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This paper focuses on the initial phase of designing a robust active noise control (ANC) system cus-
tomized for aircraft cabin environments, using virtual sensors. This involves incorporating monitoring
sensors and additional filters into the controller. Previous research has shown that ANC systems with
remote sensors are highly sensitive to changes in the physical plants. The primary variations within
an aircraft cabin originate from passenger presence, cargo, and cabin crew equipment, which can
significantly impact system performance and stability. This study emphasizes the importance of eval-
uating the effects of such perturbations on the ANC system and applying predictive techniques to
anticipate their influence without exhaustive measurement. The superposition method is explored to
address different perturbation combinations, utilizing a simplified laboratory setup in a fully anechoic
environment. The objective is to assess various perturbation combinations within the anechoic cham-
ber, using different objects with reflective and absorptive surfaces, aiming to understand predictability
across various scenarios using the superposition approach.
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1. Introduction

Local active noise control systems aim to create a localised zone of quiet at the physical error sensor
by minimising the acoustic pressure at the physical error sensor location with secondary sound sources.
Although substantial noise reduction can be accomplished at the physical sensor location, the resulting
quiet zone typically remains limited in size [1]. Due to the confined nature of the quiet zone formed
around the physical error sensor, especially within a sphere with a diameter equivalent to one-tenth of
the excitation wavelength, virtual error sensors have been introduced. In the case of virtual sensing the
number of error sensors can be easily increased as the number of physical sensors and the numbers of
additional filters are not influenced. These virtual error sensors serve to relocate the quiet zone to a
specified location that is situated away from the physical sensors [2]. The virtual algorithms estimate the
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noise signal at the passenger’s ear or virtual microphone location using the noise signal at the physical
microphones placed away from the ears [3].

The robustness of the performance of these systems is dependent on the type of uncertainties in the
plant responses [4], [5]. In previous publications, the smart lining concept, as proposed by Misol et
al. [6], [7] investigates the integration of structural sensors in the virtual sensing algorithms. As it was
demonstrated the choice of virtual sensors introduce a feedback path into the control plant which is very
sensitive to changes in the acoustic enclosure. This previous work investigates the effect of environ-
mental changes in the acoustic domain, highlighting the degradation in control performance when there
is a temperature disparity between the structural secondary path and the real-time control temperature.
It has been demonstrated that temperature compensation for the secondary path model in the Remote
Microphone technique is essential, as the performance and stability are strongly affected [6].

The subsequent publication aims to establish the impact of uncertainties like seat occupancy’s and
the presence of different reflective surfaces, which is considered dominant during flight operations. With
this type of interference, scenarios can occur simultaneous in which it would be impossible to measure
all possible different combinations. As demonstrated by Elliot et al. [8], the uncertainty linked to these
perturbations can be estimated using the superposition method, which accounts for the uncertainties
associated with each perturbation occurring independently. This is closely tied to the inherent reflective
characteristic of these perturbations, which has been demonstrated to be cumulative. The idea can be
effectively used in the acoustic domain of a commercial aircraft cabin, as different uncertainty scenarios
are occurring constantly and simultaneously.

Under the assumption that the dominant characteristic of these perturbations is their reflective na-
ture, this paper aims to design a simplified experimental setup to quantify the maximum deviations in
plant responses from nominal conditions to various perturbations within a zero anechoic boundary con-
dition. By measuring the individual plant responses of different objects in the anechoic chamber and then
assessing their possible combinations, the actual measured responses are compared with the expected
values based on the superposition method of the uncertainties. In this paper, the validity of the method is
demonstrated in accurately predicting the behavior of various combinations of objects within the acoustic
environment in the majority of cases tested. However, weaknesses in the method are also identified due
to the interactions of the acoustic waves between the objects.

