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Abstract
MIMO swept sine excitation is nowadays largely used in environmental and modal testing of aerospace
structures, being recognized as an optimal compromise between high quality FRFs and testing time. Due to
the test levels that can be reached, monitoring the recordings of multiple transducers translates in the need
of on-line controlling the signals, in order to keep them at a (safe) reference level. At the same time, FRFs
obtained from MIMO sine tests can also be affected by the processing technique used to combine multiple
sweeps. In this paper, a feed-forward control strategy for MIMO sine testing aiming to reduce the error
between the responses and the references is presented. This approach moves towards a MIMO swept sine
feedback control, with the capability of on-line modifying the model of the system obtained in a pre-test
phase. Subsequently, with focus on Ground Vibration Testing, an advanced data processing technique is
used to obtain an optimal modal model from the multiple sweeps.

1 Introduction

Nowadays Multiple-Input Multiple-Output (MIMO) sine sweep is one of the most popular excitation tech-
niques for the modal testing of large aerospace structures. The success is related to the possibility of charac-
terizing the dynamic response of the unit under test frequency-to-frequency, reaching high excitation levels
and high quality FRFs, providing also preliminar information on potential non-linear behavior [1–4]. Some
of these features were previously obtained running normal modes tests or combining normal modes with
broadband or stepped sine excitations at the cost of extremely long testing times (normal modes and stepped
sine) [5] or poor excitation levels (broadband random). For large aerospace structures, high-quality measure-
ments are compulsory. Even if these tests are critical, they are scheduled in a period of extreme time pressure,
with the full ready-to-use assembly that still needs to undergo additional testing stages, for example acous-
tic and thermal testing of large satellites [6]. Another application example is the Ground Vibration Testing
(GVT) of large aircrafts, where the testing, required for flutter prediction analysis, is typically scheduled
before the final painting and the maiden flight. With focus on GVT applications, recent studies addressed the
problem that the FRFs and mode sets obtained with sine sweeps show a dependency on the FRFs estimation
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method used to process the acquired data. For example, the necessity of MIMO sine testing to combine
runs from multiple sweeps with different phases between the inputs in one data set, can require additional
iterations (also involving broadband random data) to come up with a representative mode set. As a conse-
quence, even if MIMO swept sine techniques proved to be an ideal compromise between high quality FRFs
and testing time, it is acknowledged that there is still a significant amount of time that can be saved during
the data analysis. As potential solution, for the specific case of fixed wing aircraft GVT, a data processing
technique was proposed in the last years [7–9]: the Virtual Driving Point method (VDP). The VDP working
principle consists in building a virtual single-input excitation from a single run (a single sweep) with multi-
input excitation. Main advantage of this procedure is that each sweep can be performed individually and the
measured data can be independently analyzed even in case of multi-input excitation.

From the practical perspective, an additional advantage of swept sine excitation is the possibility of using
state-of-the-art feedforward control techniques to define reference levels for specific control channels, e.g.
force transducers or accelerometers. This allows the shaping of the voltages driving the exciters, predicting
the dynamic behaviour of the unit to be tested. This prediction relies on a system model obtained with a low-
level pre-test random system identification. Due to potential non-linear behaviour that can be triggered at the
(generally high) test levels reached during the actual sine sweeps, noise on the measurements and transient
effects due to the sweeping itself (for instance beating phenomena [4], [10], [11]), the system can differ from
the linear model estimated in the pre-test. The spectra of the control channels can therefore deviate from the
reference and closed loop feedback control strategies are sought to compensate for these differences.

Different MIMO frequency domain algorithms can be used to control the multiple drives, as suggested
by [12]. The work [13] additionally proposes an attractive approach that combines CR-calculus, as described
in [14–16], to traditional Gauss-Newton iterative algorithms, allowing to correct system identification errors
during the convergence and therefore increase the convergence speed. The main challenges of MIMO swept
sine controlled techniques are related to the on-line estimation of the responses (to be controlled) and the
drives (to be updated) spectra from the continuously swept signals and the robustness of the developed
closed-loop MIMO controller. For these reasons, a time domain implementation of the control strategy
proposed in [13] is still under investigation. In the early development stage of the controller, in order to
already tackle potential issues that can be encountered during an actual swept sine test, an innovative idea is
to integrate the controller in a Virtual Shaker Testing environment [10], [11].

