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ABSTRACT

The microvibration damping (MIVIDA) platform was de-
veloped to isolate sensitive optical payloads from har-
monic disturbances. A series of experiments were carried
out to validate data-driven control design algorithms on
the MIVIDA platform. Adaptive LPV (linear-parameter
varying) controllers were computed for adaptive distur-
bance rejection. An experiment to efficiently reject a per-
turbation signal containing three harmonic frequencies is
presented. A testing campaign using a laser-based pay-
load is performed that assesses the line-of-sight (LoS)
stability of the laser. Furthermore, an experimental feasi-
bility study is carried out to evaluate the applicability of
the developed methods for fault-tolerant control (FTC).
Similar performance as in the nominal case prior to the
fault can again be achieved.

Keywords: Microvibration Mitigation, Data-driven Con-
trol, Adaptive Control, Active Disturbance Rejection.

1. INTRODUCTION

1.1. Hybrid Microvibration Damping Platform
(MIVIDA)

High-precision optical instruments developed for Earth
observation missions require extremely accurate pointing
capabilities. These stringent line-of-sight stability crite-
ria impose strict limitations on the permissible levels of
mechanical vibrations onboard the spacecraft. Microvi-
brations originating from key satellite subsystems, such
as reaction wheels, thrusters, cryocoolers, and solar array
drive mechanisms, can significantly degrade the perfor-
mance of sensitive payloads.

To address this challenge, CSEM has developed a
hybrid active-passive microvibration damping platform
(MIVIDA), designed to mitigate microvibrations and iso-
late delicate optical payloads from external disturbances.
The broader aim is to explore the stabilisation of sensitive
active payloads subjected to multiple unknown external
perturbations. The modular platform integrates a config-
urable number of passive dampers, a set of proof mass
actuators (PMA) capable of generating a six-degree-of-

freedom (6-DoF) force tensor, and a payload interface
adaptable to various sensitive instruments. The system
employs accelerometer feedback located near the pay-
load to actively suppress disturbances transmitted from
the satellite structure. These external perturbations are
emulated using an inertial shaker. An illustration of the
system is provided in Figure 1.

All experimental evaluations of the platform presented in
this paper are performed at the Microvibration Character-
isation Facility at CSEM in Neuchâtel, Switzerland [1].
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Figure 1. Hybrid microvibration damping platform
MIVIDA developed at CSEM, Switzerland

1.2. Adaptive Disturbance Rejection

Disturbance rejection is essential in control design, as ex-
ternal perturbations can degrade performance. When the
disturbance model is known, the Internal Model Princi-
ple (IMP) enables adaptive rejection using observers. Al-
ternatively, LPV models capture frequency variations via
scheduling parameters [2]. A benchmark study [3] used
an active suspension system to evaluate methods for the
rejection of unknown, time-varying narrowband distur-
bances without direct measurement. These methods re-
quire accurate plant models, which are costly to identify.

Data-driven control is gaining traction due to improved



computational power and sensors. It designs controllers
directly from input-output data, avoiding modelling er-
rors. Frequency domain methods such as loop shaping
are widely used, and recent advances use convex optimi-
sation for robust controller synthesis [4]. LPV extensions
via gridding have been proposed [5], even if most meth-
ods only ensure local stability.

IQC theory offers a framework for analysing systems
with uncertainties [6]. While well-developed in model-
based contexts, its use for data-driven control design is
emerging [7].

An LPV controller synthesis approach is developed for
the adaptive rejection of sinusoidal disturbances with
varying harmonic frequencies, reducing computational
complexity over existing approaches [8]. The LPV con-
troller, designed using the frequency response function
(FRF) of a linear time-invariant (LTI) multiple-input
multiple-output (MIMO) system, stabilises the system for
fast disturbance frequency variations. Global stability is
achieved using IQCs to represent frequency variations.
The LPV controller is computed by solving a convex op-
timisation problem in the frequency domain.

1.3. Fault-tolerant Control (FTC)

Fault-tolerant control (FTC) ensures system stability and
performance despite faults in components like sensors or
actuators. This is vital for mission-critical systems re-
quiring continuous operation. FTC approaches are either
passive, handling faults without reconfiguration, or ac-
tive, which detect and adapt to faults dynamically. Most
current FTC methods are passive, relying on hardware
redundancy, which can be costly and inflexible. Model-
based active FTCs often require separate controllers for
each predefined failure, limiting adaptability to unfore-
seen faults and potentially leading to suboptimal perfor-
mance (see e.g. [9–11]). Data-driven control offers a flex-
ible alternative by designing controllers from frequency-
domain data obtained via system identification. For
time-varying systems, a new frequency response func-
tion (FRF) can be identified when performance degrades,
enabling near real-time controller updates using convex
optimisation. In space-based systems, a fault detection
algorithm monitors closed-loop performance. Upon de-
tecting a fault, input-output data is collected and con-
verted into an FRF, which is sent to the ground station.
There, a new controller is computed and uploaded to the
satellite, restoring functionality. Two fault scenarios were
simulated using the MIVIDA platform to assess the ca-
pabilities of the algorithms developed that are applied as
fault-tolerant methods.