2. Additive Uncertainty

Assuming G0(jω) describes the unperturbed nominal condition in the frequency domain, every fre-
quency response function (FRF) can be structured as a combination of the nominal part and the part of
the additive uncertainty ∆G(jω) [4]. In case of two different individual perturbations the FRF can be
described as:

G1(jω) = G0(jω) + ∆G1(jω) (1)

G2(jω) = G0(jω) + ∆G2(jω) (2)

With the combination of these two individual perturbations, another frequency response will occur:

G12(jω) = G0(jω) + ∆G12(jω) (3)

In Equation (3), ∆G12(jω) is the additive uncertainty when the two individual perturbations are occur-
ring simultaneously. As the number of individual perturbations increases, the variety of combinations
also grows, resulting in a potentially large number of required measurements. To avoid that expense, a
possible method for predicting the additive uncertainty of the different combinations is the method of
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superposition. The estimated additive uncertainty in Equation (3) can be expressed as:

∆
∼
G12(jω) = ∆G1(jω) + ∆G2(jω) (4)

Based on the superposition method, the estimated frequency response function of the combined uncer-
tainty can be written as:

∼
G12(jω) = G0(jω) + ∆

∼
G12(jω) (5)

3. Methods

3.1 Experimental setup

In Figure 1, a scheme of the laboratory setup in the anechoic room of the Otto-von-Guericke-Universität
Magdeburg is shown with the respective dimensions. The four loudspeakers are arranged in the corners of
the anechoic room and nine microphones are hanging from the ceiling. This first configuration in Figure 1
can be assessed as the nominal condition and the unperturbed plant responses from the four loudspeakers
to the nine microphones are being measured every day prior to the perturbed measurements. The time
data which needed for the calculation of the frequency response functions (FRF) from the loudspeakers
to the microphones are obtained from a multi-reference test. The acoustic load case is realized by driving
the four loudspeakers with uncorrelated band-limited white noise signals up to 1 kHz.

Figure 1: The experimental setup in the anechoic room equipped with the loudspeakers L1, L2, L3, L4
and the microphones M1, M2, M3, M4, M5, M6, M7, M8, M9. The loudspeakers membranes point into
the direction of the center of the microphone M5.

For experimentally determining the additive uncertainty ∆G(jω), repeated measurements of per-
turbed systems are necessary [9]. To simulate perturbations with a reflective nature, different objects are
positioned inside the anechoic chamber. Table 1 provides a detailed overview of the 10 perturbations
employed during the experimental phase. Measurements of the responses between the loudspeakers and
the microphones were conducted with the 10 uncertainties individually, and then 4 possible combinations
of them were selected. In the next section the effects of the combined perturbations in these 4 different
scenarios will be presented and compared with the predicted results from the superposition method.
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Cases Perturbations Combinations

1. Box 1 in the center Combination 1
2. Box 2 in the center

3. Move Box 1 forwards Combination 2
4. Move Box 2 backwards
5. Box 3 in the center

6. Aircraft seat row with Person 1 in the left seat Combination 3
7. Aircraft seat row with Person 2 in the right seat

8. Aircraft seat row with Box 1 in the left seat Combination 4
9. Aircraft seat row with Box 2 in the right seat
10. Aircraft seat row with Person 1 in the middle seat

Table 1: List of the 10 individual perturbations used for the measurement of the additive uncertainty in
the plant responses from the loudspeakers to the microphones and their combinations.

3.2 Analysis

For each case, the phase and the magnitude of the frequency responses are measured individually
for each perturbation, as well as for their combined effects. In the low-frequency range (up to 500 Hz)
that’s crucial for the active noise control systems, it is important to assess the changes that different
objects cause. Even if these changes are subtle, because the acoustic wavelength of the source is large in
comparison with the object dimensions, they should be quantified and their influence on the robustness
of the ANC system should be assessed.

a. b.

Figure 2: a) The experimental setup with Combination 1 and Combination 2, from Table 1. Combination
1 includes Box 1 positioned between microphones M4 and M5 and Box 2 between M5 and M6, aligned
with the center of the anechoic chamber. Combination 2 includes Box 1 positioned below microphone
M9, Box 2 below M1, and Box 3 below M5. b) The aircraft seat row, with left seat below microphone
M8, middle seat below M5, and right seat below M2 for cases 6-10, from Table 1.

Figure 3 shows the magnitude and the phase of the frequency response measured from loudspeaker
L3 to microphone M1 under four different conditions, including the nominal condition, case 1, case
2 and Combination 1, as presented in Table 1. Figure 2a shows the combined scenario of this case
in the anechoic chamber before the measurement of the perturbed frequency response. At 622 Hz a
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maximum deviation of 11.6 dB is observed between case 1 and the combined perturbation. In Figure 4
the magnitude and the phase of the combined perturbation from Figure 3 are compared, with the predicted
values calculated from Equation (3),(5). It can be seen that there is good alignment, in both magnitude
and phase, between the uncertainties due to the two perturbations. The maximum change in magnitude
is up to 4 dB, in Figure 4a and up to 10 degrees in phase, in Figure 4b.

a. b.

