of the experimental hys-
teresis but the amplitude of the displacement differs completely. In last
analysis, the effect of the filter on the synchronization of the two compared
data is presented (see Fig.4.9). It’s important to note that the algorithm
needs filtered data to identify the hysteresis. This fact suggests that a
second filter must be used in the identification branch in order to maintain
the synchronization between the signals. This leads to the divergence of
the algorithm, which recognizes the shape but cannot identify the correct
amplitude of the oscillations.
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(a) Hysteresis obtained without the filter on the output of the algorithm.

(b) Hysteresis obtained using a filter on the experimental data and another filter on the
output of the algorithm.,

Figure 4.9: Recursive algorithm experiment. Effect of the filter on the
identification process.



Chapter 5

Control system evaluation

This chapter presents an application of the identification algorithm to
propose an adaptive control method that accounts for variations in the
hysteresis model over the course of the working period. This approach is
purely simulative, and the results and method are presented. Additionally,
a fine-tuning of the feedforward compensator is achieved in the simulation
environment to obtain optimal control results using a combination of feed-
forward and feedback. Finally, the experimental results are reported.

5.1 Adaptive control simulation (smooth hys-

teresis)

The objective of this section is to present an adaptive strategy for the
nonlinear control of hysteretic actuators. This approach is fundamental for
all applications where time and operational conditions have a significant
impact on actuator behaviour. As outlined in Chapter3.3, the feedforward
mechanism requires an accurate model of the hysteresis to compensate it.
For this reason, the recursive algorithm presented in Chapter4 is introduced
herewith. The combination of these two methods promises to avoid waste
in terms of time and energy on the identification of the hysteresis model,
thereby obtaining a more reliable control system. This process can be fully
automated and integrated to obtain an online correction on the control
system (for the Simulink scheme go to AppendixB.3). In consideration of
the identification issues presented in Chapter4.3, a simulated hysteresis is
considered (see Fig.5.1).

The simulation is conducted with 630 hysterons at a sampling rate of
2 kHz and can be divided into two phases. The initial phase comprises
the identification process, which utilizes a random input signal and has
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Figure 5.1: Adaptive control. Hysteresis model to control.

a duration of 30 seconds (see Fig.5.2). The second phase comprises the
control process, which employs a feedforward with an integral gain K. The
results are reported in Fig.5.3.
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Figure 5.2: Adaptive control. Identification process.

The mean square error (MSE) represents an effective index for bench-
marking the performance of the system. The value is calculated within
the time range [46-48] seconds and is compared with a series of different
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Figure 5.3: Adaptive control. Effect of the integral gain in the hysteresis
compensation block.

values of gain K (see Tab.5.1).

Feedforward integral gain Mean Square Error
[mm2]

K = 1e02 0.0153
K = 1e03 4.9756e-04
K = 1e04 0.0020
K = 1e05 6.9490e-04
K = 1e07 0.0021

Table 5.1: Adaptive control. Mean Square Error of the adaptive simulation
comparing the different gain K.

Table5.1 clearly indicates that the optimal choice for the integral gain
is 1e03. This result is consistent with the findings in Fig.5.3, which demon-
strate that a high value of K has a positive impact on not only the hystere-
sis compensation but also on reducing the lag between the reference signal
and the obtained output. Conversely, this degree of accuracy gives rise
to oscillatory behaviour. The optimal compromise between accuracy and
oscillations is achieved with K = 1e03, where the oscillations are almost
absent and the output lag is negligible. At the end, the combined effect of
feedforward and feedback loop is illustrated in Fig.5.4.

From Fig.5.4 is clear that the PI regulator has a negative effect on
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Figure 5.4: Adaptive control. Effect of the feedback loop on the adaptive
system with K = 1e03.

the control loop. It’s important to remark that this result is completely
explainable in the simulation environment but for practical applications
a feedback loop is always adopted in order to correct any error in the
identification process.