1.3.1. Failure scenario description

A first failure scenario consists of the complete loss of
the actuation authority along one axis of the MIVIDA
platform. A fault in the control electronic is mimicked
leading to a failure of the two PMAs along the y-axis.

This fault leads to a closed-loop performance degradation
which can be identified by time-domain fault-detection
algorithms. Due to the coupling of the different axes, it is
possible to steer an axis indirectly using PMA actuating
along a different axis. An updated controller for the sys-
tem with three outputs and two inputs shall be computed.
The updated control law will benefit from this effect by
improving the general disturbance rejection performance.

1.3.2. FTC design

A fault detection algorithm continuously observes the
time-domain signal of the output and compares it to the
open-loop response. If a predefined threshold is exceeded
for one second or longer, a system identification experi-
ment is initialised while maintaining the closed-loop op-
eration. An FRF can be computed with the method ex-
plained in Section 2.2. An updated control law is calcu-
lated using Section 2.3 based on the newly identified FRF.
This control computation typically takes less than two
minutes using reasonably sized computational resources.
The new controller can now replace the nominal control
law. After a short performance verification performed by
the fault detection algorithm, the closed-loop operation is
resumed.

1.4. Paper Outline

The remainder of the paper is organised as follows: First,
the IQC formalism, the basic problem statement and a
data-driven control design algorithm for harmonic dis-
turbance rejection are introduced (Section 2). Then, the
results of the experimental validation campaign are pre-
sented in Section 3. An experiment is carried out to si-
multaneously reject three harmonic frequencies. In ad-
dition, the LoS stability of a laser-based payload is as-
sessed. An accelerometer-based and a laser-based closed
loop are implemented. The first closed loop simulates the
hybrid platform in its classic use and the second closed
loop corresponds to a simplified free space optic (FSO)
stabilisation system. Finally, the use of data-driven con-
trol design algorithms for FTC is evaluated. When a fault
is detected, data-driven design methods are used to up-
date the control law, which is then applied to the degraded
system. Similar performance can be achieved as in the
nominal case before the fault.

2. PRELIMINARIES

2.1. Integral Quadratic Constraints

In the developments that follow, only discrete-time
systems are considered. Two discrete-time signals p and
q are said to satisfy the IQC defined by a multiplier �, ifZ
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where P (ej!) and Q(ej!) are the Fourier transform of
the signals p and q respectively and 
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Figure 2. Procedure for data-driven FTC
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Figure 3. Basic feedback configuration

with the sampling time Ts [12]. From [6, Theorem 1], the
feedback connection between H 2 RH1 and a bounded
causal operator Δ (see Figure 3) is stable if,

1. the interconnection of H and �Δ is well-posed for
all � 2 [0; 1];

2. �Δ satisfies the IQC defined by � for all � 2 [0; 1];

3. The following inequality is satisfied:�
H(ej!)
I

��
�(ej!)

�
H(ej!)
I

�
� 0 8! 2 


(2)

Remark 1 If the upper left corner of � is positive semi-
definite and the lower right corner is negative semi-
definite, then using [6, Remark 2], �Δ satisfies the IQC
defined by � for all � 2 [0; 1] if and only if Δ satisfies the
IQC.

Numerous forms of multiplier matrices � for different
uncertainty types have been proposed in literature. For
arbitrarily fast time-varying scalar uncertainties, i.e.
Δ(k) = �(k)I; j�(k)j � �;8k 2 R+; a stationary
multiplier � can be defined as [13]:

� =

�
�2D E
ET �D

�
; (3)

where D = DT � 0; E = �ET .

A system analysis step can be performed using (2) to find
a multiplier matrix � which satisfies the constraint. From
(3), the upper bound � on j�(k)j can be identified allow-
ing to compute bounds on the uncertainty block Δ(k).
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Figure 4. Control system architecture with LTI controller
part

Similarly, the obtained IQC can be used as a control de-
sign constraint to guarantee robustness for a desired fixed
upper bound �.

