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Preface

This Licentiate thesis, Active Noise Control in Aircraft, summarizes some of my
work performed in the research field of active noise control. During my study I have
been involved in several projects. Most of the time I have taken part in an EU—
project, named ASANCA (Advanced Study of Active Noise Control in Aircraft).
The aim of this project has been to use active noise control technologies for reduc-
tion of cabin noise in propeller aircraft. The University of Karlskrona/Ronneby
has been concerned with the control algorithms, and the comparison of different
types of controllers. Several aircraft manufacturers have also been involved in this
project: Saab Aircraft, Dornier, Casa, Alenia, Aerospatiale and Fokker.

The thesis consists of five papers which are divided into three main parts. Parts
A and B deal with active noise control in a propeller aircraft application, whereas
Part C deals with active noise control in a helicopter application. Part A presents a
comparison between single— and multiple-reference controllers, while Part B deals
with different multiple-reference, multiple—channel algorithms. Finally, Part C
presents a hybrid headset. The five papers (sub-parts) comprise:

Part A1
Comparison between a Single— versus a Twin—Reference Controller in Narrowband
ANC Applications.

Part A2
Performance of a Multiple— versus a Single-Reference MIMO ANC Algorithm based
on a Dornier 328 Test Data Set.

Part B1
A Novel Multiple-Reference, Multiple-Channel, Normalized Filtered—X LMS
Algorithm for Active Control of Propeller-Induced Noise in Aircraft Cabins.

Part B2
Evaluation of Multiple-Reference Active Noise Control Algorithms on Dornier 328
Aircraft Data.

Part C
A New Active Headset for a Helicopter Application.

The individual papers of the thesis have also been published previously in EU—-
deliverables, and at national and international conferences and workshops.
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Part A1

This section is a revised version of an EU—-deliverable, ASANCA-II.

The original report was published as:

Sven Johansson, Per Sjosten, Thomas Lago, Sven Nordebo, Ingvar Claesson, “Com-
parison Study Between Single and Twin Tacho Signal Use”, ASANCA-II, Deliver-
able D79, December 1995.

The contents of this paper have been presented previously.

S. Johansson, S. Nordebo, T.L. Lago, P. Sjosten, “Comparison study of MR-MIMO
and SR-MIMO algorithm performance on simulated and Dornier 328 test data”,
ASANCA-II Workshop, Naples, Italy, November 1996.

S. Johansson, S. Nordebo, T. L. Lago, P. Sjosten, I. Claesson, “Algorithms for Ac-
tive Noise Control in Propeller Aircraft”, SVIB AU-5 conference, Marcus Wallen-
berg Laboratory (MWL), Royal Institute of Technology (KTH), Sweden, November
1997.

Part A2

This section is a revised version of an EU-deliverable, ASANCA-II.

The original report was published as:

Sven Johansson, Sven Nordebo, Per Sjosten, Thomas Lago, Ingvar Claesson, “Algo-
rithm Simulation Results and Evaluations”, ASANCA-II, Deliverable D81, Novem-
ber 1996.

This paper forms the basis of several presentations.

S. Johansson, S. Nordebo, T.L. Lago, P. Sjosten, “Comparison study of MR-MIMO
and SR-MIMO algorithm performance on simulated and Dornier 328 test data”,
ASANCA-IT Workshop, Naples, Italy, November 1996.

S. Johansson, S. Nordebo, T. L. Lago, P. Sjosten, 1. ClaessonT, I. Borchers and
K. Rengeri, TUniversity of Karlskrona/Ronneby, Department of Signal Processing,
Sweden, IDornier Luftfahrt Friedrichshafen, Germany, “Performance of a Multiple
versus Single Reference MIMO ANC Algorithm based on a Dornier 328 Test Data
Set”, In Proceedings of Active-97 , pp. 521-528, Budapest, August 1997.

S. Johansson, S. Nordebo, T. L. Lago, P. Sjosten, 1. Claesson, “Algorithms for Ac-
tive Noise Control in Propeller Aircraft”, SVIB AU-5 conference, Marcus Wallen-
berg Laboratory (MWL), Royal Institute of Technology (KTH), Sweden, November
1997.
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The abstract has been submitted as:

S. Johansson, S. Nordebo, T. L. Lago, P. Sjosten, I. Claesson]L7 I. U. Borchers,
K. Rengeri, TUniversity of Karlskrona/Ronneby, Department of Signal Process-
ing, Sweden,iDaimler—Benz Aerospace Dornier, Friedrichshafen, Germany, “Per-
formance of a Multiple versus a Single Reference MIMO ANC Algorithm based on
a Dornier 328 Test Data Set”, (invited paper), ISMA 23, Leuven, September 1998.

Part B1
The contents of this paper have been presented previously.

S. Johansson, S. Nordebo, T. L. Lago, P. Sjosten, 1. Claesson, “Algorithms for Ac-
tive Noise Control in Propeller Aircraft”, SVIB AU-5 conference, Marcus Wallen-
berg Laboratory (MWL), Royal University of Technology (KTH), Sweden, Novem-
ber 1997.

The abstract has been submitted as:

S. Johansson, P. Sjosten, 1. Claesson, S. Nordebo, “A Novel Multiple-Reference,
Multiple-Channel, Normalized Filtered-X LMS Algorithm for Active Control of
Propeller-Induced Noise in Aircraft Cabins”, Inter—Noise 98, New Zealand, Novem-
ber 1998.

Part B2

This part has been submitted as:

S. Johansson, I. Claesson, S. Nordebo, P. Sjosten, “Evaluation of Multiple Refer-
ence Active Noise Control Algorithms on Dornier 328 Aircraft Data”, Submitted
for publication in IEEE Trans. on Speech and Audio Processing, June 1997.

Part C

This section is a revised version of a conference paper.

The original paper was published as:

S. Johansson, M. Winberg, T. L. Lago, I. Claesson, “A New Active Headset for
a Helicopter Application”, In Proceedings of the Fifth International Congress on
Sound and Vibration, vol.1, pp. 327-334, Adelaide, South Australia, December
1997.
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Introduction

In many applications of noise control, such as in industry, inside aircraft, heli-
copters, boats and other vehicles, low frequency periodic noise is a severe problem.
Since the main noise energy in such applications is often at lower frequencies, the
primary concern is not only the potential risk of damage to the hearing. The mask-
ing effect this type of noise has on speech also reduces speech intelligibility [1]. Low
frequency noise is also annoying and during periods of long exposure it produces fa-
tigue and loss of concentration, resulting in reduced comfort. Furthermore, reduced
concentration may also lead to an increased risk for accidents.