5.2 Control system tuning (non-smooth hys-

teresis)

As evidenced in the preceding section, once the PI regulator has been de-
signed, the integral gain of the hysteresis compensator represents the final
parameter to be tuned. The goal of this section is to utilize the simula-
tion tool in order to minimize the control error quantity. The simulation
runs at 2 kHz and in the feedforward block, the Matlab script that was
previously discussed, is employed. The actuator behaviour is simulated
by connecting in series the hysteresis script and the normalized version of
transfer function G(s), in order to simulate the oscillatory behaviour on
the real system (see AppendixC.1). The first attempt of tuning is achieved
comparing the open-loop performances with different gains K, the results
are reported in Fig.5.5.

In Fig.5.5 it is possible to observe that the optimal result is achieved
with a gain K = 3e06. A higher gain K = 1e07 results in a very oscillating
response of the system while a lower one, K = 1e06, cannot compensate
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Figure 5.5: Tuning. Effect of the gain K in the feedforward-based control
system.

properly the steps of the hysteresis behaviour. The combination of feed-
back and feedforward is now analyzed using the results reported in Fig.5.6.
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Figure 5.6: Tuning. Effect of the gain K on the combination of feedback
and feedforward.

In Fig.5.6 it’s possible to notice that the combination between PI reg-
ulator and hysteresis compensator results damaging for the system. To
compare these solutions the MSE of every different experiments are re-



44 Control system evaluation

ported in Tab5.2.

Feedforward integral gain Mean Square Error
[mm2]

K = 1e06 9.33e-07
K = 3e06 1.23e-06
K = 1e07 1.58e-06

Table 5.2: Tuning. Mean Square Error of the simulation with both feed-
back and feedforward in the period [46-48] seconds.

As evidenced by the MSE data, the optimal configuration is attained
with K = 1e06. The influence of the integral gain K can be elucidated
by a more pronounced contribution of the hysteresis compensator, which
operates independently of the PI regulator. This leads to a command
input that induces oscillatory behaviour in the output position between
the various levels of the hysteresis.

5.3 Simulated control results

This section presents more detailed results concerning different configura-
tions of the control system model. Given the superior response achieved
through the combination of feedback and feedforward control, the integral
gain K = 1e06 is employed. The validation references are sinusoidal waves
(Fig.5.7), a slope (Fig.5.8), and two steps (Fig.5.9).

The results in Fig.5.7 are better described using the MSE quantity
reported in Tab.5.3.

Control system Reference signal Mean Square Error
Technique [mm] [mm2]

Feedback 0.22 5.6301e-10
Feedforward 0.22 2.3564e-10
Feedback + Feedforward 0.22 4.6565e-10
Feedback 0.1 5.3810e-10
Feedforward 0.1 1.0567e-10
Feedback + Feedforward 0.1 8.5738e-10

Table 5.3: Control system simulation. Mean Square Error with sinusoidal
input into the period [46-48] seconds.
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(a) Sinusoidal reference signal with amplitude 0.22 mm.
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(b) Sinusoidal reference signal with amplitude 0.1 mm.

Figure 5.7: Control system simulation. Sinusoidal reference signals.

From Tab.5.3 it can be observed that, in all of the tested conditions,
the system that is regulated using the feedforward method exhibited the
best performance. On the other hand, the combined effect of feedforward
and feedback is deleterious to the system when the reference amplitude is
at its lowest level.

In Fig.5.8 it’s possible to observe that the only action of the feedforward
is enough to follow almost perfectly the trajectory of the reference signal.
Moreover, also in this case, the effect of feedback with feedforward is worse
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Figure 5.8: Control system simulation. Slope reference signal.

than the case with only feedback.
Additionally, Fig.5.9 illustrates that the feedforward approach achieves

optimal results due to the precise modelling of hysteresis. Furthermore,
the figure demonstrates that a limit cycle is generated by the PI regulator
contribution.