2.2. Basic Problem Statement

The system to be controlled is a multivariable linear
time-invariant (LTI-MIMO) plant P2 referred to as
secondary path with nu input channels and ny output
channels. The FRF matrix can be acquired from classical
system identification experiments [14]. Given nu

sets of finite sampled input/output data which can be
acquired from nu open-loop identification experiments,
the corresponding discrete-time FRF can be estimated
using a persistently exciting input signal u:

P2(ej!) =

"
M�1X
k=0

Y(k)e�j!Tsk

#"
M�1X
k=0

U(k)e�j!Tsk

#�1

(4)
where M is the number of data points and each column
of U(k) and Y(k) represents respectively the inputs and
outputs at the time sample k at one experiment. It is as-
sumed that P2(ej!) is bounded for all frequencies ! 2 
.
The estimation errors can be considered as model uncer-
tainty and taken into account for the controller design,
however, they are neglected to focus on the main sub-
ject of this paper. In addition, an LTI perturbation model
P1(ej!) representative of the primary path can be used to
model the propagation of an exogenous perturbation sig-
nal d to the measurement y (see Fig. 4). For the presented
control method, the disturbance signal d is supposed to



contain sinusoidal components with an unknown time-
varying harmonic frequency �(k). The variation of the
frequency can be large and fast but occurs seldom. The
control objective is to asymptotically reject this distur-
bance.

2.3. Data-driven LPV Control for Harmonic Distur-
bance Rejection

What follows is a summary of the work presented
in [8]. Due to the time-varying nature of the disturbance
frequency, P2 shall be controlled by an LPV controller.
We choose the LPV controller as the interconnection
of an LTI controller K(z) in series with a time-varying
filter N(z; �(k)):

KN (z; �(k)) = K(z)N(z; �(k));

where �(k) 2 � is the scheduling parameter. The
architecture of the control system is presented schemat-
ically in Figure 4. A time-varying filter N(z; �(k))
for a fixed value of �(k) = �c ensures asymptotic
performance for disturbance rejection. In accordance
with the IMP, N(z; �c) is chosen as an approximation
of the z-transform of a sinusoidal signal. Hence, in the
steady-state case with �c constant, disturbance rejection
is achieved based on the IMP. The scheduling parameter
�(k) is chosen such that �(k) = �2 cos (Ts�(k)) where
�(k) is the time-varying frequency of the sinusoidal
disturbance. The scheduling parameter can be defined
around a fixed frequency �� as �(k) = �� + ��(k) with
j��(k)j � � such that [�min; �max] = [�� � �; �� + �].
A sliding discrete Fourier transform (SDFT) is used for
the estimation of the unknown harmonic disturbance
frequency �(k). The objective is to guarantee the
closed-loop stability for fast variations of the estimated
value. For a fixed stationary value of the scheduling
parameter �c = �� + ��c, N(z; �c) can be defined as:

N(z; �c) =
1

1 + �(�� + ��c)z�1 + �2z�2

=
N(z; ��)

1 + �z�1N(z; ��)��c
;

(5)

where � is a scalar factor allowing to adjust the damping
of the resonance frequency according to the desired atten-
uation performance. As shown in Equation (5), N(z; �c)
can be represented as a feedback loop withN(z; ��) in the
forward path and �z�1��c in the feedback. Then ��c can
be pulled out as an uncertainty block in a lower fractional
representation (LFR).

The time-invariant part of the controller is parameterised
by K(z) = Y (z)�1X(z) and is computed by a convex
optimisation problem to guarantee closed-loop stability
for all variations in the scheduling parameter �(k).

An LFR can be computed on the basis of an augmented
plant mapping q and the control input u to p and y2 the
output of P2. This augmented plant does not include the
disturbance d and will be used exclusively to define a con-
vex set of stabilising controllers without defining any per-
formance objectives.

A stability condition for arbitrarily fast variation of the
scheduling parameter is formulated using an IQC-based
constraint. This constraint can be converted into a set of
linear matrix inequalities (LMIs). These LMIs can be in-
tegrated into a feasibility problem allowing to calculate a
stabilising controller K(z) for a fixed value of �. A fea-
sible but undesirable solution to this problem is the con-
troller K = 0. To avoid this solution, a minimal steady-
state gain gmin of K can be imposed.

Based on those constraints, an optimisation problem to
maximise � can be defined. The objective is to compute a
controller K(z) which guarantees robust stability for all
�(k) satisfying j��(k)j � �. The detailed development
and the complete control design algorithm is presented
in [8].

