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Abstract

Resonance-based de-icing systems that use electromechanical actuators are emerging as a more energy-
efficient alternative to conventional anti-icing technologies, whether thermal or pneumatic. These systems use
resonance excitation to effectively remove ice while significantly reducing energy consumption. Vector con-
trol schemes combined with proportional-integral controllers have been successfully implemented to achieve
resonance frequency tracking during ice deposition and de-icing. However, these controllers cannot estimate
the modal parameters that are characteristic of ice accumulation. This accumulation progressively alters the
modal mass and stiffness of the structure, leading to a drift in the resonance frequency during icing. Monitor-
ing these parameters would enable tracking of the icing conditions and provide the necessary information to
trigger de-icing. To this end, this paper proposes an adaptive control framework combining Model Predictive
Control (MPC) and Moving Horizon Estimation (MHE). The MHE algorithm continuously estimates the equiv-
alent modal mass and stiffness of the iced structure from the system output responses. These estimates are
used to update the prediction model employed by the MPC, which can be used to trigger the actuation system
for de-icing. As a reference application, a structure equipped with a piezoelectric resonant de-icing system is
considered. Model-in-the-loop simulations demonstrate the ability to accurately track resonance and estimate
parameters under gradual variations representative of ice accretion events, as well as under abrupt variations
representative of de-icing events. This highlights the potential of the proposed adaptive approach for improving
the operation of resonant ice protection systems.

Keywords: Model Predictive Control; Moving Horizon Estimation; Ice Protection System; Piezoelectric actu-
ator; frequency tracking; parameters estimation

1. Introduction

In-flight ice accretion remains a safety-critical challenge for airborne vehicles affecting lifting surfaces,
sensors and propulsion components and potentially leading to loss of lift, control degradation or struc-
tural damage, causing several severe aircraft accidents over the past three decades [1]. The drive
toward decarbonisation is reshaping ice-protection systems (IPSs) toward more-electric, low-energy
solutions, such as resonant piezoelectric (PZT) or electromechanical de-icing systems [2, 3]. Con-
ventional ice protection systems, such as hot-air bleed, electrothermal heaters or pneumatic boots,
are mature but suffer from high energy consumption, added mass and integration constraints. On
the other hand, resonant de-icing systems generate the local stress required to initiate cohesive
and adhesive ice fracture by driving the host iced structure at one of its natural frequencies, while
keeping the injected power orders of magnitude below that of thermal solutions [3] 4, 5]. The effec-
tiveness of resonant de-icing on NACA airfoil leading edges has been experimentally demonstrated
in [6], where complete de-icing was achieved within a few hundred milliseconds. However, the same
study highlighted that the efficiency of such systems is conditioned by the accuracy of the resonance
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tracking, as frequency detuning of only a few hertz can significantly reduce vibration amplitudes and
prevent fracture initiation. This challenge is compounded by the fact that the resonance frequency
is inherently time-varying. During ice accretion, the additional ice mass and the associated changes
in structural stiffness progressively modify the modal properties of the system, causing a shift in the
resonance frequency. Conversely, ice fracture and shedding produce abrupt changes in the modal
parameters, resulting in rapid variations in the resonant dynamics. Tracking these dynamics in real
time is therefore essential to ensure reliable closed-loop operation.

Many resonance tracking methods have been proposed, from equivalent-circuit admittance identifi-
cation [7] and perturb-and-observe algorithms [8] to Kalman-filter-based backbone trackers [9] and
phase-locked-loop schemes [10]. A particularly attractive solution for ultrasonic actuators and high-
frequency PZT systems is the vector control technique [11]. A vector control technique transforms a
sinusoidal quantity (x(z)) into two equivalent DC components (x,,x,) in a rotating d-g frame. In this
frame, perfect resonance corresponds to regulating the direct component to zero (x; = 0), providing
a simple and robust regulation objective [11]. To enforce this condition, proportional-integral (PI)
controllers are commonly employed. However, these controllers are typically designed around fixed
system parameters and may experience performance degradation when the resonance frequency
varies significantly as a consequence of ice accretion and shedding. Since these phenomena contin-
uously modify the modal properties of the structure, maintaining accurate resonance tracking requires
both online estimation of the system parameters and continuous adaptation of the control action.
Monitoring these modal parameters can also help to track icing conditions, providing the necessary
information to trigger de-icing procedures.

