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Abstract

The noise radiated from distributed propellers could be a main
problem for novel electrified aircraft concepts. This paper explores
an aircraft propeller phase control technique for noise reduction over
sensitive areas on the ground such as infrastructure near airports.
The synchrophasing method proposed in this paper is based on an
Extremum-Seeking Controller with improved gradient estimation through
an extended Kalman filter. This method is evaluated via simulations
for various configurations of the propulsion system, taking into ac-
count different number of propellers, number of blades, and other
parameters. It was observed that the algorithm achieves better noise
reduction when more degrees of freedom (number of propellers) are

available for control. In some cases, an average reduction of almost
15 dB has been reached.
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1 Introduction

Distributed electric propulsion systems constitute a promising concept for fu-
ture electric aircraft. They feature multiple, small propellers driven by elec-
tric motors, usually distributed along the wingspan. The increased propulsive
efficiency of this arrangement, along with the possibilities it opens regarding
flight control and safety, make it an interesting approach, [13]. However,
propellers are also known for their increased noise generation compared to
other propulsion mechanisms, e.g. fans. The noise produced during flight is
not only an annoying problem for passengers and crew, but also for popula-
tions near airports and airways. A substantial component of propeller noise
is tonal at the Blade Passing Frequency (BPF) and its corresponding har-
monics. The analysis of the noise produced is a complex undertaking that
requires consideration of the interactions between propeller blades and the
incoming flow.

Existing control techniques for propeller noise reduction focus primarily
on minimizing the tonal noise, often by matching the speed of the propellers
(propeller synchronization) or by matching the speed and additionally con-
trolling the relative phase between the propellers (propeller synchrophasing).
The first technique mitigates the beating noise that is generated as a con-
sequence of the disturbed inflow, which introduces slight variations of the
aerodynamic conditions on each blade, leading to a slight lack of uniformity
in blade speed, as for example shown in [17]. The second technique enables
a further noise reduction by finding a relative phase angle between the pro-
pellers that maximizes destructive interference between the sound signals of
the different propellers.

Synchrophasing has a direct effect on the noise generation with negligible
effects on the propulsion of the aircraft. This makes this method particularly
suitable for noise attenuation. The concept has been shown to be effective
for the reduction of cabin noise in military aircraft [3]. Different kinds of
synchrophasing control methods are available and have been shown to work
efficiently, including speed command correction and integrated speed/power
command correction[11]. An experimental wind tunnel study on the noise
reducing effect of synchrophasing was done by Turhan et al. [19], using two
2-bladed co-rotating propellers at a constant rotational speed of 5000 rpm.
With no inflow (at static thrust conditions), they observed a tonal noise re-
duction of 8 dB at the first BPF and a decrease in overall sound pressure
level (OSPL) of 2 dB. At inflow conditions an even larger noise reduction



was observed. In a recent study by Joseph et al. [12], an analytical ex-
pression was derived to calculate the tonal noise reduction for two or more
identical propellers, both co-rotating (propellers spinning in the same direc-
tion), as well as counter-rotating (propellers spinning in opposite directions).
They concluded that synchrophasing can be a highly effective noise reduction
method for co-rotating propellers. Zarri et al. [21] examined the flow around
three adjacent, co-rotating rotors using lattice Boltzmann simulations, high-
lighting aerodynamic interaction between propellers as the dominant source
of the sound emitted by the distributed propeller system at the BPF. Their
results also confirmed the potential of synchrophasing to reduce the noise
through destructive acoustic interference. In a recent experimental study by
Del Duchetto et al. [4], it was found that reductions of the overall sound
pressure level of 3 dB to 6 dB are possible through synchrophasing, and that
the inflow velocity does not affect that phase angle at which reductions occur
at certain locations.

This paper studies the usage of an Extremum-Seeking Controller (ESC) to
minimize the noise measured at sensible locations on the ground by adjusting
the relative phase of the propellers during an overflight. First results of this
method have been shown in [15], in which no relative motion between source
and observer is considered. The present work considers, apart of the relative
motion, different features of the propulsion system. The effects of changes
in parameters such as the number of propellers on the wing, the interactions
between co-rotating and counter-rotating propellers, or the number of blades.