3. EXPERIMENTAL VALIDATION OF DATA-
DRIVEN CONTROL DESIGN ALGORITHMS

3.1. Triple harmomic rejection

Based on the method presented in Section 2.3, an adap-
tive controller is calculated that is capable of rejecting
three harmonic frequencies simultaneously. The con-
troller contains three time-varying filters in parallel and is
applied on the MIVIDA platform. The centre frequencies
are chosen at ��1 = 45 Hz, ��2 = 60 Hz and ��3 = 75 Hz
with � = 0.1, � = 0:999 and a controller order of 60.
A value of ��max = 5 Hz is evaluated for the computed
controller. A test was performed in which a sinusoidal
perturbation containing three harmonics is injected. The
time-domain plot of the case where �i = ��i for i = 1; 2; 3
is presented in Figure 5. In that case, an attenuation of
disturbance of up to 17:67 dB on the RMS value can ex-
perimentally be achieved. The same experiment was re-
peated using the controller presented in the result section
of [8] by identifying a single harmonic frequency. The
time-domain result is shown in Figure 6. It can be seen
that even if the lowest harmonic is rejected, the pertur-
bation signal is only slightly decreased. A disturbance
attenuation of 4:26 dB is obtained from the RMS value
of the acceleration signal.

3.2. Line-of-Sight (LoS) Stability Evaluation

A setup composed of an infrared laser is employed to
perform an experimental LoS stability assessment. The
laser is mounted at the payload interface of the MIVIDA
platform. The motion of the laser is measured using a
position detector which is fixed on top of the granite ta-
ble. The position detector is a four-quadrant-type sensor
that uses a photodiode to precisely measure light in the
infrared range. The sensor is segmented into four sepa-
rate active areas, allowing it to differentially measure the
horizontal and vertical positions of the laser beam on the
detector. The experiment simulates an application case
involving a space-based laser pointing to the Earth’s sur-
face, which requires a high pointing stability. Figure 8
shows the setup used for the experiment. The setup is
configured in two configurations that align the laser along
the x- or y-axis.



Figure 5. Time-domain attenuation of three harmonics,
the system is operated in open loop until Time = 1:5 s
when the controller is turned on.

Figure 6. Time-domain attenuation of three harmonics
using the controller presented in [8] and identifying a
single harmonic frequency for comparison with Figure 5.
The system is operated in open loop until Time = 1:5 s
when the controller is turned on.

3.2.1. Accelerometer-based closed loop

A controller is computed for the setup containing the
laser-based payload by applying the method presented
in Section 2.3. As the mass and inertia properties of
the plant are changed, the dynamic behaviour of the sys-
tem is different. A system identification experiment must
be carried out with the modified plant to obtain a con-
troller with satisfactory performance. The FRF is com-
puted using the PMA command currents as input and the
accelerometer measurements as output. The LoS stabil-
ity of the controller is assessed by measuring the laser
displacement under an external sinusoidal perturbation
in open and closed loop and by comparing the obtained
time-domain responses.

A controller order of n = 30 and a centre frequency of

Figure 7. Comparison of open-loop with closed-loop po-
sition of laser beam measured with position detector, its
measurement noise level is indicated in green

�� = 60 Hz are chosen. The additional parameters are
selected as � = 0:1; � = 0:5 and ��max = 0:1. The
computed controller achieves a value of ��max = 14
Hz. A time-domain experiment is performed to assess
the LoS of the laser-based payload with the position de-
tector. A similar experimental setting as shown in Fig-
ure 1 is used for the evaluation. The harmonic frequency
of the sinusoidal perturbation injected with the external
shaker is changed in the interval �(k) 2 P = [44; 74] Hz
increasing the frequency by 2 Hz every 5 s. In Figure 7,
the measured accelerations along the three axes in open
and closed loop are shown. Table 1 shows the attenuation
values obtained for different values of �(k).

Attenuation Performance
(dB)

Frequency �(k) X-tilt Y-tilt
�� = 60 Hz 15.46 15.59
��� ��max = 46 Hz 11.53 15.54
��+ ��max = 74 Hz 3.99 2.09

Table 1. Attenuation performance achieved with the
accelerometer-based LPV controller at different values of
�(k)

3.2.2. Laser-based closed loop

A further experiment is carried out using the position of
the laser beam measured with the position detector di-
rectly as output to close the loop of the controller. First,
a three-input two-output plant is identified that links the
three PMA command currents to the two position mea-
sures. Then a two-input three-output controller is com-
puted. Spaceborne applications similar to this experiment
can be found e.g. in an active beam stabilisation system
applied for free space optical (FSO) communication us-
ing fast steering mirrors and quadrant position detectors
in closed loop as presented in [15]. For space-based FSO