To address this challenge, this paper proposes an adaptive control framework based on the combi-
nation of Model Predictive Control (MPC) [12] and Moving Horizon Estimation (MHE) [13]. MPC is
an optimization-based control technique that predicts the future system evolution over a finite horizon
and computes the control action by minimizing a cost function while explicitly accounting for sys-
tem constraints. To ensure consistency between the prediction model and the actual iced structure,
the MHE algorithm estimates the time-varying modal parameters of the system by solving an opti-
mization problem over a finite window of past measurements. Compared with recursive estimation
methods, MHE naturally accommodates system constraints and provides improved robustness in the
presence of disturbances and measurement noise. In the proposed framework, the estimated nat-
ural frequency and modal stiffness are used to continuously update the prediction model, enabling
accurate resonance tracking despite the evolving dynamics induced by ice accretion and fracture
events.

The proposed approach is evaluated through Model-in-the-Loop (MIL) simulations of a PZT-based de-
icing system integrated on a flat structure. The performance of the adaptive MPC—MHE framework
is assessed against a non-adaptive MPC baseline. The results demonstrate accurate resonance
tracking and reliable estimation of the modal parameters under both gradual parameter variations
associated with ice accretion and abrupt changes representative of ice fracture and shedding events.
The Optimal Control Problems (OCPs) associated with both the MPC and the MHE are formulated
and solved using the CasADi framework [14} [15], which provides an efficient symbolic environment
for the formulation and numerical solution of nonlinear optimization problems. The continuous-time
optimization problems are transcribed into nonlinear programming (NLP) problems using a direct
multiple-shooting formulation, enabling efficient solution while explicitly accounting for the system
dynamics and operational constraints.

The proposed framework offers a twofold contribution to the development of resonant ice protection
systems:

» Adaptive resonance tracking: The MHE produces online estimates of parameters that are fed
back to the MPC prediction model, yielding an adaptive controller that remains tuned to the
actual resonance even when the modal parameters drift due to ice accretion.

* Ice-accretion monitoring: The estimates provide a physical observable directly related to the ice
mass and adhesion. The monitoring of these parameters can be used as a decision signal to
trigger the ice protection system.
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The paper is organised as follows: Section 2] describes the system under study and provides the
model in the d—g frame. This section also formulates the adaptive MPC and the MHE problems. Sec-
tion[3] presents the frequency tracking and parameter estimation results under various drift scenarios
and analyses the performance of the closed-loop framework. Section |4.| concludes and outlines fu-
ture work.

2. Materials and Methods
2.1 System description

While the methodology proposed by the authors in [16] targets PZT-based ice protection systems

for aeronautical structures and can be applied to geometries such as composite NACA 0024 leading
edges, the objective of the present work is different. Rather than focusing on the optimization of a
particular structural design, this paper aims to develop and assess an adaptive control framework for
online modal parameter identification valuable for resonance tracking.
For this purpose, the methodology is demonstrated on a simplified test article previously employed
by the authors in [17] to investigate the open-loop dynamics of resonant de-icing systems. The test
article consists of a titanium plate (130 x 50 x 1 mm?) equipped with two PIC 181 piezoelectric patches
of dimensions 70 x 17 x 1 mm? each, bonded on the clean face of the plate, as shown in Figure
This configuration maximizes the coupling with the targeted flexural vibration mode while providing a
representative platform for evaluating the proposed control and estimation strategy. One piezoelectric
patch is used for actuation, whereas the second is employed for sensing.

The plate is in free boundary conditions on its four edges and its surface is covered with a 3 mm-
thick ice layer. The ice is modeled as an isotropic material with a Young’s modulus of 9 GPa [18],
a density of 900 kg/m?, and a Poisson’s ratio of 0.3 [19], which corresponds to the properties of the
freezer ice used in the tests. The plate is made of Ti-6Al-4V, with a Young’s modulus of 110 GPa, a
density of 4510 kg/m?, and a Poisson’s ratio of 0.33 [20].