The purpose of this paper is to highlight recent research activities carried out to improve the current practice
of MIMO swept sine testing for FRF estimation, with a specific focus on GVT. Specifically, in sec. 2 the
limitation of state-of-the-art feedforward control is highlighted. The need for moving towards a feedback
closed-loop control, and a potential control logic, to be developed in a Virtual Shaker Testing environment,
are also covered in sec. 2. Sec. 3 provides an insight on the Virtual Driving Point technique as potential
solution to process the acquired data during a MIMO swept sine testing for GVT allowing to overcome some
of the limitations of processing data from different sweeps.

Since in this work most of the derivations are in the frequency domain, all the arrays are functions of the
frequency f (in Hz), if not specified otherwise. Vectors are denoted by lower case bold letters, e.g. a, and
matrices by upper case bold letters, e.g. A. An over-bar � is used to indicate the complex conjugate operation
and the Hermitian superscript �H to indicate the complex conjugate transpose of a matrix, e.g. a and AH .
The dagger symbol �† is used to indicate the Moore-Penrose pseudo-inverse of a matrix, whereas the hat
�̂ is used to emphasize the estimation of a quantity, e.g. Â is an estimate of the matrix A. Time domain
derivatives are indicated with dots �̇, for example ȧ(t) and ä(t) are the first and second derivatives of the
waveform a(t), respectively.

2 Multi-Input Multi-Output swept sine controlled excitation

Fig. 1 is a schematic representation of a general MIMO vibration control test. A set of m voltages is sent
to multiple exciters. Typically these signals (the so-called drives) drive m independent shakers or, possibly,
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the multiple degrees of freedom of a multi-axis shaking table [17], [18]. The unit under test responses are
recorded in ` control channels (the so-called controls or pilots).

Drive 1 Drive 

Unit Under Test
MIMO System

amp 1 amp 

…

…

…

ctrl 1 ctrl 

Figure 1: Schematic representation of a MIMO vibration control test.

During a MIMO test with swept sine excitation, the unit under test is excited with multiple swept sines over
a user-defined frequency band. All the input signals are driven by the same instantaneous frequency.

The reasons to adopt a multi-input excitation for swept sine testing can be different, for example

• the need for testing heavy or slender structures that cannot be accommodated on a single shaker;

• the possibility of setting a defined phase between the responses to better characterize specific mode
shapes.

• Multi-axis exciters can be used to perform a true single-axis test, by setting as reference very low
response spectra in the off-axis directions.

In order to correctly calculate the FRFs, multiple averages with uncorrelated inputs are required. This is
achieved by defining a number of sweeps equal or greater than the number of exciters, with different phase
relations between the drives [2]. MIMO sine vibration control tests offer the additional attractive feature of
guaranteeing that the response spectra of the control channels recordings match a specific reference level
while sweeping with a specific sweep mode (linear or logarithmic) and sweep rate (in Hz/s or Octave/min).

The control target for a MIMO sine vibration control test is a set of ` control spectra, characterized by
amplitude and phase (relative to the phase of the first control channel).

For each frequency, in case the full dynamic system is linear and time invariant, it is possible to write the
Input-Output relation

y = Hu (1)

where y ∈ C`×1 and u ∈ Cm×1 are the spectra of the controls y(t) = {y1(t), . . . , y`(t)}T and the drives
u(t) = {u1(t), . . . , um(t)}T , respectively and H ∈ C`×m is the matrix of FRFs. For the sake of simplicity,
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as most of the derivations are in the frequency domain, the terms drives,controls, responses and references
are referred to the drives, controls, responses and reference spectra, respectively, if not specified differently.

In all the vibration control tests, a System Identification pre-test phase is always needed to estimate the
system’s FRFs. This is usually performed by running a low-level random test and using the so called H1

estimator [19]

Ĥ = ŜyuŜ
−1
uu (2)

where Ŝyu ∈ C`×m and Ŝ−1uu ∈ Cm×m are spectral density matrices estimated via Welch’s averaged peri-
odogram method [20] or other approaches.