In the applications mentioned above, traditional passive damping techniques are
less effective due to the low frequency characteristics of the noise. Low frequency
noise is difficult to attenuate using passive methods because the wavelength is
large compared to the thickness of a typical acoustic absorber. It is also difficult to
prevent low frequency noise being transmitted from one place to another unless the
acoustic barrier inbetween is very heavy. Passive damping techniques are, however,
quite efficient at higher frequencies. In order to achieve a significant attenuation of
low frequency periodic noise, Active Noise Control (ANC) techniques are possible
alternatives [2, 3]. The principle of this technique is that the ANC system utilizes
secondary sources, e.g. loudspeakers, to generate a secondary sound field of equal
amplitude and opposite phase to the primary sound field, i.e. the sound field from
the primary noise source.

Adaptive feedforward control techniques have proved to be efficient in reducing
non-stationary low frequency periodic noise [4, 5|. Two reasons for this are that
the feedforward control approach is robust, and that it allows selective harmonic
control. Periodic noise also removes the causality constraint of the controller.

The feedforward controller utilizes a reference signal derived from the noise
source to generate the canceling sound field. Noise components that are well cor-
related with the reference signal will be reduced. The residual noise is measured
using error microphones. The output signals from these microphones are used to
continuously adjust the adaptive controller so that the residual noise is minimized.

The configuration of the ANC system affects its performance [6]. In order to
achieve volumetric noise control of an enclosed sound field such as in an aircraft, a
multiple-input, multiple-output (MIMO) control system is required, i.e. a system
consisting of several loudspeakers and error microphones. This is because that
the sound field in an enclosure is relatively complicated. In order to generate the
canceling sound field matching the primary sound field, it is usually necessary to
use several loudspeakers. The error microphones are used to measure or observe the
residual noise. The locations of the loudspeakers and the microphones are vital for
optimum noise suppression, and they should be distributed with care throughout
the enclosure.

If several uncorrelated noise sources contribute to the noise, a multiple-reference
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(MR) controller is required in order to achieve efficient noise attenuation [7, 8|.
Since the feedforward controller is based on reference signals originating from the
noise sources, this type of controller is selective both with respect to noise source
and frequency components. The controller reduces noise at the reference frequency
components, while other frequency components remain essentially unaffected. A
considerable degree of reduction is obtained given a good correlation between the
reference signals and the sound field.

There are two major external noise sources in propeller aircraft: the fuselage
boundary layer, and the propellers [9, 10]. Boundary layer noise is random broad-
band and has mainly high frequency characteristics for propeller aircraft applica-
tions. Due to its properties, boundary layer noise is difficult to reduce with active
methods. Today, such noise is attenuated by using passive insulation methods. The
dominating cabin noise is generated by the propellers. This noise is caused by the
periodic pressure fluctuations on the fuselage produced by the propeller blades each
time they pass the fuselage. The noise consists of several low frequency tonal com-
ponents related to the propeller Blade Passage Frequency (BPF) and its harmonics.
The most interesting frequency range for ANC is approximately 60-450 Hz.

To reduce low frequency noise by using passive methods a large amount of
extra mass would be required. The advantage of using an ANC system in aircraft
applications is that the weight of the aircraft can be kept down; and it is also
possible to track varying sound fields, resulting in efficiently reduced noise.

The research and development performed on ANC systems within several ap-
plications are apparent. Ultra Electronics and Saab Aircraft have, for example,
developed the first commercially available ANC system for reduction of propeller—
induced noise in aircraft cabins. The first commercial aircraft in the world in which
this technique is used is the SAAB 340 and its succession, the SAAB 2000. The
first SAAB 340 was delivered in spring 1994; and the first SAAB 2000 was delivered
later same year.

Today, most aircraft manufacturers are interested in ANC, since the flight com-
fort is a key issue in aircraft. The noise level in the cabin is high, approximately
90 dB, and the comfort would be improved considerably if this could be significantly
reduced (approximately 20 dB).

It is very important to emphasis that the ANC technique does not solve all
noise problems. The best noise reduction is often obtained by using a combination
of both passive and active techniques.

This licentiate thesis is divided into five papers, and focuses on active noise
control. The papers A2-B2 address the performance of multiple-channel adaptive
control systems in large enclosures such as in the passenger cabin of aircraft, and
when using multiple-reference signals. In paper C the case for using ANC for a
smaller volume headset is also addressed. Here the controller is based on a single—
reference signal, single loudspeaker, and single error microphone only.

The test data sets used in the computer evaluations are based on real-life data
throughout, except in paper Al, where the test data set was based on computer—
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generated signals. The data set used in papers A2-B2 was recorded in a twin—engine
propeller aircraft, a Dornier 328, during flight. In paper C, a test data set recorded
in a Super Puma helicopter during flight was used.
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Outline

Part A1 — Comparison between a Single— versus a Twin—Reference
Controller in Narrowband ANC Applications.

This paper presents a comparison between the performance of a single— and
a twin-reference controller in an application where the noise consists of two pure
tones close in frequency to one another. The frequency difference between the tones
significantly affects the performance of the controllers.

When a twin-reference controller is used, the noise attenuation increases as the
frequency separation increases. By using a single-reference controller, the perfor-
mance is reduced, however, since the noise attenuation decreases as the frequency
separation increases.

Simulations are presented to illustrate the performance of the controllers in re-
lation to different frequency differences between the two tones. The simulations
are based on frequency separations in the span 0-8 Hz.

Part A2 — Performance of a Multiple— versus a Single-Reference MIMO
ANC Algorithm based on a Dornier 328 Test Data Set.

In many applications the primary noise is periodic. In such cases, successful
noise reduction can be achieved by using an Active Noise Control (ANC) system
based on feedforward technique. This technique is commonly used in aircraft ap-
plications where propeller-induced noise is the main noise problem.

The adaptive feedforward controller requires reference signals from the noise
sources. The noise attenuation achieved depends on the correlation between the
reference signals and the noise. To achieve an efficient noise reduction the correla-
tion must be significant. In applications where the noise originates from one source
only, a single-reference controller will work well. If several independent sources
contribute to the primary noise, however, one reference signal from each source is
needed to achieve successful noise reduction.