Figure 3: The frequency response from loudspeaker L3 to microphone M1, for case 1 and case 2, from
Table 1, compared with the nominal condition and the combined perturbations.

a. b.

Figure 4: The measured frequency response for Combination 1, as shown in Table 1, compared with the
predicted case, as computed from the sum of the two individual perturbation, from cases 1 and 2.

The next analysis case, involves five different conditions. In Figure 5 the cases 3,4 and 5, the nominal
condition and Combination 2 are presented, as noted in Table 1. The detailed locations of the boxes
for this experimental setup are presented in Figure 2a. In Figure 5a, a resonance is observed in the
frequency response of the combined perturbation at 250 Hz with a maximum difference of 17dB from
the individual perturbations. This abrupt change could be attributed to the formation of standing waves
between the three objects. For the prediction method three different additive uncertainties ∆G1(jω),
∆G2(jω), ∆G3(jω) are computed for cases 3, 4, and 5. In this case the results reveal a weakness
for the prediction method. The predicted curve in Figure 6, shows a difference of 17dB at the same
frequency. This consistency suggests that the observed peak is solely due to the interaction of waves
within the combined perturbation scenario and does not originate from the individual responses of the
objects. There is also observed a phase difference of 80 degrees at 250 Hz, that can cause instabilities in
the ANC system. It seems that in Combination 2, the superposition method is not as applicable.
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a. b.

Figure 5: The frequency response from loudspeaker L3 to microphone M7, for three individual perturba-
tions, case 3,4,5 from Table 1, compared with the nominal condition and the combined perturbation.

a. b.

Figure 6: The measured frequency response for Combination 2, as shown in Table 1, compared with the
predicted case, as computed from the sum of the three individual perturbations, from cases 3, 4 and 5.

For the next set of measurements, the perturbations within the aircraft seat row are presented. The
unperturbed measurements are repeated in this case, with the anechoic chamber containing the aircraft
seat row placed below the central row of microphones, as presented in Figure 2b. This condition is
assessed as the nominal one. The perturbed cases in this measurement involve introducing objects on
the aircraft seats. Figure 7 shows the acoustic responses of the individual cases 6, and 7 from Table
1, and Combination 3. This case simulates an aircraft cabin environment with two people seated in the
aircraft seat row, and the microphone configuration positioned at the ear height. The maximum magnitude
difference observed in Figure 8a is 7 dB at 366 Hz for the lower frequency range, while a deviation of
13.6 dB is observed at 836 Hz.

The measured and predicted acoustic responses for Combination 4 are presented in Figure 9. There
is a maximum difference of 4 dB at 445 Hz in magnitude and 28 degree in phase at 248 Hz. The close
agreement here, can be viewed as a promising outcome for the superposition method, particularly for its
applicability to surfaces that are not so reflective, such as the human body and the absorbent surface of
the aircraft seat row.
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a. b.

Figure 7: The frequency response from loudspeaker L4 to microphone M7 for the nominal condition,
cases 6,7, and Combination 3 from Table 1.

a. b.

Figure 8: The measured frequency response for Combination 3, as shown in Table 1, compared with the
predicted case, as computed from the sum of the two individual perturbation, from cases 6 and 7.

a. b.

Figure 9: The measured frequency response for Combination 4, as shown in Table 1, compared with the
predicted case, as computed from the sum of the three individual perturbation, from cases 8,9 and 10.

4. Conclusions

This study investigates the impact of uncertainties on the plant responses of four distinct systems
under combined perturbations. Employing the superposition of additive uncertainties, the frequency re-
sponses of these systems based on individual uncertainties are predicted. While this method has demon-
strated reasonable accuracy for simpler systems, primarily influenced by diffraction and reflection of
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acoustic waves, significant deviations of more than 10 dB in magnitude and 80 degree in phase exist in
a scenario that is dealing with more than two objects. This suggests limitations in its applicability to
more complex scenarios where acoustic wave interactions with multiple objects complicate the system.
To validate the efficacy of the method, further research is essential. This demands developing parametric
acoustic simulations capable of extending beyond this experimental setups, to study more complicate
systems with diverse perturbations within a cavity. Apart from that, the measured plant responses for the
10 perturbations should be also tested in ANC algorithms, to assess their stability and robustness under
different operating conditions of the acoustic environment.
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