Once the FRF is known, the system’s Mechanical Impedance Matrix Z can be calculated. Generally an
operation of pseudo-inversion is always needed because the number of controls can exceed the number of
drives, in what is known in the MIMO control literature as Rectangular Problem [21].

2.1 Feedforward control

For each frequency line, independently, the control error

e = r− y (3)

needs to be reduced in the least square sense, in order for the responses to match the reference spectra. This
means to find the optimal drives that minimize the cost function

J = eHe = uHHHHu− uHHHr− rHHu + rHr (4)

The drives that ideally reduce the error to zero are the ones that nullify the complex gradient

g =
∂J

∂u
= 2(HHHu−HHr) (5)

It is worth to notice that the derivative operation in eq. (5) should not be interpreted in the standard sense,
as the real cost function of eq. (4) with respect to the (generally complex) drives fails the Cauchy-Riemann
conditions (it is said to be not analytic in the space Cm), as analyzed in details in [14] and [15]. Addi-
tionally [14], [15] and later [16], propose to tackle the problem considering a representation in Conjugate
Coordinates. Alternatively, it is possible to consider as different independent variables the real and imagi-
nary part of the drives (uR and uI, respectively ), so that ∂J∂u = ∂J

∂uR
+ i ∂J∂uI

, where i is the imaginary unit.
Imposing that the complex gradient must nullify, the optimal drives are retrieved as

uopt = (HHH)−1HHr (6)

In order to calculate the drives, as the real system plant is unknown, the best solution is to use informa-
tion obtained from the system identification. To notice that the quantity (ĤHĤ)−1ĤH is, for the gen-
eral case of a rectangular problem, the pseudo-inverse of the FRF matrix according to Moore and Penrose
(ĤHĤ)−1ĤH = Ĥ† = Ẑ. Hence, an estimate of the optimal drives can be calculated as

ûopt = Ẑr (7)

With reference to the active control literature [12], the proposed approach, represented by the block scheme
of figure 2, is a traditional feedforward control, also called drives pre-shape in environmental testing [10],
[11].
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Figure 2: MIMO sine feedforward control, block scheme.

Harmonic Estimator The idea of an on-line frequency domain MIMO control for swept sine testing is
closely dependent on the capability of on-line tracking the amplitude and phase of the response (to be cor-
rected) and the drive (to be updated) waveforms, as shown in fig. 7. Among the different available solutions,
an idea is the use of an Harmonic Estimator, as currently adopted, for example, in the Siemens Simcenter
Testlab sine Control application [22] .

For a general sinusoidal waveform with fundamental natural frequency 2πωf

y(t) = |y(t)| sin[ωf t+ φ(t)] = ac cos(ωf t) + as sin(ωf t) (8)

the amplitude and phase

|y(t)| =
√
a2c + a2s (9a)

φ(t) = atan
(
ac
as

)
(9b)

can be calculated assuming that, within p periods, eq. (8) holds, and therefore the parameters ac and as can
be estimated in a least square sense using the acquired data (left-hand-side of eq. (8)).

For the on-line estimation during a continuous sine sweep, the frequency of the signals, and therefore the
assumed argument (Φ(t) +φ(t)) of the sine wave in eq. (8), continuously varies with a specific sweep mode
(linear or logarithmic), as reported in table 1.

Sweep mode Frequency in Hz Sine argument in rad

linear Up f(t) = fin + SRHz/st Φ(t) = 2π
(
fint+ SRHz/s

2 t2
)

linear Down f(t) = fend − SRHz/st Φ(t) = 2π
(
fendt− SRHz/s

2 t2
)

log. Up flog,up(t) = fin 2SROct/mint/60 Φ(t) = 2π
(

60fin
SROct/min log 2

2SROct/mint/60 − 1
)

log. Down flog,up(t) = fend 2−SROct/mint/60 Φ(t) = 2π
(
− 60fend

SROct/min log 2
2−SROct/mint/60 − 1

)

Table 1: Different sweep modes and related sine arguments.