Today, most twin propeller aircraft are fitted with a synchrophaser unit, a device
which synchronizes the rotation speeds of the two propellers. The synchrophaser
is, however, unable to keep the propellers synchronized during the complete flight
cycle. When the propellers are perfectly synchronized they act as two correlated
noise sources, while in cases where propellers are unsynchronized, they may act as
uncorrelated sources, with different Blade Passage Frequencies (BPFs).

In this paper, a comparison between the performance of single-reference (single-
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tacho) and multiple-reference (twin-tacho) control systems is presented. The evalu-
ations presented are made for two different flight conditions, both with and without
synchronized propellers. The evaluation and prediction results show the narrow-
band mean noise attenuation as well as the narrowband mean reduction versus
time. Color plots showing the spatial distribution of the Sound Pressure Level
(SPL) inside the cabin both with and without an active noise control is also pre-
sented.

Part B1 — A Novel Multiple-Reference, Multiple-Channel, Normalized
Filtered—X LMS Algorithm for Active Control of Propeller—
Induced Noise in Aircraft Cabins.

The dominating cabin noise of propeller aircraft consists essentially of strong
tonal components at harmonics of the Blade Passage Frequency (BPF) of the pro-
pellers. In order to achieve an efficient reduction of the low frequency periodic
noise produced by the propellers, it is advisable to employ an Active Noise Control
(ANC) system based on a feedforward controller.

This paper presents a set of normalized complex filtered-X Least—Mean—Square
(LMS) algorithms, which are variations of the basic complex LMS algorithm for
multiple—channel systems. By using different variants of normalization factors the
convergence rate, the tracking performance and the steady-state noise attenuation
obtained can be improved. The algorithms presented are based either on a single
normalization factor for the whole control system, or several individual normaliza-
tion factors.

The evaluation of the different normalization factors is performed on acous-
tic data recorded inside the cabin of a twin—engine propeller aircraft during two
different flight conditions: cruise flight and climb to cruise flight.

The mean Sound Pressure Level (SPL) versus time, as well as color plots of the
spatial distributed SPL inside the cabin at passenger head level, are presented.

Part B2 — Evaluation of Multiple-Reference Active Noise Control
Algorithms on Dornier 328 Aircraft Data.

This paper presents a set of complex multiple-reference adaptive algorithms
combining low numerical complexity with high performance in narrowband ANC
applications. The algorithms have been tested on acoustic data from a Dornier 328
aircraft.

The feedforward technique presented inherently exploits the narrowband as-
sumption by using complex—valued filtering and complex modeling of acoustic
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paths. The necessary complex reference signals are generated from the tachometer
signals either by using an FFT-filter bank (in the case of fixed sampling), or by
employing a synchronous sampling technique.

The set of adaptive algorithms presented is based on a weighted complex gra-
dient update. Two LMS-types and a Newton-type algorithm are considered. The
special structure of the corresponding adaptive filtering problem implies that the
Newton—type algorithm can be implemented with the same numerical complexity
as LMS—type algorithms. The concept of a fast filtered—X Newton algorithm is
therefore introduced.

Part C — A New Active Headset for a Helicopter Application.

In helicopters, the low frequency noise generated by the rotors and engines
often masks and jeopardizes safe radio communication. Additionally, pilots are
likely to suffer from loss of hearing due to the higher sound levels in the headset
produced when compensating for the noise by increased loudspeaker levels. A
feasible approach to the problem is to reduce the low frequency noise using active
techniques, thereby enabling lower speaker levels.

In many Active Noise Control (ANC) applications, the primary noise field is
either periodic or broadband. This simplifies the choice of control approach. In
this application, noise up to 100 Hz is dominated by tones; and in the range from
100 Hz to 400 Hz the noise is more broadband. In order to achieve an efficient
attenuation of the primary noise inside the headset, a combination of a digital
feedforward controller and an analog feedback controller is employed. The feed-
forward controller is tachometer—based and reduces the tonal components. The
feedback controller attenuates the broadband noise. In this paper, a combination
of these two techniques is evaluated using data recorded in a helicopter during flight.
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Comparison between a Single— versus a
Twin—Reference Controller in Narrowband

ANC Applications

S. Johansson, P. Sjosten, T. L. Lago, I. Claesson

University of Karlskrona/Ronneby
Department of Signal Processing
Sweden

Abstract

This paper presents a comparison between the performance of a single—
and a twin-reference controller in an application where the noise consists of
two pure tones close in frequency to one another. The frequency difference
between the tones significantly affects the performance of the controllers.

When a twin-reference controller is used, the noise attenuation increases
as the frequency separation increases. By using a single-reference controller,
the performance is reduced, however, since the noise attenuation decreases
as the frequency separation increases.

Simulations are presented to illustrate the performance of the controllers
in relation to different frequency differences between the two tones. The
simulations are based on frequency separations in the span 0-8 Hz.

1 Introduction

In many applications the primary noise (acoustic noise or mechanical vibrations)
is generated by rotating machines, and is periodic. In such applications, the use of
narrowband adaptive feedforward controllers [1, 2, 3] has proved to be a successful
approach for suppressing noise.

A feedforward controller requires reference signals from the noise sources to pro-
vide information about the frequency components of the noise. Tachometer signals
can be employed to generate sinusoidal reference signals [3] that have the same fre-
quencies as the noise components to be suppressed. The single—frequency reference
signals are then filtered individually with an adaptive filter (parallel filtering) before
driving the actuators (secondary sources). Each filter adjusts the amplitude and



26 Part Al

the phase of the corresponding reference signal. Error sensors are used to measure
the residual noise achieved, and the output signals from these sensors are then used
to adjust the adaptive filters so that the power of the residual noise is minimized.
In order to achieve efficient attenuation of the noise field in an enclosure (volumet-
ric noise control) it is usually necessary to employ an Active Noise Control (ANC)
system using several sources and error sensors (multiple-input, multiple-output
system) [3, 4].

The use of a feedforward controller results in selective control of the noise, i.e.
noise components correlated with the reference signals will be efficiently reduced,
while other components remain largely unaffected. The success of the noise at-
tenuation depends on the correlation between the reference signals and the noise
components.

In many applications, there is a need to suppress noise generated by several
noise sources. Two such applications are: twin—engine propeller aircraft [4, 5] and
twin—engine boats [6]. In these, the rotation speeds of the engines can be controlled
independently. The noise generated by the engines and/or the propellers consists
essentially of fundamental frequencies and their harmonics, which are related to the
rotation speeds. The cabin noise of a propeller aircraft is dominated by propeller—
induced noise. The dominating frequencies are the Blade Passage Frequencies
(BPFs) of the propellers and their harmonics. Fig. 1 illustrates a possible spectrum
of cabin noise of a propeller aircraft. In this particular case, the propellers are
synchronized.