5.4 Experimental results

In this concluding section, the control theory that has been previously
studied and applied in the simulations is subjected to practical tests. The
PI regulator transfer function is the same described in eq.3.3 and the KP
model represented in Fig.4.8 is used for the hysteresis compensation. In
the initial experimental phase a final test is conducted to determine the
optimal value of K (Fig.5.10), a comparison is made between all possi-
ble combinations of the three different techniques of control (feedforward,
feedback and the combination of both), and all of this is done using the
different reference signals with varying amplitude (for the implementation
using Simulink go to AppendixC.2). Furthermore, a comparison of the
three control method energetic consumption is provided.

Fig.5.10 illustrates the utilization of a feedback and feedforward com-
bination to tune the integral gain K. This approach is necessitated by the
need to optimize the integration of the feedforward with the fundamental
feedback loop control. The results demonstrate that, in instances where
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(a) Step reference signal with amplitude 0.2 mm.
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(b) Step reference signal with amplitude 0.1 mm.

Figure 5.9: Control system simulation. Step reference signals.

the amplitude of the reference signal is high, the variation in K is rela-
tively minimal. Conversely, in scenarios where the requested displacement
is smaller, a higher gain of K = 1e07 is more suited to better align with
the reference. Accordingly, this value will be incorporated into future ex-
periments.

As illustrated in Fig.5.11, the combination of feedforward and feedback



48 Control system evaluation

46 46.2 46.4 46.6 46.8 47 47.2 47.4 47.6 47.8 48

Time [s]

-0.5

0

0.5

1

1.5

2

2.5

P
o

s
it
io

n
 [

m
]

10
-4

K = 1e07

K = 1e06

Reference

(a) Sinusoidal reference signal with amplitude 0.22 mm.
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(b) Sinusoidal reference signal with amplitude 0.1 mm.

Figure 5.10: Control system experiment. Tuning of the integral gain K
(filtered data).

mechanisms yields the most optimal outcome. In particular, the feedback
mechanism plays a significant role in correcting the inaccuracies inherent
to the model and compensating for the impact of external factors. In light
of the preceding considerations, the case of pure feedforward will no longer
be presented.
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(b) Sinusoidal reference signal with amplitude 0.1 mm.

Figure 5.11: Control system experiment. Sinusoidal reference input (fil-
tered data).

As in the preceding test, Fig.5.12 demonstrates that the effect of the
feedback contributes to an improvement in performance. The last example
of reference signal is the step, in particular two different steps are provided
in order to better analyze the behaviour of the system (see Fig.5.13).

Ultimately, the Tab5.4 was employed to examine the energy consump-
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Figure 5.12: Control system experiment. Slope reference signal.

tion between the PI-only regulation and the combination of the two meth-
ods. The expression used to calculate this index is:

E(T ) =
T∑

t=0

i2tot(t)∆t (5.1)

Where T is the operation time and itot is the control signal.

Control system Reference signal Control cost
Technique [A2s]

Feedback Sinusoidal 0.22 mm 567.80
Feedback + Feedforward Sinusoidal 0.22 mm 615.29
Feedback Sinusoidal 0.1 mm 229.49
Feedback + Feedforward Sinusoidal 0.1 mm 305.26
Feedback Slope 0.2 mm 80.50
Feedback + Feedforward Slope 0.2 mm 81.63
Feedback Step 0.2 mm 151.32
Feedback + Feedforward Step 0.2 mm 124.62
Feedback Step 0.1 mm 91.57
Feedback + Feedforward Step 0.1 mm 57.91

Table 5.4: Control system experiment. Index of the energy consumption
during the entire test.
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(b) Step reference signal with amplitude 0.1 mm.

Figure 5.13: Control system experiment. Step reference input (filtered
data).