2.2 Development of the controller in a Virtual Shaker Testing environment

The MIMO sine feedforward control described in sec. 2.1 has been implemented in Matlab/Simulink. The
amplitude and phase of the drives and responses are estimated on-line using a Matlab/Simulink implemen-
tation of the described on-line harmonic estimator. This solution moves towards a more advanced MIMO
sine feedback controller to be implemented on a real-time platform for environmental testing and controlled
acquisition purposes. The idea is to build a controller in a simulation environment that includes also a full
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validated virtual model of the amplifiers and the vibration exciters. This approach allows already in the
development stage to tackle potential issues that can be encountered during an actual test. It is therefore
chosen, as excited system, a pair of virtual electro-mechanical lumped-parameters vibration exciters in twin
configuration, result of the research [10] and [11] and represented in fig. 3. In the current work, no coupling
structure is considered in the model, as highlighted by the dashed fill in fig. 3: the two shakers are there-
fore independently driven (but the approach considers a generally coupled system). The parameters used
to model the shaker 1 are retrieved from the experimental test campaign performed to characterize a 6 kN
shaker available at Siemens Industry Software N.V. HQ (Leuven, Belgium). Small differences, with respect
to the parameters of the shaker 1, are introduced to obtain the parameters of the twin shaker 2.

Shaker 1 Electro-mechanical Model Shaker 2 Electro-mechanical Model

Figure 3: Schematic representation of the two lumped-parameters Virtual Shakers in twin configuration.

The selected control channels are the two virtual accelerometers located on the shaker heads (referring to fig.
3, the signals z̈T1 and z̈T2) whereas the drives are the voltages V1 and V2 sent to the the virtual amplifiers and
powering the electrical parts of the shakers. The FRFs from the voltages to the control accelerations of the
identified system are represented by the solid blue lines in fig. 4. The dashed red lines represent the FRFs of
the system excited during the sine sweep: to introduce a system identification error, the lumped parameters
slightly differ from the ones of the system excited during the identification (coil masses and lumped payloads
mi reduced of 1% for the shaker 1 and increased of the same amount for the shaker 2).

Fig. 5 shows the control results of the simulated MIMO swept sine control test (feedforward control). The
figure shows some deviations of the control results in correspondence of the coil resonances. This is mainly
due to the introduced system identification errors. This shows, as highlighted by eq. (7) and the block
scheme in fig. 2 that the feedforward control approach strongly relies on the identified system and it is
not able to react to any error, being mainly an open-loop control procedure. It is interesting to analyze the
results from the dashed magenta curves in fig. 5, representing the control results with an ideally perfect
system identification (Ĥ and H are identical). Even in this case, due to the transient nature of the sweep,
the system dynamic response is non-stationary and this causes the presence of a peak with side-lobes in the
sweep direction [4], [11], [10]. It is worth to mention that, in order to predict this transient effect, a Virtual
Shaker Testing approach that aims to simulate with high accuracy the full vibration test is the most complete
solution. Fig. 6 shows a detail of the phenomenon varying the sweep rate. From the figure it can be seen
that, increasing the sweep rate causes the main peak to increase, broaden and bend in the sweep direction.

The influence of these effects on FRF estimation with swept sine techiques has been extensively studied in
literature [3] and [4]. Together with these phenomena, due to the transient nature of the excitation, non-
linear behavior of the system, noise on the measurement and time variant effects, will unavoidably introduce
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Figure 4: FRFs of the two Virtual Shakers in twin configuration (solid blue). The parameters of the shakers
have been slightly modified during the runs to simulate system identification errors (dashed red line), as
shown by the details across the (coil) resonances.
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system identification errors. The reference and the control spectra will generally differ, and an on-line
feedback control is sought to keep the responses as close as possible to the desired (safe) levels.

2.3 Towards a MIMO sine feedback control

In order to compensate for the errors between the reference levels and the responses, an on-line feedback
control for MIMO swept sine needs to be implemented. Fig. 7 shows a general block scheme for a feedback
control in the frequency domain.
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Figure 7: MIMO swept sine feedback control, block scheme. The green blocks highlight the necessary steps
of generating a continuous sine sweep from the drives spectra (continuous sweep block) and estimating the
response amplitude and phase from the time recordings (ampl/phase estimation block).