Most twin—engine propeller aircraft are, however, fitted with a synchrophaser
unit, a device which synchronizes the rotation speeds of the two engines. The
synchrophaser is generally unable to keep the engines synchronized during the
complete flight cycle. Perfectly synchronized propellers act as two correlated noise
sources. Unsynchronized propellers, however, may act as more or less uncorrelated
noise sources, depending on the rotation speed difference.

Twin—engine boats are not normally fitted with a synchrophaser unit. In such
cases, it is difficult to synchronize the engines manually, which usually results in
a slight difference between the rotation speeds of the engines. The speed differ-
ence between the engines causes beating inside the driver’s cabin which leads to a
decrease in comfort.

In the control applications described below, a single-reference controller uses a
tachometer signal from one engine only, while the twin—reference controller uses a
tachometer signal from each engine. Hence, the single-reference controller is based
on reference signals containing the fundamental frequency and its harmonics from
one particular source; while the twin-reference controller is based on reference sig-
nals containing the fundamental frequencies and their harmonics from two sources.
The single- and the twin-reference control approaches applied to an aircraft are
illustrated in Fig. 2. The advantage of using the single-reference controller is that
only one tachometer is required.

The performance of a control system is a direct result of the driving conditions of
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Figure 1: An example of interior noise spectrum in a propeller aircraft.

the engines. The driving conditions for the case with several engines can generally
be divided into three main conditions:

e The engines have the identical speed.
e The engines have almost identical speeds.
e The engines have completely different speeds.

From a control point of view it is when the engines have almost the same speeds
that problems are encountered. The speed difference causes beating, and the beat
frequency influences the convergence rate of the controller and the noise reduction
obtained.

2 Algorithm

Consider the single— and the multiple-reference controllers depicted in Figs. 3 and
4. Here, the multiple-reference controller [7, 8] is a generalization of the single—
reference controller. Several single-reference systems are connected in parallel. The
control filters are adaptive Finite Impulse Response (FIR) filters. The updating of
these filters is based on the well-known LMS algorithm [1, 2].
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Figure 2: Multiple-input, multiple-output active noise control system. a) Single—
reference controller. b) Twin-reference controller.
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Figure 3: A single-reference feedforward controller.

The control algorithm is described for a general control system using R reference
signals and N weights in each filter. The following notation is introduced: Let
x,(n), w.(n) and d(n) denote the N x 1 vector of real valued samples of the
reference signal, the N x 1 vector of filter weights (each associated with reference
r) and the noise signal at the discrete time n. The resulting error signal e(n) is
now given by

e(n) = d(n) + ;XrT(n)Wr(n) (1)

where (-)T denotes transpose. The objective is to adjust the filter weights in order
to minimize a cost function, which equals the mean squared error, according to

& =E{n)}. (2)

Here, F {-} denotes the expectation operation. The adaptive weight vector w,.(n) is
updated in the direction of the negative gradient of the cost function. The recursive
relation of the adaptive weights can be written as

On
wi(n+1) =wp(n) — ow, (3)
where p, is a convergence factor (step—size). This parameter p, controls the sta-
bility and the convergence rate of the algorithm.
Widrow introduced an estimate of (2) where the E {-} is omitted. The estimate

of the cost function is now given by

£ = (n). (4)

The gradient of the estimate of the cost function with respect to w,(n) is given by
o, B de(n)

v, 2€(n>8—vw = 2¢(n)x,(n). (5)
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By using this gradient estimate (5) in (3), the well-known LMS algorithm [1] is
obtained
w,(n+1) = w,(n) — 2ue(n)x(n). (6)

Note that care must be taken in the choice of the convergence factor p, in order
to obtain a stable algorithm. The stability properties of the algorithm are directly
influenced by the length of the filter and the power of the reference signal. Let
now the convergence factor be replaced by a normalized p,(n) with respect to the
number of filter weights (N) and the power of the reference signal (P,(n)),

pr(n) = ;ﬁn). (7)

Here, pg denotes a normalized convergence factor. To obtain a stable algorithm
the normalized convergence factor must satisfy the criterion

0<po <1 (8)

The power estimate of the reference signal [3] is computed as an exponential average
by
P(n+1) = (1 - a)P(n) + az(n) (9)
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where « is a weighting or a integration factor in the interval 0 < oo < 1. The factor
a can also be related to the integration time in samples

1
Nipt = —. 10
= (10)

Normalization is carried out individually for each reference signal. The algorithm
obtained, the normalized LMS algorithm [2, 3], is now summarized as follows:
Ho

w,(n+1)=w.(n)— W@(n)xr(n). (11)

3 Simulation Examples

The following simulations compare the ability to reduce periodic noise for a single—
and a multiple-reference controller. The performances of the controllers were eval-
uated in situations where the noise signal d(n) consisted of a composite signal of
two pure tones close in frequency to one another. Assume that the tones have the
frequencies f; and fy, respectively. In the simulations, the frequency f; was fixed,
while the frequency f,; was varied. Six different driving conditions were simulated,
and these are presented in Tab. 1.
The noise signal d(n) is now given by

d(n) = sin(win + 61) + sin(wsn + 65) (12)

where 6, and 6, are phase angles chosen randomly. Here, w; = 27TJ;—1 and wy = 27TJ;—2
where fs is the sampling rate.
The single-reference controller used a reference signal given by

z1(n) = sin(win), (13)
while the multiple-reference controller used two reference signals given by
z1(n) = sin(win)

zo(n) = sin(wan). (14)

This control situation corresponds to a practical active noise control application
where the noise contains two tonal components close in frequency to one another.
These tones may correspond to the fundamental frequencies or the harmonics gen-
erated by two rotating machines. The noise for example inside the cabin of a
propeller aircraft is strongly characterized by tonal components generated by the
propellers. A similar control situation is achieved in a twin—engine boat. Nor-
mally, the frequency separation is larger in boats than in aircraft, since aircraft are
usually fitted with a synchrophaser. Note that in boat applications the rotation
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Simulation | x;(n) | x2(n) | Beating
# fi [Ha] | fo [Hz] | Af [He]
1 100 100 0
2 100 100.5 0.5
3 100 101 1
4 100 102 2
) 100 104 4
6 100 108 8

Table 1: Evaluation cases.

speed difference between the engines may lead to a frequency difference of a few
Hz approximately between the tonal components.