In conclusion, an analysis of the results presented in Tab5.4 is reported.
Firstly, high dynamics result in a greater energy consumption by the hys-
teresis compensator. This effect is less pronounced in the slope case, where
the energy consumption is nearly identical. Secondly, a steady-state, rep-
resented by the step response, leads to a greater energy consumption by
the PI regulator due to the limit cycle.
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Conclusions and discussion

This thesis examined the potential of adaptive strategies for the linear and
nonlinear control of actuators based on MSM materials. MSMs represent
a promising technology for position control; however, their strong nonlin-
earity, particularly the hysteretic behaviour, presents significant challenges
for practical applications.

Hysteresis Modeling

The adoption of the Preisach model provided a robust representation of the
hysteretic behaviour of MSM actuators, demonstrating an efficacy in de-
scribing complex hysteresis cycles, including the wiping-out property. The
model is particularly well-suited for the description of rate-independent
phenomena, offering computational efficiency in real-time applications.

Identification algorithm

Simulation results

The developed recursive algorithm proved highly effective in simulation.
Under ideal conditions, without added noise, the algorithm showed excel-
lent adaptability to the Preisach model, with the differential error converg-
ing quickly to negligible values.

Experimental limitations

During the experimental phase of the study, the algorithm was unable
to accurately identify the true behaviour of the actuator. Despite the
compensation for the delay introduced by data filtering, the discrepancy
between the identified model and the measured behaviour remained. This



54 Control system evaluation

discrepancy was attributed to the greater complexity of the experimen-
tal hysteretic behaviour, which includes phenomena not captured by the
adopted model.

Experimental validation

System analysis

The results of the experimental tests confirmed that the theoretical model
of the actuator is an accurate representation of the observed behaviour.
The observed responses were found to be in accordance with the model’s
predictions, exhibiting no notable discrepancies.

Effect of Feedback and Feedforward

The combination of feedforward and feedback control was found to be
an effective method for improving overall performance. The feedforward
compensator facilitated a reduction in tracking error, while the feedback
mechanism ensured robustness and compensated for uncertainties. The
results of the energetic analysis demonstrated that during the steady-state,
the feedforward compensator serves to reduce the necessity for corrections
by the PI controller, thereby limiting the occurrence of current peaks and
overall consumption. However, under specific operating conditions, the
extensive utilization of feedforward may result in an increased level of
energetic consumption.

Implications and Future Developments

This work demonstrates the potential of MSM actuators but also identifies
the challenges associated with their practical implementation, particularly
in the context of complex hysteresis. To address the current limitations,
the following research directions are proposed:

Advanced Modeling: The adoption of alternative or complementary ap-
proaches to the Preisach model, such as hybrid models or machine
learning techniques, may facilitate a more accurate representation of
the hysteretic characteristics observed experimentally.

Control Optimization: The integration of advanced control techniques
is employed to enhance the synergy between feedforward and feed-
back, thereby preventing the occurrence of unwanted oscillations.
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Further research could investigate the potential of adaptive compen-
sators to adaptively adjust to variations in system behaviour.

Extension of experiments: Expanding experimental conditions, such
as including temperature and frequency variations, to assess the ro-
bustness of the control and the model in more realistic scenarios.

This work represents a significant advancement in our comprehension of
and capacity to regulate MSM actuators. Despite its limitations, the study
demonstrated the possibility of implementing adaptive control strategies
and contributed to the foundation for future developments, which could
facilitate the practical application of this technology in industrial and tech-
nological contexts.
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Appendix A

Hysteresis modeling

A.1 Matlab Code for the initialization of the

Preisach plane

1

2 %% Definition of hysterons ’ parameters

3 N = 35;

4

5 hysteron.alfa = (linspace (4.99, 0.001, N))’;

6 hysteron.beta = (linspace (0.001 , 4.99, N))’;

7

8 hysteron.initial_value = -1;

9 hysteron.initial_weight = 1e-9;

10

11 d = ((N*N)+N)/2;