Section 2 of the paper presents a far-field model of the plant. This model
is fed with the parameters of the propellers and their relative phase angles,
and it provides the absolute sound pressure values recorded on the desig-
nated observers. The ESC algorithm and the gradient estimation for noise
reduction are presented in Section 3. Some discussions on the effect of the
directivity of the noise are also presented here, which become crucial for the
gradient estimation. Section 5 shows and discusses some simulation scenarios
considered, while conclusions and further work are presented in Section 6.

2 Description of the Plant

Figure 1 shows a schematic representation of the noise detection problem
being considered. An aircraft flying at a cruise speed of V., and a fixed
altitude h. As it traverses its flight path, its propellers emit sound waves



Figure 1: Schematic description of the problem addressed in the current
paper.

that reach different observer locations on the ground. The noise perceived by
these observers depends on the parameters of the system, such as the number
of propellers, their rotational speed, their relative direction of rotation (co-
or counter-rotating), the number of blades on each propeller, the speed and
altitude of the aircraft, and the location of the sensors. In addition, the
relative phase between propellers directly affects the interference of the sound
from both sources, and hence the noise level on the ground. This relative
phase is the variable manipulated in this work.

To determine the sound pressure level during an overflight, a simulation
tool was developed based on the Helicoidal Surface Theory framework intro-
duced by Hanson [10, 8, 9]. This is a well established model which has been
validated with acoustic tests performed in the NASA Lewis Wind Tunnel
[6]. The developed tool considers three sources of noise per propeller: the
volume displacement monopole Py, the drag dipole Pp, and the lift dipole
Pr.It does not take into account the quadrupole sources, as these sources are
only important at high Mach numbers (their effect is comparable to that of
the dipole sources when the Mach number is close to 1 [9]). In this study,
subsonic speeds in the range M, < 0.4 are considered, so the contribution of
quadrupole sources is negligible.

The total sound pressure detected at any observer location can be ex-



pressed as a Fourier series as

p(t) = Z P, exp (—imB(Qpt + ¢)), (1)
where the m* harmonic coefficient,

Py, = Pyym + Ppm + Prm, (2)

is the sum of the contributions of the three aforementioned sources. The
individual harmonic coefficients are found, as defined in [8], using

2 m B M, sin 0 9
_A/ <M mB( T COSQ)) (k2 ty Uy (ky)) d. (3a)
B 9 m B M, sin 0 Cp
PDm —A/ <Mr JmB (Z—l — Mx COSQ)) ( k 5 \I}DU{: ) dZ, (3b>
B 9 m B M, sin 0 O
Prm —A/ (MT I B (Z—l L COSQ)) ( i ky 5 U (ky) ) dz,  (3¢)

where Wy, Wp and ¥y, are the functions for the volume displacement, drag
sources, and lift sources in the frequency domain, respectively, and

PocOB sin 0 exp <sz (QDT - g))

A= 4
8m 4 (1 — M, cosb) ’ (1)
2m B Bp My
k= , ab
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Y 2M,.(1 — M,cos0) (4c)

Blade sweep and blade offsets can be considered in the Helicoidal Surface
Theory as phase offsets. In this study, the simulation assumes ideal alignment
of the blades and neither blade sweep nor offset, since the added complexity
is out of the scope of this work.

The parameters of the plant used in the present study are initially based
on the NASA SR-2 propeller (see, for example, [5]). The thickness ratio,
diameter ratio, and blade section design lift coefficient are taken from [18].
However, a larger propeller diameter of 2.5 m is used. The chordwise distri-
bution of thickness and lift coefficient for a NACA 16 profile are taken from
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Figure 2: Decomposition of the contribution from the different source mech-
anisms to the total noise of the plant for an example overflight case.

[7], whereas the drag distribution has been assumed to be uniform. The
number of blades of each propeller is considered as part of the study.