Since the reference signals consisted of several single sinusoidal signals which
were individually controlled, each control filter consisted of two weights (N=2).
In order to adjust the amplitude and the phase of a single sinusoidal signal it
is theoretically sufficient to use two weights. In the evaluation, the normalized
convergence factor and the weight factor were set as u, = 0.3 and a = 0.01,
respectively, and the sampling rate was set as f; = 550 Hz.

It is important to note that the results presented here are based on computer
simulations using simulated data. The attenuation obtained does not therefore
reflect the attenuation that would be obtained in a real application. The results
show only the general behavior of the two controllers.

It is also important to note that the normalized LMS algorithm was used in
the simulations. This algorithm works well in the evaluation. In real acoustic
active noise control applications there exist, however, acoustic paths between the
loudspeakers and the microphones, necessitating modification of the standard LMS
algorithm to ensure stability. The algorithm must compensate for the effects of the
acoustic paths. For this reason, the filtered—X LMS algorithm [1] is normally used
in practical applications.

4 Results

Figs. 5 and 6 show the convergence behavior of the single— and the twin-reference
controller respectively for the different driving conditions presented in Tab. 1. The
curves show the mean squared errors E[e?(n)] versus time. Each curve is obtained
by averaging 100 runs. The controller is turned on each time after 0.1 seconds.
Different convergence behaviors were obtained depending on the chosen driving
condition (frequency separation).

Fig. 5 presents the convergence curves of the single reference controller. The
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Figure 5: Convergence behavior of the single-reference controller for different fre-
quency separations in the span 0-8 Hz.

figure shows that attenuation does not decrease with time except for the case with
Af = 0 Hz. The curves drop fairly rapidly in the beginning, after which attenuation
is relatively constant.

The attenuation achieved was quite low for all cases, except when Af = 0 Hz.
In the latter case reduction was substantial, approximately 60 dB after 2 seconds.
When the frequency separations were 0.5 Hz and 8 Hz, the attenuation was approx-
imately 9.7 dB and 3.5 dB, respectively. Note that the values were computed after
2 seconds. Hence, when the frequency separation was reduced, a higher attenua-
tion was obtained. Note, however, that attenuation was still poor. The reason for
this behavior is that the controller only suppresses frequency components which are
correlated with the reference signal; other frequencies remain essentially unaffected.

Signals with different frequencies are uncorrelated. When they are observed for
a short time they may, however, be considered correlated. This means that although
there is a difference between the frequencies of the signals, a certain attenuation
may be obtained. The correlation between the 100 Hz and the 100.5 Hz signals
is thus more significant than the correlation between the 100 Hz and the 108 Hz
signals. As a result of this a larger reduction was obtained when A f = 0.5 Hz than
when Af = 8 Hz.

Fig. 6 presents the convergence behavior of the twin-reference controller. In
this case two reference signals were used, and each reference was controlled indi-
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Figure 6: Convergence behavior of the twin-reference controller for different fre-
quency separations in the span 0-8 Hz.

vidually, resulting in more significant reduction of both tones. After 2 seconds the
reduction was approximately 60 dB when the Af > 2 Hz, while the reduction was
approximately 20 dB when A f = 0.5 Hz. It may also be noted that the cases where
the frequency separation was a few Hz, the convergence curves were still decaying.
In addition, the convergence rates were constant in these cases.

Compare the above results with those obtained using the single-reference con-
troller. It is interesting to note that the two controller solutions results in diamet-
rically opposed performance.

The twin-reference controller used one control filter for each reference signal.
The frequency separation between the reference signals influenced the behavior of
these filters. When the separation was large , the interaction between the filters was
low and the attenuation obtained was significant. In this case the two filters almost
acted as two independent control systems. When, on the other hand, the frequency
separation was reduced, the interaction between the filters increased, resulting in
lower reduction. A comparison between the performance of the controllers also
shows that beating was reduced more efficiently by using a twin-reference controller
than a single-reference controller. Compare driving conditions 5 and 6 (Af = 4 Hz
and Af = 8 Hz) for both controllers. The beating corresponds to the amplitude
modulation of the error signals.

Fig. 7 illustrates the attenuation obtained in relation to the frequency separa-
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Figure 7: Attenuation obtained 2 seconds after the controller has been turned on
relative to the frequency difference. Solid curve: Twin-reference controller. Dashed
curve: Single-reference controller.

tion. The significant performances of the single— and the twin-reference controllers
are clearly shown in this figure. In all cases the twin—reference controller outper-
formed the single-reference controller. Attenuation increased as the frequency sep-
aration increased. The attenuation obtained using the single-reference controller
reached 3 dB as the frequency separation was increased. Since the two sinusoidal
signals in the noise d(n) had the same amplitude, this means that the controller
reduced only one of the two signals, thus reducing the signal power with a factor 2.
A summary of the attenuation obtained 2 seconds after the controller was turned
on is given in Tab. 2.

5 Summary and Conclusions

This paper presents a comparison between the behavior of a single- and a twin—
reference controller. The simulation results show the necessity of using a multiple-
reference controller in applications where several uncorrelated sources contribute
to the noise level. This is particularly important in applications where tachometer-
based controllers are used since attenuation will then be highly selective, resulting
in the efficient reduction of noise components correlated with the reference signals,
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Beating | Single Reference | Twin Reference
Af [He] [dB] [dB]
0 55.0 97.8
0.5 9.7 22.8
1 7.2 40.8
2 6.2 56.6
4 5.9 61.2
8 3.5 63.8

Table 2: Attenuation obtained 2 seconds after the controller is turned on.

while other noise components remain largely unaffected.

In conclusion, the frequency separation between the reference signals affects the
performance of the two different controllers. For the multiple-reference controller,
attenuation increases as the frequency separation increases, while for the single—
reference controller the attenuation decreases as the frequency separation increases.

In a practical ANC application in an aircraft the noise attenuation inside the
cabin will probably increase if the synchrophaser is turned off, assuming that the
flight properties of the aircraft are not affected.
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Abstract

In many noise control applications the noise is periodic. In such cases,
successful noise reduction can be achieved by using an Active Noise Con-
trol (ANC) system based on the feedforward technique. This technique is
commonly used in aircraft applications where propeller—induced noise is the
main noise problem.