One of the techniques for MIMO swept sine control is proposed in the work [13]. This control method has
the feature of updating, during the convergence, not only the drives, but also the mechanical impedance of the
system, potentially allowing to rapidely compensate for non-linear behaviours. The idea of the controller is
to update the drives combining the formulation proposed in [15] with Quasi-Newton methods, as attempted
in [16] for MIMO Random testing. As a consequence of updating the Hessian matrix during the convergence,
the estimated system (used for the first iteration) is also updated and eventually converges to the real system’s
FRFs (unknown during a real life test).

Fig. 8 shows the FRFs update capability of the feedback controller: the correction routine is started with
no information from the pre-test system identification. For this extreme case, the routine assumes a general
identity matrix as initial system, as shown by the dashed red curves of fig. 8. During the correction process,
the FRF are then iteratively corrected (dashed magenta and green curve) until the real system FRFs (solid
blue curves, unknown for the algorithm) are identified at the convergence.

An on-line implementation of this frequency domain technique is however very challenging and still in
progress. The main difficulties come from the transient nature of the swept excitation associated with the
MIMO control. Generally, as analyzed in detail in [12], the stability of the closed loop MIMO system is
strongly influenced by the system’s conditioning. To guarantee the Bounded-Input Bounded-Output (BIBO)
stability, it is needed to optimally tune the step size of the correction algorithm. This tuning is based on the
information obtained during the system identification and the hypothesis that the system is dominated by a
single tonal component, which is not entirely respected during a continuous sweep.

2958 PROCEEDINGS OF ISMA2018 AND USD2018



10-2

100

102

104

m
ag

. i
n 

(m
/s

2 )/
V

101 102 103

frequency in Hz

-200

0

200

ph
as

e 
in

 d
eg

10-2

100

102

104

m
ag

. i
n 

(m
/s

2 )/
V

101 102 103

frequency in Hz

-200

0

200

ph
as

e 
in

 d
eg

Figure 8: Impedance update during the drives correction (closed loop MIMO sine control). The algorithm is
able to start without any information about the system (dashed red curves).

3 Beyond the Multi-Input Multi-Output classic processing for Ground
Vibration Testing: the Virtual Driving Point method

With focus on GVT applications, recent studies addressed the problem that the FRFs and mode sets obtained
during MIMO swept sine testing show a dependency on the estimation method [3]. For example, the neces-
sity of MIMO sine testing to combine runs from multiple sweeps with different phases between the inputs in
a single data set can require additional iterations (also combining broadband random data) to obtain a repre-
sentative mode-set. The VDP method is a data processing technique for aircraft GVT, extensively discussed
in [7] and [8]. The VDP working principle consists in building a virtual single-input excitation from a single
sweep with multi-input excitation. With this procedure, each sweep can be performed individually and the
measured data can be independently analyzed. The opportunity of analyzing several sweeps independently
offers some clear advantages in terms of testing time, for example

• starting the modal identification before all the measurement runs have been completed;

• decreasing the needed number of sweeps to perform can be an important advantage in some specific
cases, for example in case of multi-input excitation with a high number of shakers.

Also the analysis of the processed data becomes clearer and therefore faster, especially due to the independent
evaluation of symmetric and anti-symmetric multi-input excitation from separated runs. This leads to clearer
stabilization diagrams and mode shapes with respect to the traditional MIMO swept sine processing [3].
Another advantage of the VDP is the reduced impact of non-linearities on the obtained mode-set: since each
run is processed individually, there is no influence of a non-linearity belonging to a symmetric sweep on the
anti-symmetric one (and vice versa).

In this section, the inputs are the ` input forces, indicated with f , and the outputs are the N output ac-
celerations distributed on the airframe, indicated with x. The acceleration-over-force FRF matrix between
inputs and outputs is indicated with G. It is worth to notice that from the perspective of the controlled swept
acquisition, during a GVT, the forces are control channels and hence outputs for the controlled system H
(force-over-voltage).
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Figure 9: System FRF matrix, for the control input/output relation (in grey) and for the modal analysis, in
black. To notice that the input forces to the system considered for the modal analysis (G) are the outputs of
the controlled system (H).

