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Abstract

In many applications, such as in propeller aircraft, the dominating noise is periodic. Successful reduc-
tion of the periodic noise components can be achieved by using an Active Noise Control (ANC) system
based on feedforward techniques. In this paper, a comparison between the performance of single—
reference (single-tacho) and multiple-reference (twin-tacho) feedforward control systems is presented.
The comparison is made for two different flight conditions, both with and without synchronized pro-
pellers. The evaluation results show that a multiple-reference controller provides better performance
than a single-reference controller when a slight deviation exists in the propeller synchronization.

1. Introduction

An adaptive feedforward controller requires ref-
erence signals from the noise sources [1],[2]. The
noise attenuation achieved depends on the cor-
relation between the reference signals and the
noise. To achieve an efficient noise reduction the
correlation must be significant. In applications
where the noise originates from only one source, a
single-reference controller will work well. If sev-
eral uncorrelated sources contribute to the pri-
mary noise, however, one reference signal from
each source is needed to achieve successful noise
reduction. In propeller aircraft the dominating
cabin noise originates mainly from the propellers.

Today, most twin propeller aircraft are fit-
ted with a synchrophaser unit, a device which
synchronizes the rotational speeds of the pro-
pellers. However, the synchrophaser is 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.

The computer evaluation presented in this pa-
per is based on the noise and tachometer signals

recorded in a Dornier 328 during flight. The
interior noise was recorded using microphones
mounted at the passenger seats at head level, and
the sampling rate was 1024 Hz. This type of air-
craft is not commercially fitted with an ANC sys-
tem.

The evaluation was performed on data from
two different conditions of flight: steady cruise
flight and climb to steady cruise flight, respec-
tively. The synchrophaser unit was activated dur-
ing both flight conditions, resulting in the main-
tenance of an almost identical rotational speed by
the two propellers.

In the steady cruise flight condition, the two
propellers were synchronized, resulting in that
the rotational speeds of the engines were prac-
tically constant at 1050 rpm. The Blade Passage
Frequency (BPF) was 105 Hz.

In the climb to steady cruise flight condition,
the synchrophaser was unable to keep the pro-
pellers fully synchronized at all times, resulting
in slight differences in the rotational speed of the
propellers. This difference in the rotational speed
causes a beating effect inside the cabin which
leads to a decrease in comfort. The maximum
difference in frequency between the BPF of the
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Figure 1: Multiple-input, multiple-output (MIMO)
system for active noise control. (a) Single-reference
controller (single-tacho). (b) Multiple-reference con-
troller (twin—tacho).

right and left propellers was approximately 1 Hz.
The rotational speeds of the engines varied be-
tween 1100 and 1050 rpm (BPF=110-105 Hz).

The principle of the single— and the multiple—
reference controllers, respectively, 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 engines. The SR and MR controllers
are thus based on a single—tacho and a twin—tacho
approach, respectively. The SR controller uses
reference signals containing the fundamental fre-
quency and its harmonics (BPF-4xBPF) origi-
nating from one propeller only, while the MR con-
troller uses reference signals containing the fun-
damentals and their harmonics originating from
both propellers. The reference signals generated
are processed by the control unit before driv-
ing the actuators (loudspeakers). To adjust the
adaptive control system in order to minimize the
power of the residual noise, several control sen-

sors (microphones) distributed in the cabin are
employed. The control system is thus a Multiple—
Input, Multiple-Output (MIMO) system [2]-[4].
The configuration of the control systems used in
the computer evaluation consisted of 39 control
microphones and 32 loudspeakers.

2. The MR MIMO Algorithm

The interior noise inside the propeller aircraft
consists essentially of narrowband harmonic com-
ponents related to the rotational frequencies of
the propellers. It is assumed that for each pro-
peller 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 de-
tailed below.

The MR controller [5] is described for a general
control situation with M microphones, L loud-
speakers, R reference signals and H harmonics
for each reference. The following notation is in-
troduced: Let z,;(n), w,p(n) 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 (frequency re-
sponse functions) between loudspeaker [ to mi-
crophone m. Each is associated with the rth ref-
erence and the hth harmonic.

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

R H
e(n) =d(n) + Z Z RAF, pzn(n)wen(n)} (1)
r=1h=1
where n is discrete time index, d(n) is a M x 1 vec-
tor of real signals d,,(n) representing the primary
noise at microphone m, and R {-} denotes the real
part. The cost function to be minimized is the
sum of the squared output signals (the power) of
the control microphones:

M
Jn=Y_ 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 cost
function

0Jy,

wrn(n+1) = wpp(n) — 2Mm8w*—(n)
rh

(3)

where M, , is a convergence factor matrix (step—
size matrix).