12 hysteron.real_weights = (1-( hysteron.

initial_weight)).*rand(d,1) + hysteron.

initial_weight;

13 s = sum(hysteron.real_weights , "all");

14 hysteron.real_weights = hysteron.real_weights/s

;

15 s_new = sum(hysteron.real_weights , "all");

16

17 %% Preisach plane

18 d = 0;

19 for i = 1:N

20 for j = 1:N-i+1

21 d = d+1;

22 hysteron.bound(d,1) = hysteron.alfa(i,1);
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23 hysteron.bound(d,2) = hysteron.beta(j,1);

24 end

25 end

26

27 hysteron.alfa = hysteron.bound (:,1);

28 hysteron.beta = hysteron.bound (:,2);

A.2 Simulink scheme of the hysteresis model-

ing

Figure A.1: Most external part of the model. L = 630 hysterons.
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Figure A.2: Second layer of the model. Aggregate of 100 hysterons.
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Figure A.3: Third layer of the model. Composition of 10 hysterons. Here
the threshold value alpha, beta and the weight to every hysteron are pro-
vided.
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Figure A.4: Simulink scheme of a single hysteron.



70 Hysteresis modeling



Appendix B

Recursive algorithm and

adaptive control

B.1 Simulink scheme for the hysteresis iden-

tification

Figure B.1: Simulink scheme of the hysteresis identification model.
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Figure B.2: Simulink scheme of the switching identification and weight
correction of a single hysterons.

B.2 Matlab script for the hysteresis represen-

tation of the actuator hysteresis

1 function output = hyst(input)

2

3 % Declaration and initialization of the

variables

4 persistent old_output;

5 persistent old_input;

6 persistent old_cond;

7 persistent old_slope;

8

9 if isempty(old_output)

10 old_output = 0;

11 end

12

13 if isempty(old_input)

14 old_input = 0;

15 end

16

17 if isempty(old_cond)

18 old_cond = 0;

19 end

20

21 if isempty(old_slope)

22 old_slope = 0;

23 end

24
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25 slope = 0; % if input is increasing slope

= 1; if input is decreasing slope = 0

26 cond = 0; % determine in what section of

the hysteresis shape the ipnut belongs

27 output = 0;

28 first = 0; % statement that indicate if

there has been a change in the input trend

29

30 % Input thresholds

31 % increasing

32 theshold1 = 2.1;

33 theshold2 = 2.16;

34 theshold3 = 3.45;

35 theshold4 = 3.5;

36 theshold5 = 4.68;

37 theshold6 = 4.77;

38

39 % decreasing

40 theshold7 = 3.18;

41 theshold8 = 3.13;

42 theshold9 = 1.8;

43 theshold10 = 1.74;

44 theshold11 = 0.55;

45 theshold12 = 0.5;

46

47 % Output levels

48 % increasing

49 level1 = 6.8e-5;

50 level2 = 1.42e-4;

51 level3 = 2.2e-4;

52

53 % decreasing

54 level4 = 1.44e-4;

55 level5 = 7e-5;

56

57 % Slopes

58 % increasing

59 m1 = (level1)/( theshold2 - theshold1);

60 m2 = (level2 - level1) / (theshold4 - theshold3

);

61 m3 = (level3 - level2) / (theshold6 - theshold5

);

62



74 Recursive algorithm and adaptive control

63 % decreasing

64 m4 = (level3 - level4) / (theshold7 - theshold8

);

65 m5 = (level4 - level5) / (theshold9 -

theshold10);

66 m6 = (level5) / (theshold11 - theshold12);

67

68 % Increasing input behaviour

69

70 if input -old_input > 0

71 slope = 1;

72

73 % Condition identification

74 if input >= 0

75 cond = 0;

76 end

77 if input >= theshold1

78 cond = 1;

79 end

80 if input >= theshold2

81 cond = 2;

82 end

83 if input >= theshold3

84 cond = 3;

85 end

86 if input >= theshold4

87 cond = 4;

88 end

89 if input >= theshold5

90 cond = 5;

91 end

92 if input >= theshold6

93 cond = 6;

94 end

95

96 % Considerations:

97 % - if condition is even then the output is

constant;

98 % - if condition is odd the output is

propotional to input.