70 mm

- -
* >

17 mm

50 mm

17 mm_8

130 mm

Figure 1 — Left to right, Geometry of the plate and First flexural mode of the titanium plate ([17])

As justified in [17], the first flexural mode of the plate is selected as the actuation mode, as it shows
significant variation with ice accretion, representing a challenging case for frequency tracking. The
corresponding mode shape, identified by finite-element modal analysis, is reported in Figure[i]

2.2 System modelling

The dynamics of the flexural mode of the reference structure equipped with the piezoelectric actua-
tor (Figure[2) and the short-circuited piezoelectric sensor can be described using a lumped parameter
spring—mass—damper model, through the following set of equations, [17]:

M3i+Dgx+Kx=f,=Nyuy
ia:im+ic:Nax+C0ua (1)
iy = NgX
where x is the modal displacement, u, the actuator driving voltage, i, the actuator current and i
the sensor current. i, and i. are the motional and capacitive currents in the actuator. Since the

sensor is short-circuited, the capacitive current in the sensor is null, meaning that the sensor current
is only composed of the motional current. The mechanical parameters M, D; and K are the modal
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mass, damping and stiffness, respectively. N, and N; are the electromechanical coupling factors of
the actuator and sensor. C is the actuator static capacitance. The mechanical quality factor of the
system is defined as Q,, = VKM/D.

: >

Figure 2 — System modelling: (left) Equivalent electromechanical scheme of the PZT actuators
integrated with the structure; (right) Representation of the voltage and vibration phasors in a rotating
reference frame.

Model in (1) is useful for describing the instantaneous evolution of the vibration. However, for the tar-
geted application, describing the amplitude of the vibration speed is more relevant than the vibration
speed itself. As the system is excited by a sinusoidal voltage at the angular frequency o, the vibration
speed x and the actuator voltage u, can be projected into a rotating reference frame, Figure [2| (right),
and written as follows:

£= (Va+ jVy) e

Uy = (Uy +qu)ejcot
where the underline denotes a complex quantity, and the corresponding physical signal is obtained as
the real part of the complex representation, i.e., x = R{x}. By substituting the complex representation

of (2) into the first of (1), and under the assumptions reported in [11], the vibration velocity dynamics
in the rotating d—q reference frame can be expressed in vector form as:

(@)

X(t) = fc(x(t)7 w<t))7 (3)
(NaUqy—2M (0 — ) Vy — D, V) /(2M)

fe(x, 0) = (2M (0 — )V, — D5 Vy) /(2M)

; (4)
where x = [V, V,|" defines the state vector, with V, and V, the in-phase and quadrature components
of the modal velocity, @y = \/K/M is the natural angular frequency and U, is the quadrature voltage
amplitude imposed by the inverter. During the resonance-tracking phase, U, is assumed to be con-
stant and set at a low level to excite the structure without initiating de-icing. Furthermore, the direct
voltage component is set to U; = 0, such that the excitation angular frequency o constitutes the sole
control input of the system.

In steady-state conditions, implies that vV, = 0 if the system is excited at the resonance frequency
(o = ap).Consequently, tracking the resonance can be achieved by driving the system to the steady-
state setpoint V¥ = 0. For these conditions, the quadrature component converges to V;‘ =N,U,/D;,
i.e. a value determined by the quadrature voltage amplitude U,,.

Ice accretion progressively modifies the equivalent mass M, the damping Dy, the stiffness K and,
consequently, the resonance frequency ay. In this work the ice accretion process is simulated by as-
suming that: (i) the ice layer can reach a thickness of approximately 4 mm per minute, corresponding
to a typical threshold for de-icing system activation; (ii) the environmental and flight conditions, in-
cluding temperature, airspeed, and liquid water content, remain constant during the considered icing
period; (i) over the prediction horizon of the controller (approximately one second), the model param-
eters associated with the ice layer can be assumed constant so that to the time-invariant modelling
is to be extended with the following:

p~0 (5)

where p = [my, K] " is the parameter vector.
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2.3 MPC for resonance frequency tracking

The resonance frequency tracking problem for the PZT-based de-icing system is addressed with the
objective of maintaining accurate resonance tracking despite the time-varying dynamics induced by
ice accretion and shedding, while explicitly accounting for system constraints. The block of the pro-
posed MPC-MHE strategy for frequency tracking and parameter estimation of resonant de-icing sys-
tems is shown in Figure[3] where the block labeled AC/DC represents the shift to the d-q frame, which
transforms AC components into DC components through a lock-in amplifier, while the DC/AC block
performs the inverse transformation by means of a Voltage-Controlled Oscillator (VCO), followed by
a voltage amplifier.

| System Model in d-q frame I

Ud=0 1 AC la\
_l} Ug Actuation =
U=0.1 —>| systemand | .
ﬁ—q-) iced structure >

|

Y

a) A~

Vi =0 Do <
4 —5IMPC| 7, 7, |MHE

Figure 3 — Functional block diagram of the proposed MPC-MHE strategy for frequency tracking and
parameter estimation of resonant de-icing systems.