The complex derivatives [6] of the cost func-
tion are given by

Gty = T Bl (4
where (-)* and (-)¥ denote complex conjugate
and conjugate—transpose respectively. In prac-
tical applications, the matrix F,; is not avail-
able and will be replaced by an estimate F,p.
The adaptive updating scheme of the control al-
gorithm is thus given by

A

Win(n+1) = Wy, (1) = 2Mepar, (n)Frie(n). (5)

Different types of convergence factor matrices
are possible. One proposal for M,.;, is given by

Mrh = MO(prhﬁ‘gLFrh)_l' (6)

where pg is a positive normalized convergence fac-
tor and pr, = E {|z,4(n)|?} (the power of the
reference signal z,,(n)). If the convergence fac-
tors are chosen as (6), the scheme (5) corresponds
to a Newton-like algorithm [7]. The Newton-like
algorithm given by (5) and (6) may be highly ef-
ficient with respect to convergence rate etc., but
is rather complex to implement.

Another possible convergence factor matrix is
given by

M, = po(prndiag {FfEA DT (7)

where the matrix diag {FH F} means the diago-
nal matrix consisting of the diagonal of the matrix
FHF. The algorithm given by (5) and (7), on the
other hand, has a complexity comparable to an
ordinary LMS-algorithm [6],[7]:

M, = po(prptrace {Fq{{hf‘rh})*ll (8)

where I is an L x L identity matrix. Note that
(6) and (7) coincide if the matrix Fglﬁ‘rh is di-
agonal. In many practical situations with active
noise control in aircraft, the correlation matrix
Ffzﬁ‘rh is diagonally dominant, and may there-
fore 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 (7). The reason is that, in these cases, (5)
and (7) 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 pg < 1 does not

generally guarantee convergence for the algorithm
given by (5) and (7). This should cause no prob-
lem in a practical situation, provided that the
ANC system can be adequately tested for differ-
ent operating conditions.

2.1 Generation of Reference Signals

The complex reference signals can be generated
from the tachometer signals using different tech-
niques, for example, tables [2] or filter banks. In
the evaluation an FFT-filter bank (or a “slid-
ing” FFT-operation) [8] was investigated. The
spectrum of the tachometer signals contains the
BPF and its harmonics. The FFT-operation acts
as a filter bank, with the ability to extract se-
lectively the narrowband reference signal corre-
sponding to the desired harmonic A. The complex
reference signal will constitute a Hilbert pair, im-
plying that only two adaptive coefficients are re-
quired 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.
Given the real, scalar tachometer signals
sr(n), where r = 1,2, the complex, scalar refer-
ence signals z,,(n) are generated by computing
the FFT-operation on a sample-by—sample basis:

N-—1 o
zrn(n) = Y h(q)s;(n—q)e? ¥Fa(9)
q=0

where n is time index, h(q) is a windowing se-
quence, N is the FFT size and ky, is the FFT—bin
corresponding to the Ath harmonic.

The implication of (9) becomes evident when a
tachometer signal of the form s,(n) = 2 cos(won)
is considered. In this case

Ton(n) = €Jw°"H(wo—N7rkh)+€_]”°”H*(wﬁﬁwkh
: 2
~ 790" I (wp — Wﬂkh) (10)

where H (w) is the frequency response of the win-
dow h(q). The approximation in (10) is valid pro-
vided that the FFT size N, the window h(q), and
the FFT-bin kj, are properly chosen.

If the conditions are stationary, or almost sta-
tionary, fixed values of k; may be used. If, on the
other hand, the frequency content of the tachome-
ter signal varies significantly over time, it may be
necessary to continuously estimate the frequency
of the hAth harmonic, and to change the corre-
sponding FFT-bin kj,.
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Figure 2: A twin-reference, multiple-input multiple-output (MIMO) system for active noise control.

3. The Evaluation

A typical power spectrum of the noise inside the
cabin during cruise flight is shown in Fig. 3. The
spectrum contains strong tonal components orig-
inating from the two propellers. The most dom-
inating components are the BPFs and 2xBPFs.
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. The
entire MR system using several loudspeakers and
control microphones is depicted in Fig. 2. The
configuration of the SR systems is the same ex-
cept that the part corresponding to tachometer
signal so is not used.

Two tachometers monitoring engine rpm were
employed. The signals generated from these were
filtered by an FFT-based filter bank, and used as
reference signals for the feedforward controllers.
In the evaluation below, h(q) was a Blackman
window of length N = 256. Both the SR and
the MR controllers were based on the complex
algorithm described, and pg for each controller
was chosen as 1/10 of the value of divergence.