99

100 % Unchanged condition

101 if cond - old_cond == 0
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102

103 % Condition is even

104 if mod(cond ,2) == 0

105 output = old_output;

106 else

107

108 % Condition is odd

109 if cond == 1

110 output = m1 * (input - theshold1);

111 end

112 if cond == 3

113 output = m2 * (input - theshold3) + level1;

114 end

115 if cond == 5

116 output = m3 * (input - theshold5) + level2;

117 end

118 end

119

120 % Changed condition

121 else

122 if input >= 0

123 output = 0;

124 end

125 if input >= theshold1

126 output = m1*(input - theshold1);

127 end

128 if input >= theshold2

129 output = level1;

130 end

131 if input >= theshold3

132 output = m2*(input - theshold3) + level1;

133 end

134 if input >= theshold4

135 output = level2;

136 end

137 if input >= theshold5

138 output = m3*(input - theshold5) + level2;

139 end

140 if input >= theshold6

141 output = level3;

142 end

143 end

144
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145 % Allow orizzontal path for internal loops

146 % Change in the direction of input doesn ’t

produce a

147 % jump to the other side of the shape

148 if output - old_output < 0

149 output = old_output;

150 end

151

152 % Decreasing input

153 else

154 slope = 0;

155

156 % Condition identification

157 if input <= 5

158 cond = 6;

159 end

160 if input <= theshold7

161 cond = 7;

162 end

163 if input <= theshold8

164 cond = 8;

165 end

166 if input <= theshold9

167 cond = 9;

168 end

169 if input <= theshold10

170 cond = 10;

171 end

172 if input <= theshold11

173 cond = 11;

174 end

175 if input <= theshold12

176 cond = 0;

177 end

178

179 % If there has been a change in the input trend

the output % should be egual to the

previous one until the input % reaches

the new decreasing threshold

180 if slope - old_slope ~= 0

181 first = 1;

182 end

183 if first
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184 output = old_output;

185 first = 0;

186 else

187

188 % Unchanged condition

189 if cond - old_cond == 0

190

191 % Input belongs to a ’flat ’ part of the

hysteresis

192 if mod(cond ,2) == 0

193 output = old_output;

194 else

195

196 % Output decreases with the input

197 if cond == 7

198 output = m4*(input - theshold8) + level4;

199 end

200 if cond == 9

201 output = m5*(input - theshold10) + level5;

202 end

203 if cond == 11

204 output = m6*(input - theshold12);

205 end

206 end

207 else

208

209 % In case of condition variation

210 if input <= 5

211 output = level3;

212 end

213 if input <= theshold7

214 output = m4*(input - theshold8) + level4;

215 end

216 if input <= theshold8

217 output = level4;

218 end

219 if input <= theshold9

220 output = m5*(input - theshold10) + level5;

221 end

222 if input <= theshold10

223 output = level5;

224 end

225 if input <= theshold11
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226 output = m6*(input - theshold12);

227 end

228 if input <= theshold12

229 output = 0;

230 end

231 end

232 end

233

234 % Internal loop managing

235 if output - old_output > 0

236 output = old_output;

237 end

238 end

239

240 old_input = input;

241 old_output = output;

242 old_cond = cond;

243 old_slope = slope;

244

245 end

B.3 Simulink scheme for the adaptive algo-

rithm
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Appendix C

Tuning and experimental control

system

C.1 Simulink scheme for the tuning of the

feedforward

Figure C.1: Simulink scheme for the tuning of the hysteresis compensator.

C.2 Simulink scheme for experimental tests
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