Figure 2 presents the results of a run of the simulation model. For the
calculation, a sampling frequency of 8.192 kHz was chosen. The time signal
was processed in blocks of 410 samples. Here, the noise generated by two
propellers with eight blades each is shown in the form of the OSPL that
contains all source mechanisms considered here, along the simulation time.

It can be observed that the dominant contributors to the noise in this
case are the the volume monopole and the lift dipole, with the second one
being more relevant as the aircraft approaches the observer and the first
one taking over shortly before it overflies the observer. This is a result of
the different directivities of the monopole and dipole noise sources in the
direction of the flight. This confirms that the most important factor for an



overflight case is the directivity of the sound 6, defined as the angle between
the flight path vector and the vector defined by the aircraft location and the
observer location.

Another important factor is the direction of rotation of the propellers.
Several studies have shown that synchrophasing works well for co-rotating
propellers, but not for counter-rotating propellers. Thus, in the present
study, the control algorithm is implemented on one or two groups of pro-
pellers, consisting of a Master and its Slaves, which are always co-rotating.
Nevertheless, the full aircraft powertrain can still consist of two groups of
propellers, which can have different directions of rotation.

3 Methodology

3.1 Control concept

To minimize the sound pressure level at the desired ground locations, an
Extremum-Seeking Control (ESC) algorithm is proposed. This type of con-
troller attempts to minimize the value of a given cost function by performing
a gradient descent optimization in real time. The relatively simple control
algorithm follows three steps:

1. The inputs to the plant are slightly disturbed.

2. The gradient of the cost function with respect to the disturbed input
to the plant is estimated based on measurements.

3. The input value that provides the fastest gradient descent is calculated
and applied applied to the plant.

The objective of this work is to minimize the OSPL measured at certain
locations, so the cost function is formulated for a general case of n observers
during a defined time window as

R A
J = —10logy, (%) dB. (5)
0

This cost function directly depends on the sound pressure measured at each
observer and can be tailored to accurately reflect the optimization objective.

Figure 3 describes the general structure of the ESC algorithm. The plant
is fed with an input ug € R", which contains the relative phase angles

9



between the master and slave propellers. The output, p, € RP, is the total
pressure registered by the observers and it is used to calculate scalar cost
J € R using (5).

This cost and the initial disturbance ug are fed into the gradient estima-
tion. This estimation is expected to provide a vector gg € R™ that indicates
how much a change in one input affects the cost value. However, the actual
effect might be masked by the fact that the sound pressure level caused by
an aircraft approaching a target on the ground is always increasing. To cater
for this, the directivity gradient ¢(6) is also calculated in the plant and fed
to the gradient estimation block. The signal ¢(#) indicates how much the
OSPL is expected to change due to a variation in the directivity angle 6, so
that this can be separated from the actual contributions of the other inputs
to obtain a correct gg.

Each input of the plant is continuously disturbed by a perturbation func-
tion [sin(wpt). This is needed to cause variations in the inputs to the
plant that make the estimation of a gradient always possible. The per-
turbation signals must have different frequencies for each input, such that
wp < wy < -+ < wy,. No frequency can be zero for any of the inputs and
the period of these signals must be significantly larger than the largest time
constant of the plant dynamics.

Integrating the gradient results in a biasing of the disturbed inputs to the
plant as a step towards a local minimum of the cost function. The algorithm
converges to a global extremum in case of a convex cost function. The factor
a € Risused to scale the integrator output, which is equivalent to controlling
the step size of the gradient descent.

4 The Counter-rotating Propellers Case

When all propellers turn in the same direction, it is possible to define one
propeller as a master and the rest as slaves. The Relative phase between them
is easily defined. For two propellers rotating in opposite directions, it is not
possible to define a relative phase angle. So, when counter-rotating propellers
are considered, they will be separated in two groups, each one composed of
one master propeller and its slaves, which are always co-rotating. Each group
of propellers is considered to have its own independent controller.
The algorithm can be tuned using the following parameters:

e The coefficient «,

10
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Figure 3: Block diagram of the Extremum-Seeking Controller method used.

e the amplitude of the perturbation signals, 3,
e the frequencies of the perturbation signals wWg.

e the directivity gradient ¢(6), which indicates when the noise is expected
to increase or decrease regardless of the control.