3.1 Workflow

In this section the workflow of the VDP method is highlighted for the case of a two-input excitation with
forces f1 = |f1|eiϕ1 and f2 = |f2|ei(ϕ1+ϕ). With reference to fig. 9, the tackled application is the one
illustrated in fig. 10, where the inputs are the two shaker forces (control channels for the MIMO swept sine
test) and the outputs the time recordings from accelerometers distributed on the airframe.

(b)(a)

u1

u2

xi f2

Figure 10: GVT of an acrobatic electrical aircraft. (a) The voltages u1 and u2 from the data acquisition
system drive two shakers collocated under the wings in order to control the forces of force cells as shown for
the left-wing control channel f2 in the detail (b) together with the driving-point channel xi.

Two sequential sweeps are needed to obtain FRFs with standard methods. The input forces, control channels
for the MIMO swept sine control are typically set in-phase and out-of-phase for the first and the second run,
in order to excite consistently both the symmetric and anti-symmetric modes.

For each sweep, the workflow of the VDP method consists of two parts, first obtaining the Virtual Driving
Point FRFs and then extracting the modal parameters , from the VDP FRFs. In the following, the procedure
proposed in [7–9], to process the sweeps with the VDP is explained.

1. Time histories of the forces and of the accelerations measured during a single sweep performed by the
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two shakers with a fixed relative phase between the forces applied to the system, need to be processed
with a frequency spectra estimator to compute inputs and outputs frequency spectra. They are readily
available, for example, as the harmonic estimation of the control responses.

2. For a single sweep, a Virtual Force fv can be obtained considering

|fv|2 = |f1|2 + |f2|2 (10)

fv =
|f1|f1e−jφ + |f2|f2

|fv|
(11)

3. The spectra of a Virtual Channel can be expressed as

xv =
|f1|x1e−jφ + |f2|x2

|fv|
(12)

The Virtual Outputs are obtained appending the virtual response xv to the actual responses x

xv = [xxv]
T = [x1 x2 ... xN xv]

T (13)

4. The Virtual FRFs can be computed by dividing this new set of response spectra by the Virtual Force
fv as

Gv = xv
1

fv
(14)

The Virtual Driving Point FRF is the last element of Gv.

5. A state-of-the-art modal parameters estimator, such as Polymax [23], can be used to extract the modal
parameters from the obtained FRFs. For GVT of small fixed wings aircrafts (where only two shak-
ers are used to excite the airplane), the VDP method allows to analyze the data belonging to each
sweep separately and independently. Two set of modal parameters are obtained, symmetric and anti-
symmetric. In order to reconstruct a single and complete mode set for the system, the symmetric and
anti-symmetric modes need to be gathered together.

6. The mode shapes contain an additional element related to the virtual response. This must be deleted
because it represents a DOF that does not have a physical meaning and depends on the used scaling
scheme. It could also influence the modal displacement values related to the other DOFs.

3.2 A simple example with a 3-DOF System

In this section the VDP method is applied to the lumped-mass system with three DOFs shown in fig. 11,
allowing to understand its working principle and to compare the extracted modal parameters with the purely
analytical ones, unavailable for real life experiments. The system is symmetric in terms of mass (m =
0.05 kg), stiffness (k = 10000N/m) and damping (c = 0.2Ns/m). The damping model is proportional
C = αM + βK with α = 0 and β = 2 · 10−5 s.

Fig. 12 shows in the same plot the actual and the virtual driving point FRFs. The data has been obtained
running a simulation with the MIMO sine sweep feedforward control discussed in sec. 2.1. Two sweeps are
run by setting the forces F1 and F3 in phase (0 deg) and counter-phase (180 deg) in order to use traditional
processing techniques for MIMO swept sine excitation and compare the results with the VDP calculations.
The black and the green curves are the driving point FRFs (which are identical due to the uniformity of the
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Figure 11: 3-DOFs model, m = 0.05 kg, k = 10000N/m and c = 0.2Ns/m.

system in terms of physical parameters). These two curves show the three peaks corresponding to the three
modes. The red curve is the virtual driving point FRF obtained when applying the VDP method using data
from the symmetric sweep: the peaks in the FRF are only two and they are related to the symmetric mode
shapes (mass 1, 2, 3 in phase; mass 1 and 2 in phase, mass 3 out-of-phase). The blue curve is the virtual
driving point FRF from the anti-symmetric sweep: the peak is only one and is related to the anti-symmetric
mode shape (mass 1 and 2 in phase opposition).