Based on these objectives, the resonance frequency tracking problem is formulated as a finite-horizon
optimal control problem and solved within an MPC framework. This optimal control problem is for-
mulated in (OCP) and is based on a cost function comprising two main terms: one for tracking the
reference state vector, and another for penalising variations in the excitation frequency and reducing
aggressive control actions, thereby ensuring smoother actuator behaviour. The optimization prob-
lem is solved subject to equality constraints describing the system dynamics, together with inequality
constraints enforcing operational limits on both the system states and the control inputs. In this case,
the model is discretised with the forward-Euler scheme with sampling period Ar and the adaptive
MPC predicts the state trajectory over a horizon of N, samples using the current estimates of the
modal parameters supplied by the MHE (Section [2.4).

N, Ny—1

min  Q Vik+1)—VvH> £ Ra Y (0(k+1) — w(k))*
oin vdk;( a(k+1)—=VY) A k;( (k+1)— o(k))
st x(k+1) = x(k) + Atk (x(k), ©(k), p(k)), k=1,...,Np (OCP)
x(1)=xp, (1) = oy,
XM < x (k) < XM, k=1,...,N,+1
o™ < o(k) < O™, k=1,....N,

In (OCP1) the state tracking and the control action contributions are smoothed and weighted by Qy,
and Ry, respectively. The reference state is setpoint V¥ = 0, while a, is the frequency applied at the
initial instant.

2.4 MHE for states and parameters estimation

To estimate the variations of the modal parameters induced by ice accretion, a MHE technique is here
employed. Differently from recursive estimators, where the current state estimate is based only on
the most recent measurement and the previous state estimate, the MHE considers the evolution of a
constrained and possibly nonlinear model on a fixed time horizon, and minimizes the deviation of the

5
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model from a past window of measurements. Although MHE does not generally rely on any specific
error distribution, tuning the estimator becomes easier when a probabilistic insight is considered [21].
To this end, a disturbed form of (3) is defined, together with a measurement output, as follows:

{X(t) =1 (x(1), ©(t),p(1)) + Vs,
y(t) =h(x(1)) + vy,

where v, and v, are zero-mean Gaussian noises for states and outputs, respectively. Then, the MHE
observer jointly estimates the state and the parameters over a sliding window of the last N, + 1 mea-
surements. This optimal estimation problem is formulated in (OEP) as a constrained least-squares
(LSQ) problem in which the parameters are treated as augmented decision variables alongside the
state trajectory [22, 23].

(6)

i

i—1
min Y, IhE®)-3@)IF + W Y (ok) -ok)’

{x(k), 0(k),p(k)} k=i—N, k=i—N,

(OEP)

i—

st x(k+ 1) = R(k) + Arf(R(K), 0 (k); p(k)) e

i—

yeeesld

i—

yeeeyi—1

>~ o o A

T EEZ

I—Ng,y...yl

In (OEP), the cost function penalizes the change in the system predicted outputs h(x) from the ac-
tually measured outputs § by the diagonal positive-definite matrix V. Similarly, a weight W penalizes
the change in the applied control inputs @ from the measured inputs @. This latter accounts for
actuator noise and/or inaccuracy. These weights are chosen to match the measurements and the
applied control input noise covariances. Finally, the cost function includes a smoothness prior on
the estimated parameters weighted by Wp, which encodes the slow-drift assumption. In (OEP) |«||2
denotes the Euclidian norm with diagonal positive-definite matrices m(= V,Wp). Here V. and W are
set as the inverse of the assumed measurement covariances, while elements of Wp are normal-

ized weights Wp = diag Pay ) Px penalise relative variations in the modal parameter estimation

,nom nom

within the window. This regularisation is essential when measurements are noisy and the control
action is close to the resonance. In this case, the parameters are weakly identifiable because the
system dynamics depend mostly on the combination w — @y, and without regularisation the optimiser
tends to trade off the parameters against each other. The solution of the (OEP) leads mainly to the
relative-state and parameters estimate sequence x(k),p(k), with k = (i — N, ..., i), where x(i),p(i), de-
notes the current state and parameter vector estimate that can be used as a measurement feedback
for the MPC.