An adequate excitation of the plant requires a trade-off. Large-amplitude
signals lead to a fast convergence and noise immunity, but cause the plant
to show significant oscillations at its output. Smaller amplitudes introduce
less noticeable oscillations at the plant output, but may present a problem
for an effective gradient estimation.

4.1 Gradient Estimation

Common methods for gradient estimation in ESC often use specific high-pass
and low-pass filters [2, 16, 14]. This work uses an Extended Kalman Filter
(EKF), based on work presented in [20], for the gradient estimation. This
EKF is augmented with the estimation of effects of the directivity to improve
the gradient estimation.
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The gradient can be approximated as

R _ Ayk) (k) = J(k—1)) —¢(0)
gu(k) ~ Aup(k)  up(k) —up(k—1) (6)

which considers as measurement vector the difference between the variation
of the cost function value AJ(k) and the directivity gradient ¢(#). This
parameter is modeled in the noise directivity study in section 4.2.

The initial condition for the gradient estimation is assumed to have a
normal distribution

9u(0) ~ Ny (kg (0), Py, (0)). (7)

The rest of the stochastic model is then given by
9 (k) = gp(k — 1), (8)
Ay(k) = Aup(k)gr (k). (9)

For the prediction steps, the gradient state and the covariance matrix are
estimated as

gp(klk —1) = gp(k — 1k = 1), (10)
P, (klk—1)=FP, (k- 1k - 1)F" +Q, (11)
Py (k) = Aup(k)P,, (k|k — 1) (Aug(k))” + R. (12)

The Kalman gain is computed as
K (k) =P, (k[k — 1) (Aug (k)" (Pay(k)) ", (13)
the predicted measurement is estimated as
Ag(k) = Aug(k)ge(klk — 1), (14)
and the corrections are carried out according to

9e(klk) =ge(klk — 1)) + K(Ay — Ag), (15)
Py (k|k) =P, (k[k — 1) — K(k)Aup (k)P (k[k — 1). (16)
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4.2 Noise Directivity

By lumping all terms not depending on 6 into constants and considering
that the integration is performed with respect to z, equations (3c) and (3a)
can be reformulated such that they are proportional to a product of three
independent functions of the directivity:

Py o< i Ai(0) Jo 5 (f(0)) Wr(k(0)) (17)
Py o< —A2(0) g (£(0)) Ty (k2 (0)) (18)
with
sin 0 9

Ay (0) = 0 M, cond)? (M?cosf — M,) (19)

sin 0
42 (0) = (1 — M, cos6)® (20)

sin 0
FO) = ko T =3 cost (21)
(22)

The influence of § in ¥, is now considered. From [8], the expression for
\IJL is

1/2
U, = F(X) exp(ik, X)dX, (23)

—-1/2

where fr is a function describing the chordwise lift distribution and k, is a
so called chordwise wave number. Reference [7] shows the distribution of the
effective pressure coefficient along the chord of a NACA 16 airfoil, from which
the lift coefficient curve is obtained. A polynomial function has been used to
represent this curve to simplify the further analytical integration. Figure 4
presents attempts with polynomials of different orders. A fourth-order poly-
nomial is seen to provide a good fit without increasing the complexity too
much.
With this polynomial, the integral becomes

1/2
5 z/ (aw* 4 bw® + cw® + dw + e) exp(ik,w)dw, (24)
~1/2
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and from here, an analytical expression for ¥, as a function of # is obtained

to be used in (17).
A similar procedure is followed for Wy,. In this case, the curve fitting of

the thickness distribution is shown in Fig. 5.
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Figure 6: Normalized sum of the first 5 harmonics of the two dominant
sources.