Figure 12: Driving point FRFs from the standard processing and FRFs Virtual Driving Points FRFs for
the 3DOFs system. The green and the black curves are overlapped due to the uniformity of the physical
parameters.

The symmetric and anti-symmetric FRFs are processed separately for the modal analysis step. Applying
Polymax on the separated FRFs provides two different mode sets (symmetric and anti-symmetric modes)
that need to be combined together.

Tab. 2 shows the comparison, in terms of natural frequencies, between the analytical values and the ones
obtained by Polymax, (i) first processing the full data set with a standard technique and then (ii) merging the
modes obtained processing the symmetric and anti-symmetric sweeps (from the VDP) separately. All the
natural frequencies are identified with a negligible error.

Analytical Standard processing VDP

54.5 54.5 54.5
100.7 100.6 100.6
131.5 131.5 131.5

Table 2: Comparison of the natural frequencies obtained from the VDP, the standard processing and the
analytical eigenvalues problem.

Also the mode shapes are exactly identified with the VDP, as shown in fig. 13 applying the Modal Assurance
Criterion (MAC) between the VDP reconstructed mode set (Processing A) and the standard processing mode
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set (Processing B).

Figure 13: Modal Assurance Criterion between the modes obtained with the VDP (processing A) and with
standard techniques (processing B).

Finally, the use of a lumped-parameter model allows the comparison with a theoretical formulation (resulting
from the analytical solution of the eigenvalues problem) in terms of modal mass, stiffness and damping. The
results are shown in table 3, obtained by processing the data with Polymax [23] and applying a Unity Modal
Component scaling [1]. This provides an additional proof of the validity of the modal model obtained by
processing the sweeps with the proposed Virtual Driving Point method.

Mode Theoretical Standard processing VDP

1 0.1 0.1 0.099
2 0.1 0.1 0.1
3 0.1 0.1 0.099

(a) Modal mass in kg.

Mode Theoretical Standard processing VDP

1 11715.73 11713.96 11685.11
2 40000 40000 40000
3 68284.27 71603.24 67746.82

(b) Modal stiffness in N/m.

Mode Theoretical Standard processing VDP

1 0.23 0.23 0.23
2 0.8 0.8 0.8
3 1.36 1.43 1.35

(c) Modal damping in Ns/m.

Table 3: Comparison of the modal parameters. Mode sets obtained with the Polymax estimator and applying
a Unity Modal Component scaling.

4 Conclusions

This paper proposes research directions to improve the current practice of estimating FRFs with Multi-Input
Multi-Output (MIMO) swept sine controlled excitation, specifically targeting the testing of large aerospace
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structures, e.g. Ground Vibration Testing (GVT) of fixed wing aircrafts. Regarding the need of keeping spe-
cific response levels to safe reference profiles, this paper underlines the limitations of a feedforward control
approach and proposes the development of the MIMO controller in a Virtual Shaker Testing environment.
In this way the full test set-up is considered (shakers, amplifiers and unit under test models) already in the
control design phase, to assess potential transient issues that cannot be predicted otherwise. Regarding the
control strategy, the idea is to move from a feedforward control to a feedback control technique with the at-
tractive features of updating the identified FRFs during the sweeps. This capability is shown with the results
obtained running the control routine for an extreme case with no information about the system identification
(blind test).

For the specific case of GVT of fixed wing aircraft, this paper proposes to adopt the Virtual Driving Point
(VDP) method to improve the processing that leads to the estimation of modal parameters from MIMO swept
sine testing. The application of the VDP to a simple lumped parameters system shows that the modal model
obtained from separate symmetric and anti-symmetric runs is consistent with the traditional processing and
eventually with the theoretical solution. Processing the symmetric and the anti-symmetric sweeps indepen-
dently and individually brings several advantages when performing GVT of fixed wings aircrafts, in terms
of time required for the processing and quality of the obtained modal model.
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