2.5 Numerical solution and implementation

The and the are transcribed into nonlinear programs (NLPs) via direct multiple shooting
[24]. Both problems are formulated in the CasADi framework [14] and solved by the IPOPT interior-
point solver [15]. At each sampling point, the optimiser is warm-started using the solution from the
previous step, shifted by one sample. This reduces the number of inner iterations, bringing the solve
time per step down to just a few tens of milliseconds on a standard laptop CPU.

The two problems are solved sequentially in a receding-horizon fashion: at each instant ¢, the
is solved on the last N, + 1 samples to update %(i),p(i); the (OCP) is then solved with the updated
prediction model and only the first control element w(1) is applied.

The numerical parameters used in the rest of the paper are summarized in Table[i]
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Table 1 — Parameters used in the simulations.

Symbol Value Description
Miom 0.074 kg Nominal modal mass (with reference ice layer)
Krom 3.554 x 10° N/m Nominal modal stiffness
Om 60 Modal quality factor
N, 0.0201 N/V Actuator coupling coefficient
U, 40V Constant quadrature drive voltage amplitude
@00 6930.4 rad/s (fo = 1103 Hz) Nominal resonance
Vj 4.68 m/s Quadrature velocity reference (at resonance)
At 1x1073s Sampling period
Ny, 50 samples MPC horizon
N, 10 samples MHE window length
Qv, 5 State tracking weights (MPC)
Ray 0.1 Control smoothness weight (MPC)
Py 103 Smoothness prior on @y (MHE)
Pk 10* Smoothness prior on K (MHE)
(O™ @™ [0.5, 1.5] @y, Drive frequency bounds
(@, orax]  [0.85, 1.15] @, MHE bounds on ay
[K™in KMaX][0.6, 1.4] Knom MHE bounds on K
3. Results

The closed-loop performance of the proposed adaptive MPC-MHE framework is assessed through
Model-in-the-Loop (MIL) simulations. The following test scenarios are considered:

1. Constant-parameter test: the modal parameters are kept constant throughout the simulation.
This scenario is used as a baseline case to validate the MPC performance under nominal
operating conditions.

2. Ice accretion and de-icing test: the modal parameters are subjected to a linear drift, represent-
ing the progressive accumulation of ice, followed by abrupt variations that emulate ice fracture
and shedding. After the de-icing event, the parameters return to their clean-structure values.
This scenario is used to evaluate the ability of the MHE to track variations in parameters and the
ability of the adaptive MPC to maintain resonance conditions in the face of evolving system dy-
namics. In addition, a test with non-adaptive MPC that uses the nominal parameters throughout
the simulation is proposed to highlight the benefits of the proposed MPC-MHE strategy.

3.1 Constant parameter test

The first test confirms that, with a time-invariant system, the MPC drives the excitation angular fre-
quency towards resonance from an initial low-frequency condition. As shown in Figure [4] the results
show that the pulsation frequency starts from w;,;; = 0.5 @ and converges to ay within approximately
20 ms. Once o reaches its steady-state value, the coupling term between the V,; and V, dynamics
becomes negligible, and the two states evolve approximately as independent linear systems. Con-
sequently, V, returns to zero while V, rises to its equilibrium point Vq# = N,,U,/Ds ~ 4.66 m/s, with a
characteristic time of approximately 2M /D;.

3.2 Linear-variant parameter test representative of ice accretion and de-icing test

To evaluate the proposed adaptive control framework under representative operating conditions, a
simplified ice accretion and de-icing scenario is considered. Ice accretion is modeled as a linear drift
of the modal parameters, with the natural frequency (@) increasing by 1% per second and the modal
stiffness (K) increasing by 2% per second. This drift is applied for one second, corresponding to a
representative ice accretion phase. At the end of the accretion period, at one second, a de-icing event
is simulated by abruptly restoring the modal parameters to their clean-structure values. Subsequently,
the ice accretion process is restarted for one second following the same parameter growth rates. This
scenario allows the assessment of the MHE capability to track both gradual parameter variations

7
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associated with ice accumulation and abrupt changes resulting from ice fracture and shedding. It
also assesses the adaptive MPC’s capacity to maintain resonance tracking under evolving system
dynamics. The results of this test are proposed in Figuresand@], showing the system states V, and
V,; and the control action @, and the parameter estimation, respectively.