4.2.1 Directivity gradient

Obtaining the derivatives of (17) and (18) analytically is extremely demand-
ing. These equations can nevertheless be used to estimate the gradient of the
OSPL with respect to 6 numerically to provide it to the control algorithm
as already described. The results of this gradient estimation can be seen in
Fig. 6. This figure shows the sum of the first five harmonics for each one of
the sources, together with their gradient estimation.

The directivity of both sources can be appreciated in the polar coordinates
as shown in Figure 7.

5 Results

Several simulations were performed to evaluate the effectiveness of the algo-
rithm as a method of noise reduction. First MISO (Multiple Inputs, Single
Output) cases are considered, in which a single observer is assumed to be
present. Further results show how the the algorithm performs in MIMO
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case (Multiple Inputs, Multiple Outputs) in which three uniformly spaced
observers are considered.

The simulations are classified initially by the number of propellers on the
aircraft, then by the relative direction of rotation and configuration, and then
by the number of propeller blades used. Table 3 presents all cases considered
for the MISO study with a specific label. The MIMO study focuses only on
the cases 2A42,2B2,2C?2.

The definition of co- and counter-rotating wing and mix configurations is
clarified in Figure 8. For this configurations, as explained in Section 3, two
independent controller run in parallel, one for each group of propellers.

All simulation cases ran with the same parameters in the controller, in-
cluding the perturbation frequencies. These have been chosen as randomized
between 0.4 an 0.8 %l.

Two metrics have been chosen to compare the results. Both are derived
from the difference between the OSPL curve through the overflight simula-
tion of the uncontrolled case and the controlled one, or AOSPL. First, the
maximum attenuation is the maximum of the AOSPL. The other parameter
is the average attenuation, which is the mean of AOSPL. The mean is only
carried out from the moment in time where the effects of the control show
up after the initial delay, so tgom = tsim — tpi=o. In addition, is important
to mention that they must be positive if the control case obtains lower noise
than the uncontrolled case, which is expected. The results are summarized
in the tables 4 and 5.

16



Table 3: Presentation of the simulation cases and nomenclature explanation.

Number of Propellers Configuration Number of Blades Label

Two Co-rotating g }ﬁ;
Co-rotating g 311:;

Eight Counter-wing g gg;
Counter-mix g ;g;

Co-rotating g gﬁ;

Twelve Counter-wing g gg;
Counter-mix g gg;

5.1 MISO cases

First, a comparison between all the different cases regarding direction of
rotation and configuration is performed, regarding the OSPL curves and the
phase variations commanded by the control. The simulation cases with eight
propellers and eight blades are performed: 2A2, 2B2, 2C2. The observer is
located at % of the trajectory in order to clearly present the data. Due to a
cruise constant speed being assumed, the observer would be overpassed on %
of the total simulation time, which is 40 seconds. All of this can be observed
in Figure 9 and Figure 10.

A maximum in the OSPL can be observed in the uncontrolled curve,
around the 35 seconds mark. This was expected, matching with the direc-
tivity study carried out before. Moreover, all three configurations react in
different ways. The counter-rotating configuration starts in the same way
and it is only after a certain steps later that they diverge from each other. It
is remarkable how the co-rotating case, in blue, converges when the decreas-
ing noise segment is initiated. This can also be appreciated in the phases
of figurel0, which this segment is initiated earlier, as the phases do not
have the plant delay. Both counter-rotating cases achieve the convergence

17



(a) Co-rotating case.

(b) Counter-rotating wing case.

(c) Counter-rotating mix case.