The adaptive feedforward controller requires reference signals from the
noise sources. The noise attenuation achieved depends on the correlation
between the reference signals and the noise. To achieve an efficient noise re-
duction the correlation must be significant. In applications where the noise
originates from one source only, a single-reference controller will work well.
If several independent sources contribute to the primary noise, however, one
reference signal from each source is needed to achieve successful noise reduc-
tion.

Today, most twin propeller aircraft are fitted with a synchrophaser unit,
a device which synchronizes the rotation speeds of the two propellers. Most
synchrophasers are, however, unable to keep the propellers synchronized dur-
ing the complete flight cycle. When the propellers are perfectly synchronized
they act as two correlated noise sources, while in cases where the propellers
are unsynchronized, they may act as uncorrelated sources, with different
Blade Passage Frequencies (BPF's).

In this paper, a comparison between the performance of a single-reference
(single-tacho) and a multiple-reference (twin-tacho) control system is pre-
sented. The evaluations presented are made for two different flight condi-
tions, both with and without synchronized propellers. The evaluation and
prediction results show the narrowband mean noise attenuation as well as
the narrowband mean reduction versus time. Color plots showing the spatial
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distribution of the Sound Pressure Level (SPL) inside the cabin both with
and without an active noise control is also presented.

1 Introduction

The computer simulations presented in this paper are based on noise and tachome-
ter signals recorded in a Dornier 328 during flight. This type of aircraft is not
commercially fitted with an ANC system. The interior noise was recorded using
microphones mounted at the passenger seats at head level. The sampling rate was
1024 Hz.

The evaluation was performed on data from two different conditions of flight:
steady cruise flight and climb to steady cruise flight, respectively. The synchrophaser
was activated during both flight conditions, resulting in the maintenance of an al-
most identical rotation speed by the two propellers. In the steady cruise flight
condition, the two propellers were synchronized, i.e. the BPFs of the two pro-
pellers were practically equal. In this case, the rotation speeds of the engines were
relatively constant at 1050 rpm (BPF=105 Hz). In the climb to steady cruise flight
condition, the synchrophaser was unable to keep the propellers fully synchronized
at all times, resulting in slight differences in the rotation speed of the propellers.
The maximum difference in frequency between the BPF of the right and left pro-
pellers was approximately 1 Hz. The rotation speed of the engines varied between
1100 and 1050 rpm (BPF=110-105 Hz).

The noise attenuation achieved depends on the correlation between the reference
signals and the noise. The principle of the single- and the multiple-reference
controllers is shown in Fig. 1.

The single-reference (SR) controller utilizes one tachometer signal either from
the right or the left engine to generate the harmonic reference signals, while the
multiple-reference (MR) controller utilizes the tachometer signal from both right
and left engines. The SR and MR controllers are thus based on a single-tacho and
a twin—tacho approach, respectively. The single-reference controller uses reference
signals containing the fundamental frequency and its harmonics (BPF-4xBPF)
originating from one propeller only, while the twin-reference controller uses ref-
erence signals containing the fundamentals and their harmonics originating from
both propellers. The reference signals generated are processed by the control unit
before driving the actuators (loudspeakers). To adjust the adaptive control sys-
tem in order to minimize the power of the residual noise, several control sensors
(microphones) distributed in the cabin are employed. The control system is a
multiple-input, multiple-output (MIMO) system [1, 2, 3, 4].The configuration of
the control systems used in the evaluation consisted of 39 control microphones and
32 loudspeakers.
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2 Complex Gradient—Based Multiple—Reference
MIMO Active Noise Controller

The interior noise inside the propeller aircraft consists essentially of narrowband
harmonic components related to the rotational frequencies of the propellers [5, 6].
It is assumed that for each propeller there is a periodic tacho—signal available which
is correlated with the noise harmonics. For this reason a model with pure sinusoidal
reference signals and complex notation will be used as detailed below.

The multiple-reference controller [7] is described for a general control situation
with R reference signals and H harmonics for each reference. The following notation
is introduced: Let z,,(n), w,; and F,; denote the complex scalar reference signal,
the L x 1 vector of complex loudspeaker weights and the M x L matrix of complex
acoustic paths between loudspeaker [ to microphone m. Each is associated with
the rth reference and the Ath harmonic. Here L is the number of loudspeakers and
M the number of microphones.

The real valued M x 1 vector e(n) of microphone signals e,,(n), is given by

e(n) =d(n) + Z: Z: RAF pzon(n)w,p ) (1)

where d(n) is a M x 1 vector of real signals d,,,(n) representing the primary noise
at microphone m (at the discrete time index n). Here R {-} denotes the real part
operation.

The objective function to be minimized can be defined here as the sum of the
squared outputs of the control microphones

&= en(n) =e’(n)e(n). (2)

m=1

The adaptive weight vector w,,(n) is updated in the direction of the negative
gradient of the objective function

9

th(n —+ 1) = th(n) — QMTha?.
rh

(3)

Here M,;, is a convergence factor matrix (step-size matrix).
The complex derivatives [8] of the objective function are given by

3

*
ow’,

= 2,,(n) Frye(n). (4)

In practical applications, the matrix F,; is not available and will be replaced by an
estimate F,,. The adaptive updating scheme of the normalized control algorithm
8] is thus now given by

Won(n + 1) = wip(n) — 2Mpp@en(n)” Frhe( )- (5)
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One proposal for the convergence factor matrix is given by
Mrh = MO(prhdiag {ﬁ‘ﬁﬁ‘rh})il (6)

where i is a positive normalized convergence factor, p,;, = E {|z,,(n)|*}, i.e. the
signal power of the reference signal. The matrix diag {FH F} means the diagonal

matrix consisting of the diagonal of the matrix FAF. Another convergence factor
matrix is given by o
M, = pio(prnF g Frn) " (7)

If the convergence factors are chosen as (7) the scheme (5) corresponds to a Newton—
like algorithm [9]. The Newton-like algorithm given by (5) and (7) may be highly
efficient with respect to convergence rate etc., but is rather complex to implement.
The algorithm given by (5) and (6), on the other hand, has a complexity comparable
to an ordinary LMS-algorithm [8, 9].

Note that (6) and (7) coincide if the matrix FEF,, is diagonal. In many
practical situations with active noise control in aircraft, the correlation matrix
Ff‘,’lﬁ‘rh is diagonally dominant, and may therefore be approximated by its diagonal.
Although this approximation may be rather crude, it can be very efficient to use
the algorithm given by (5) and (6). The reason is that, in these cases, (5) and (6)
represent a sensible compromise between the LMS and the Newton-like algorithm.