Figure[5|shows that, after the initial transient, the direct velocity (V;) component converges to zero, in-
dicating that resonance conditions are successfully maintained. Consistently, the MPC progressively
increases the excitation frequency to compensate for the resonance drift induced by the evolving
modal parameters, while the quadrature component (V) converges to its equilibrium value.
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Figure 5 — Linear-variant parameter simulation results with MHE: (top) quadrature velocity V,;
(center) direct velocity V;; (bottom) angular frequency .

The parameter estimation results reported in Figure | demonstrate that the MHE can accurately re-
construct the time-varying modal parameters. To achieve more realistic results, the simulations are
run with noise injected into the signals (V; and V,), which are representative of the type of noise that
could be measured. A close agreement between the reference and estimated values is observed
during both the gradual parameter drift associated with ice accretion and the abrupt variations repre-
sentative of de-icing events. Moreover, the parameter estimation dynamics exhibit a response time
comparable to that of the resonance-tracking variable (V;), confirming the effectiveness of the pro-
posed adaptive estimation framework.

Finally, to highlight the role of the MHE feedback, the same simplified ice accretion and de-icing
scenario is considered with a non-adaptive MPC that uses the nominal conditions (structure with
no ice) throughout the simulation. As shown in Figure |7} satisfactory resonance tracking is only
achieved when the system parameters remain close to the nominal conditions (i.e. the plate without
ice), which occurs at the start of the simulation and immediately after the de-icing event. As the modal
parameters progressively drift due to ice accretion, the mismatch between the prediction model and
the actual system increases, leading to a degradation of the resonance-tracking performance.



MPC-MHE FOR FREQUENCY TRACKING AND PARAMETERS ESTIMATION OF RESONANT SYSTEMS

$ 7000 - - - .Reference
——MHE estimate
6500 L L L ] 1 1 T I I
0.2 0.4 0.6 0.8 1 2. 14 1.6 1.8
5 X 10(‘ T T T T

Figure 6 — Linear-variant parameter simulation results with MHE: (top) resonance frequency;
(bottom) stiffness.

)
A
= il
—— Measurement
-10 I L
0 0.5 : 1.5 2
10 ;
o -Setpoint
) “ | |— Measurement
I=IUR 1| —————
S
-10
0
8000
----wy (Reference)
— —MPC output
@’ 7500 K
= r
g -
5 7000 |

Figure 7 — Linear-variant parameter simulation results without MHE: (top) quadrature velocity V,;
(center) direct velocity V;; (bottom) angular frequency .

10



MPC-MHE FOR FREQUENCY TRACKING AND PARAMETERS ESTIMATION OF RESONANT SYSTEMS

4. Conclusions

This paper presents a preliminary adaptive resonance-tracking framework for piezoelectric electrome-
chanical de-icing systems based on the combination of Model Predictive Control (MPC) and Moving
Horizon Estimation (MHE). The proposed approach exploits the rotating (d)-(q) representation of the
PZT—structure dynamics, while the MHE continuously estimates the modal parameters of the iced
structure and updates the prediction model employed by the MPC. In this way, the controller is able
to adapt to the evolving structural dynamics induced by ice accretion and shedding while explicitly
accounting for system constraints. The proposed framework was assessed through Model-in-the-
Loop simulations under representative ice accretion and de-icing scenarios. The results showed that
the adaptive controller successfully tracked the resonance during both gradual parameter variations
associated with ice growth and abrupt changes representative of ice fracture and shedding. The
MHE was able to accurately reconstruct the time-varying modal parameters, providing estimates with
dynamics compatible with the resonance-tracking requirements. In contrast, a non-adaptive MPC
based on fixed nominal parameters exhibited a progressive degradation of tracking performance as
the mismatch between the prediction model and the actual system increased. Beyond the resonance-
tracking capability, the estimated modal parameters constitute physically meaningful observables re-
lated to the icing state of the structure. Their evolution may therefore provide valuable information for
online ice accretion monitoring and, in future developments, could support the triggering and super-
vision of de-icing actions within a fully closed-loop ice protection system. Future work will focus on
experimental validation of the proposed MPC-MHE framework on representative PZT-based de-icing
demonstrators, the inclusion of additional parameters, such as damping, and uncertainties within the
estimation process, and a systematic comparison with conventional resonance-tracking approaches
and state observers to quantify the benefits and limitations of the proposed adaptive strategy. Finally,
the switching strategy from monitoring (adaptive MPC-MHE) to de-icing (high-amplitude resonance
tracking) will be designed and validated under realistic icing conditions.
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