Figure 8: Rotational cases explored in the simulations for three different
configurations of eight propellers aircraft.

later, in consequence, it seems that one group of propellers controlled by the
ESC performs more consistent with 7 degrees of freedom than two groups
of propellers operating by ESC with 3 degrees of freedom both. Although,
the results of Table 5 indicates that the average reduction is greater for the
counter-rotating cases. It should be noted that the labels of the phases repre-
sents the position of the slave propellers, beginning from the right wing of the
aircraft. The main observation for Figure 10 is that for the counter-rotating
configurations the phases react in pairs.In the convergence the phases of one
group of propellers matches in symmetry with their respective number in the
other group. On one hand, as the wing configuration disposes of control of
the propellers in order for each wing, the phase 1 is matching with the 4, the
2 with the 5 and the 3 with the 6. On the other hand, the mix configuration
has one propeller rotating to one side and the next one to the other, which is
the reason why the propellers that match are: the 1 with the 2, the 3 with the
4 and the 5 with the 6. Regarding the results, for this case of eight propellers
and eight blades, it appears to be that the counter-rotating configurations
outperform the co-rotating one in both, maximum and average attenuation

18



I I I

60 | "
a / \ e
= 40
—
A
8 — Config. A, Controlled

20 — Config. B, Controlled | |

—— Config. C, Controlled
=== Uncontrolled
0 | | | | | I I I I
0 5 10 15 20 25 30 35 40 45 50

40
9\3/ 30 |-
= 20f
72
o
q 10

0 L L
0 5 10

time (s)

Figure 9: Results of OSPL and AOSPL for eight propellers, eight blades and
the three different configurations.

of the AOSPL. Between both counter-rotating configurations, the mix one
shows a slightly better performance.

Now a comparison between the difference of the number of blades is per-
formed in the Figure 11, for two propellers, cases 1A1 and 1A2. As only one
propeller can be controlled, the only configuration possible is the co-rotating
configuration.

It can be appreciated that the case of the six blades produces more av-
erage noise without any control, around 6 dB of difference. In addition, the
maximum peak of the six blades case is 60.9 dB, whereas the eight blades
case reaches 56.5 dB. These results match with the literature, which agrees
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Figure 10: Results for the simulations cases for eight propellers, eight blades
and all three possible configurations.

that as less number of blades, more noise is produced [19, 1]. Regarding
the controlled cases, the maximum attenuation achieved by the eight blades
cases is 25.2 dB obtained just after the initial delay is elapsed. However, the
six blades cases reaches the maximum attenuation later in the simulation
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Figure 11: Results of the OSPL for two propellers and different number of
blades.

with 15.6 dB. Moreover, the average attenuation of the AOSPL for the eight
blade cases is greater than for the six blades case, as it can be appreciated
in the tables 4 and 5. As a result, the cases of six blades produces naturally
more noise and the attenuation achieved by the control algorithm is lower
than for the eight blade case.

Returning to the eight propeller’s cases, the Figure 12 shows a quick com-
parison in AOSPL for all the configurations with six blades of cases 2A1, 2B1,
2C1. Figure 12 is closely related to the figure9, however some differences can
be appreciated. First the counter-rotating cases presents almost the same av-
erage reduction, their performance is superior to the co-rotating configuration
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Figure 12: Results of the OSPL for eight propellers and six blades.

by 4 dB. Moreover, the maximum attenuation achieved by the co-rotating
case is around also 4 dB lower than the wing counter-rotating case, which
has a barely lower maximum than the mix counter-rotating case. As con-
sequence, for the set of simulations of eight propellers, the counter-rotating
cases perform better than the co-rotating case.

Advancing with the twelve propeller cases, on one hand, the Figure 13
shows OSPL values for all the configuration with six blades and on the other
hand, the Figure 14 shows the respective results for eight blades.

Comparing the results from the eight with the twelve propellers, there
are some substantial differences. The difference is notorious in the six blades
study case, Figure 13. There, the co-rotating case improves, nearly matching

22



8( | = Config. A, Controlled | | | | | .
— Config. B, Controlled ‘,.-'-""“""‘-4‘,“"
—— Config. C, Controlled ‘ ""y\.
N === Uncontrolled
<) 60
—
Al
9]
© 40
20 | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
40
%/ 30
= 20|
73)
o
a 10p
0 | | | | |
0 5 10 15 20 25 30 35 40 45 50

time (s)

Figure 13: Results of the OSPL and AOSPL for twelve propellers, six blades
and all three possible configurations.