However, care must be taken in the choice of convergence factors. The limit
to < 1 does not generally guarantee convergence for the algorithm given by (5)
and (6). This should cause no problem in a practical situation, provided that the
ANC system can be adequately tested for different operating conditions. When
using an adaptive system, it is important that the system is stable for all possible
driving conditions. It is also essentially that the system remains stable, if the error
microphones pick up disturbances uncorrelated with the reference signals [10].

2.1 Generation of Reference Signals

Given the real, scalar tachometer signals s,.(n), where r = 1,2, the complex, scalar
reference signals x,;,(n) are generated using an FET-filter bank (or a “sliding”
FFT-operation) [11]:

N-1
Tep(n) = Z hisy(n — l)ej%khl (8)
1=0

where h; is a windowing sequence, N is the FFT size and kj is the FFT-bin
corresponding to the hAth harmonic.

The implication of (8) becomes evident when a tachometer signal of the form
sr(n) = 2 cos(won) is considered. In this case

4 2T o Ty 2T o 2T
xrh(n) = eij"H(wo — Nk’h) +e Jwon [ (wg + th) ~ e/ H(u)(] — Nk?h) (9)
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where H(w) is the frequency response of the window h;:

N-1

H(w) =" he . (10)

=0

The approximation in (9) is valid provided that the FFT size N, the window hy,
and the FFT-bin &, are properly chosen.

In the evaluation, the tachometer signal consisted of one pulse per propeller
revolution. Note that the periodic tachometer signal has a line spectrum. The FFT-
operation acts as a filter bank, with the ability to extract selectively the narrowband
reference signal corresponding to the desired harmonic hA. The reference generation
in (8) generates a complex reference signal z,,(n) from the real tachometer signal
sp(n). The complex reference signal will constitute a Hilbert pair, implying that
only two adaptive coefficients are required for each reference signal and loudspeaker.
Thus, the complex multiple-reference algorithm described above is effective in the
sense that it employs a minimum of adaptive coefficients.

In a given situation, such as with a given flight condition etc., the choice of
FFT size N, window h; and FFT-bin k;, becomes a straightforward FIR filter
design problem. If the conditions are stationary, or almost stationary, fixed values
of k, may be used. If, on the other hand, the frequency content of the tachometer
signal varies significantly over time, it may be necessary to estimate continuously
the frequency of the hth harmonic, and to change the corresponding FFT-bin kj.

The total multiple-reference system using several loudspeakers and control mi-
crophones (multiple-input, multiple-output system) is depicted in Fig. 2.

3 Evaluation Results

A typical power spectrum of the noise inside the cabin during cruise flight is shown
in Fig. 3. The spectrum contains strong tonal components originating from the
two propellers. The most dominating components are the BPF and 2xBPF. In
order to achieve a significant noise reduction, it is necessary to reduce the BPFs
and some of their related harmonics. The controllers were set up to suppress the
BPF and up to 4xBPF.

Two tachometers monitoring engine rpm (one pulse per revolution) were em-
ployed. The signals generated from these were filtered by an FFT-based filter bank
and used as reference signals for the feedforward controllers. Both the SR and the
MR controllers were based on the described complex algorithm. In the simulations
below, the normalized convergence factor pg = 0.003 was used.

The evaluation results are presented by color plots reflecting the narrowband
SPL inside the cabin at passenger head level. Furthermore, the narrowband mean
SPL (over all microphones) versus time is presented, as well as the narrowband
mean attenuation for the cruise flight condition. Fig. 4 depicts the interior of the
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Figure 3: Typical power spectrum of the interior noise in a Dornier 328
during steady cruise flight and with synchronized propellers. BPF=105 Hz,
2xBPF=210 Hz, 3xBPF=315 Hz and 4xBPF=420 Hz.

cabin. This figure also shows how the color plots are related to the fuselage. The
black circles depict where the noise was recorded and the corresponding locations of
the control microphones used in the computer evaluation. The narrowband mean
attenuation Ay of harmonic h is given by

Z%:l |Dmh‘2

Ap, = 10log
" O En]?

(11)
where |D,,;| and | E,,p| are the magnitudes of the Fourier transforms of the primary
and the reduced noise, respectively. The calculations are based on a 256—point
FFT. The mean noise attenuation obtained is also compared with the computed
optimum least squares solution. The predicted optimum solution is obtained by

solving the equation
F,w, + D, =0. (12)

in a least squares sense. Here D) is a M x 1 complex vector containing the D,,,
elements, and 0 is a M x 1 null vector. Hence, the optimum weights are given by

-1
Whopt = —(FhHFh) F,?Dh (13)
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Figure 4: The interior of the cabin of a Dornier 328, showing layout of the passenger
seats and the placement of the recording microphones (black circles).
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The mean noise reduction is obtained by calculating the ratio

Dx|”
Whopt + Dh«”2

10log;q F, (14)

for each harmonic h. Here ||Dy,||? is the inner product of the vector Dy, with itself,
and likewise ||Fywy,,, + Dy, i.e. the power of the primary and the reduced noise,
respectively.

3.1 The Steady Cruise Flight Condition

In the steady cruise flight condition the propellers were synchronized and the BPF's
of the two propellers were thus equal. The BPF was 105 Hz. Fig. 5a illustrates
the SPL of the primary noise field inside the cabin at the BPF. Note that the
plot presents the relative SPL only, and not the absolute level. Red and blue
colors denote high and low SPLs respectively. The black circles in the figure show
where the noise was recorded as well as the corresponding locations of the control
microphones used in the computer evaluation. The SPLs between the microphones
have been obtained by interpolation.

Fig. 5b shows the SPL achieved at BPF using the twin-tacho controller. The
SPLs achieved using the single-tacho controllers are presented in Figs. 5¢ and 5d
respectively. In Fig. 5¢, the tachometer signal from the right engine was used as
reference, while in Fig. 5d, the left engine was used as reference. Compare these
two figures with the reduced SPL achieved when using the twin-tacho controller
(Fig. 5a). As can be seen from the figures, the noise reduction achieved by using the
single-tacho controllers was as good as the noise reduction achieved by using the
twin-tacho controller. Hence, both the single-tacho and the twin—tacho controllers
achieved successful noise reduction inside the cabin. Tab. 1 shows a summary of
the mean noise reduction at BPF up to 4xBPF over the 39 microphones achieved
by the different controllers.