the performance of both counter-rotating cases. However, the average at-
tenuation is slightly lower than both counter-rotating configurations, which
share the same value. The mix configuration shows better behavior than the
wing one for the maximum attenuation. For the eight blades study, Figure 14,
the co-rotating configuration obtains more than 3 dB greater average atten-
uation than the best performance of counter-rotating configurations, with
almost a total of 15 dB compared to the uncontrolled case. The reduction is
mainly effective and consistent after the observer has been overpassed. The
maximum attenuation of the co-rotating case is not that good, it is slightly
better than the wing counter-rotating configuration and 5 dB worse that the
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Figure 14: Results of the OSPL and AOSPL for twelve propellers, eight
blades and all three possible configurations.

mix configuration.

Some last notes about these tables are that the number of propellers is
proportional to the noise measure. Moreover, the strategy of one group of
propellers controlled by ESC for a co-rotating configurations performs worse
as less degrees of freedom the algorithm have, or propellers for controlling.
The strategy of two group of propellers, or counter-rotating configurations,
proves advantageous over the single-group or co-rotating configuration one,
especially when the control, systems have fewer degrees of freedom.However,
as much as degrees of freedom are taking into account the co-rotating con-
figuration outperforms both counter-rotating configurations. Furthermore,
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Table 4: Results maximum peak noise and average noise attenuation regard-

ing the uncontrolled case for six blades propellers.

Nprop | Configuration | Maximum attenuation (dB) | Average attenuation (dB)
2 A 15.6 3.3
A 17.4 5.6
8 B 21.8 9.6
C 22.9 9.5
A 33.1 10.1
12 B 31.7 10.5
C 35.5 10.5

Table 5: Results maximum peak noise and average noise attenuation regard-

ing the uncontrolled case for eight blades propellers.

Nprop | Configuration | Maximum attenuation (dB) | Average attenuation (dB)
2 A 25.2 4.8
A 23.4 8.0
8 B 26.2 9.8
C 34.4 9.9
A 32.6 14.5
12 B 31.6 11.1
C 37.6 11.0

the difference between both counter-rotating configuration is really small.
Nevertheless, the mix configuration has shown slightly better behavior in av-
erage attenuation and the wing one in maximum attenuation. In addition,
the best performance of the algorithm regarding the average attenuation is
with twelve propellers, co-rotating configuration and eight blades, with al-
most 15 dB. While the maximum attenuation has been performed by the
counter-rotating mix configuration with twelve propellers, with eight blades

too.

5.1.1 MIMO cases

For the last results three MIMO case are performed, where three observers
are on the ground. For that, the directivity gradient must be averaged in the

next way ¢ = 2

(01)+¢(02)+¢(03)
3

. Here, there are three different angles, one for
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Figure 15: Results of the OSPL in a MIMO case for eight propellers and eight
blades with the observers in a distance of }1, % and % of the total distance of

the overflight.

each observer.

These MIMO cases, in Figure 15, are going to explore all the configura-
tions of eight propellers and eight blades, cases 2A2, 2B2, 2C2.

Looking to Figure 15, Figure 16 and the table 6 several findings can
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Figure 16: Results of theA OSPL in a MIMO case for eight propellers and
eight blades with the observers in a distance of }1, % and % of the total distance
of the overflight.

be derived from the data. First the distance of each observer impacts on
the algorithm performance in a MIMO case due to the delay. As it can be
observed in the last figures, the effects of the algorithm are not visible at
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Table 6: Results maximum peak noise and average noise attenuation re-
garding the uncontrolled case for eight blades, eight propellers and all three
configurations possible.

Configuration | Maximum attenuation (dB) | Average attenuation (dB)
+ | Observer — | 1 2 3 1 2 3
A 29.3 | 30.0 28.0 8.7 | 88 8.4
B 33.4 | 31.7 31.2 10.5 | 10.1 10.3
C 38.4 | 314 33.8 10.7 | 10.1 9.9
the same time. First, it is appreciated in the observer one located at }l of
the total distance, then to the second and the third located at % and % of

the total distance. This different delay has a huge impact on the results. It
seems that the closer the observer is, the greater the maximum and average
attenuation will be. Moreover, Figure 16 shows that the AOSPL increases
mainly in the segment of the simulation where more uniform is the directivity
gradient in all of the observers. Regarding the main results, the same trend
as the corresponding MISO cases can clearly be observed, where the counter-
rotating cases, B and C outperforms the co-rotating case, A.