Controller BPF | 2xBPF | 3xBPF | 4xBPF
@B) | [dB] | [dB] | [dB]
Twin-tacho 18.5 12.5 5.1 4.8
Single-tacho (Right) | 17.2 114 4.5 4.6
Single-tacho (Left) 17.2 10.5 4.5 4.3

Table 1: The narrowband mean reduction of the primary noise over the 39 mi-
crophones when using either the twin-tacho or the single-tacho controller. The
single-tacho controller utilized a reference signal from either the right or left pro-
peller. The propellers were synchronized, and the BPF was 105 Hz.
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Figure 5: The SPL (dB) of the primary noise at the BPF and the reduced SPL
achieved at the BPF using different control approaches (cruise flight). The red
and blue colors correspond to high and low SPLs, respectively. a) Primary noise.
b) Twin-tacho Controller. ¢) Single-tacho controller (right). d) Single-tacho con-
troller (left).
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Mean Sound Pressure Level (SPL) [dB]

-20

Figure 6: The mean SPL versus time at the BPF in steady cruise flight condi-
tion. Upper solid curve: Primary noise. Lower solid curve: Twin-tacho controller.
Middle solid curve: Single-tacho controller (right). Dashed curve: Single-tacho
controller (left).

The mean SPL over all microphones versus time at the BPF and 2xBPF is
shown in Figs. 6 and 7, respectively.

During flight conditions where the synchrophaser is able to keep the two pro-
pellers synchronized, the propellers act as two correlated noise sources. In this case,
the noise reduction levels achieved with both the single-tacho and the twin—tacho
controllers are more or less comparable. The difference in noise reduction between
the two types of controllers at BPF and 2xBPF is approximately 1 dB. Both con-
troller approaches thus work well and can be employed to achieve significant overall
noise reduction inside the cabin.

Tab. 2 shows the mean noise reduction achieved by the twin—tacho controller
as compared to the predicted optimum values. The mean noise reduction and the
optimum reduction are compared at the time corresponding to 9 seconds in Figs. 6
and 7. By adjusting the value of the normalized convergence factor g a higher
mean noise reduction could be obtained. However, care must be taken in the choice
of g, as too large a value results in the controller becoming unstable. It is also
important that the controller is stable for possible driving conditions.
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Figure 7: The mean SPL versus time at the 2xBPF in steady cruise flight condi-
tion. Upper solid curve: Primary noise. Lower solid curve: Twin-tacho controller.
Middle solid curve: Single-tacho controller (right). Dashed curve: Single-tacho
controller (left).

Controller BPF | 2xBPF | 3xBPF | 4xBPF
@B] | [dB] | [@4B] | [dB]
Twin-tacho (po = 0.003) | 18.5 12.5 5.1 4.8
Twin-tacho (po = 0.03) 20.8 16.0 8.1 5.9
Optimum reduction 24.0 18.5 14.0 9.7

Table 2: Comparison between predicted and obtained narrowband mean reduction
using the twin-tacho controller. The propellers were synchronized, and the BPF
was 105 Hz.
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3.2 The Climb to Steady Cruise Flight Condition

During the flight condition from climb to steady cruise flight, the rotation speeds
of the engines were changed, and the BPF decreased from 110 to 105 Hz. Although
the synchrophaser was engaged during flight, there where occasions when it failed
to keep the two propellers perfectly synchronized, resulting in a slight frequency
difference between the BPFs. The maximum difference was approximately 1 Hz.
Fig. 8 shows the variation of the BPFs during flight. The purpose of simulating this
flight condition was to investigate the dynamic properties (tracking performance)
of the algorithms.

Blade Passage Frequency (BPF) [Hz|
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Figure 8: Schematic figure showing the BPFs of the two propellers during the climb
to steady cruise flight condition.

Figs. 9 and 10 show the mean SPL versus time at the BPF and 2xBPF re-
spectively. The decreased noise attenuation at 2 and 6 seconds depends on the
time delay in the reference signals introduced by the FFT-filter bank. This de-
lay implies decreased correlation between the reference signals and the noise in
non-stationary conditions [12]. As these figures show, the differences in the noise
reduction achieved between the single-tacho and the twin-tacho controllers var-
ied. In some cases the difference was fairly small, while in others the difference
was several dB. From a general point of view the performance of the twin-tacho
controller was better than the performance of the single-tacho controllers in this
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flight condition with unsynchronized propellers.
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Figure 9: The mean SPL versus time at the BPF in climb to steady cruise flight
condition. Upper solid curve: Primary noise. Lower solid curve: Twin-tacho
controller. Middle solid curve: Single-reference controller (right). Dashed curve:
Single-reference controller (left).

The figures also show that there was a difference in the performance between
the two single-tacho controllers. On some occasions the controller based on the
reference signal from the right propeller achieved a better noise attenuation than
the other, and vice versa. This may be due to the fact that in non-stationary flight
conditions the best single-reference based noise reduction is probably obtained by
using the reference which is most stationary. Further, the sound field in the cabin
may be dominated alternately by the sound field from the right or left propeller.
This would suggest that in order to obtain an efficient noise reduction under the
above flight conditions, it is preferable to employ a multiple-reference controller.
This controller is able to track both propellers and thereby efficiently reduce the
noise under all conditions of flight. Furthermore, according to results given in
Part Al, the twin—tacho controller is expected to perform even better when the
difference in propeller BPF is increased.

The color plots in Fig. 11 illustrate the distributed SPL inside the cabin at
the time corresponding to 7 seconds in Fig. 9 and 10. The SPL of the primary
noise at the BPF is shown in Fig. 11a , while the reduced SPL achieved using
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the twin-tacho controller is illustrated in Fig. 11b. The SPLs obtained using the
single-tacho controllers (right and left) are shown in Fig. 11c and 11d respectively.

Mean Sound Pressure Level (SPL) [dB]

Figure 10: The mean SPL versus time at the 2xBPF in climb to steady cruise
flight condition. Upper solid curve: Primary noise. Lower solid curve: Twin-tacho
controller. Middle solid curve: Single-reference controller (right). Dashed curve:
Single-reference controller (left).
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Figure 11: The SPL (dB) of the primary noise at the BPF and the reduced SPL
achieved at the BPF using different control approaches (climb to cruise flight).
The red and blue colors correspond to high and low SPLs respectively. a) Primary
noise. b) Twin-tacho Controller. ¢) Single-tacho controller (right). d) Single-tacho
controller (left).