In these cases the phases does not converge due to the more chaotic
behavior resulting from having different points where the noise must be min-
imized, despite that they follow a visible trend in their trajectory under the
uncontrolled curves. Nevertheless, this predisposition makes the algorithm to
obtain a good attenuation, greater as sooner the observer is overpassed.The
data is collected in the table 6. Here it is important to note that the algo-
rithm still works after the OSPL goes under 0 dB in some observers. This is
because the function minimizes the overall sound pressure level considering
the contributions from all observers.

The data clearly shows that in the line of the MISO results for eight pro-
pellers, the counter-rotating continue performing better than the co-rotating
configuration. However, both wing and mix configurations do not exhibit a
clear overall performance advantage. On one hand, for the average atten-
uation, the mix configuration performs better for the first observer, on the
other hand the wing configuration shows advantage in the third observer re-
sults. The mix configuration still exhibits the best performance in maximum
attenuation.
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6 Conclusion

A parametric study of propeller synchrophasing for noise reduction using an
Extremum Seeking control algorithm with improved gradient estimation is
presented. The main difference with previous studies was the exploration
of dynamic cases, with relative motion between source and observers. This
required an introduction of an extra term into the gradient estimation tech-
nique part of the whole ESC algorithm scheme.

The effect of several parameters has been explored, like the number of
propellers and the number of blades of each propeller. From the control
point of view, the configuration of the noise reduction control strategy was
analyzed. Two main configurations have been taking into account, the co-
rotating one, based in one master propeller at the tip of the right wing of
the aircraft and the rest of the slave propellers. While the counter-rotating
configuration is based in one group of propellers rotating in clockwise di-
rection with the master propeller at the tip of one wing and another group
rotating in the opposite direction with its master propeller at the tip of the
other wing. The main goal has been achieved with a great reduction both
from the average OSPL and the maximum attenuation of OSPL along the
whole simulation. The control performance improves with the availability
of additional degrees of freedom or slave propellers, obtaining the greatest
attenuation for the twelve propellers case.

In first place the results are consistent with the expectations regarding
the increase of natural noise with the decrease of the number of blades of
each propeller and with the increase of propellers.

This study also shows that there is no global best configuration for noise
reduction. Depending of each case one configuration is more suitable than
others. The idea of using two groups of propellers for representing the
counter-rotating configuration has exhibited a great behavior mainly for cases
with a moderate number of propellers and a notable behavior for cases with
more number of propellers. However, it is concerning the fluctuation that
these configurations implies. If a choice has to be made in terms of over-
all performance for the counter-rotating configuration, the mix configuration
would be selected over the wing one. The co-rotating configuration has shown
a worse performance for a moderate number of propellers cases and it has
only being dominant for the case of twelve propellers and eight blades. Nev-
ertheless, this attempt has been the best of all the study and the control
presents more controlled oscillations than the other configurations. As a re-
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sult, the co-rotating configuration can not perform optimally in every case,
albeit offering greater stability. Hence, from a control point of view, this op-
tion is really suitable. Furthermore, to have one group of propellers scheme
is simpler than two as the counter-rotating configurations. Gathering all of
that, the most suitable option is to chose the co-rotating configuration for
a noise reduction via synchrophasing in a overflight of an aircraft. These
results open a door for further discussion about other types of active control
techniques as well as variations of control schemes that can help to reduce
the noise in distributed propulsion aircraft.

It is important to note that in this study the reflection with the ground
effect has not being considered due to the assumption of the microphones on
the ground.

Future work includes analyzing the effect of synchrophasing on cabin
noise.
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