The evaluation results are presented by plots
reflecting the narrowband SPL at BPF inside the
cabin at passenger head level. Furthermore, the
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Figure 3: Typical power spectrum of the in-
terior mnoise 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.

narrowband mean SPL (over all microphones)
versus time is presented, as well as the narrow-
band mean attenuation for the cruise flight condi-
tion. The narrowband mean attenuation of har-
monic h is given by

(11)



where |Dy,n| and |E,,;| 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 at-
tenuation obtained is also compared with the
computed optimum reduction (least squares so-
lution). The predicted optimum solution is ob-
tained by solving the equation
Fyw, +D, =0 (12)
in a least squares sense. Here Dy 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

W, = —(F1/F,) F/IDy,. (13)
The optimum mean noise reduction is obtained
by calculating the ratio

Dl
Whopt + Dh”2

10log; iF, (14)

for each harmonic h. Here ||Dy,||? is the squared
Euclidean norm of the vector Dy, , and likewise
|Frwh,,, + Dpll?, 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 pro-
pellers were synchronized, and the BPFs of the
two propellers were thus equal. The BPF was
105 Hz. Figure 4.a illustrates the SPL of the
primary noise field inside the cabin at the BPF.
The SPLs achieved using the single-tacho con-
trollers are presented in Figs. 4.b and 4.c respec-
tively. In Fig. 4.b, the tachometer signal from
the right engine was used as reference, while in
Fig. 4.c, the left engine was used as reference.
Figure 4.d shows the SPL achieved using the
twin-tacho controller. As can be seen from these
figures, the noise reduction obtained by using the
single—tacho controllers was as good as the noise
reduction obtained by using the twin-tacho con-
troller.

The mean SPL over all microphones versus
time at the BPF and 2xBPF is shown in Figs. 5
and 6, respectively. Table 1 shows a summary
of the mean noise reduction over the 39 control
microphones achieved by the different controllers
at BPF up to 4xBPF. The mean noise reduction
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Figure 4: The spatial distribution of the SPL inside
the cabin at BPF, (synchronized propellers); (a) Pri-
mary noise, (b) Single-tacho (right), (¢) Single-tacho
(left), (d) Twin—tacho. Note, the levels are not abso-
lute SPLs.

and the optimum reduction are compared at the
time corresponding to 9 seconds in Figs. 5 and 6,
respectively.

During flight conditions where the syn-
chrophaser is able to keep the two propellers syn-
chronized, the propellers act as two correlated
noise sources. In this case, both the single—tacho
and the twin—tacho controllers thus work well.
Hence, both approaches are comparable and can
be employed to achieve significant noise reduction
at passenger head level.

By adjusting the value of pg a higher rate
of convergence and noise reduction could be ob-
tained. However, care must be taken in the choice
of up, a too large value results in the controller
becoming unstable. Notice, for varying flight con-
ditions it is important that the controller is sta-
ble for all possible conditions. Table 2 shows the
mean noise reduction achieved by the twin—tacho
controller using different value of the normalized
convergence factor pg as compared to the pre-
dicted optimum reduction. Figure 7 shows the
power spectrum of the primary and reduced noise

averaged over all microphones, for the cases given
in Tab. 2.

3.2 The Climb to Cruise Flight Condition

During the flight condition from climb to steady
cruise flight, the rotational 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



Controller BPF | 2xBPF | 3xBPF | 4xBPF
[4B] | [dB] [4B] [4B]
Twin-tacho 18.5 12.5 5.1 4.8
Single-tacho (Right) | 18.3 12.7 4.9 4.8
Single-tacho (Left) 18.6 12.2 5.2 4.7

Table 1: The narrowband mean reduction of the primary noise over the 39 microphones 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 propeller. The propellers were synchronized, and the BPF was 105 Hz.

Controller BPF | 2xBPF | 3xBPF | 4xBPF
Twin-tacho [dB] [dB] [dB] [dB]
1o = 0.003 18.5 12.5 5.1 4.8
o = 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 con-
troller. The propellers were synchronized, and the BPF was 105 Hz.

Mean SPL [dB]

Figure 5: The mean SPL versus time at the BPF
in steady cruise flight condition. Upper solid curve:
Primary noise. Lower solid curve: Twin-tacho. Mid-
dle solid curve: Single-tacho (right). Dashed curve:
Single-tacho (left).

to keep the two propellers perfectly synchronized,
resulting in a slight frequency difference between
the BPFs. The maximum difference was approx-
imately 1 Hz. Figure 8 shows the variation of the
BPF's during flight.

Figures 9 and 10 show the mean SPL versus
time at the BPF and 2xBPF respectively. The
decreased noise attenuation at 2 and 6 seconds de-
pends on the time delay in the reference signals
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Figure 6: The mean SPL versus time at the 2x BPF
in steady cruise flight condition. Upper solid curve:
Primary noise. Lower solid curve: Twin-tacho. Mid-
dle solid curve: Single-tacho (right). Dashed curve:
Single-tacho (left).

introduced by the FFT-filter bank. This delay
implies decreased correlation between the refer-
ence signals and the noise in non-stationary con-
ditions. The rapid variations in the BPFs at the
corresponding times are clearly visible in Fig. 8.
A better tracking performance of the controllers
should be obtained with reduced time delay in
the reference signals. In stationary conditions,
however, there is always enough correlation be-
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Figure 7: Power spectrum of the primary and reduced
noise averaged over all microphones (Twin-tacho con-
troller). Upper solid line: Primary noise. Lower solid
line: po = 0.003. Dashed line: pp = 0.03.

tween narrowband (sinusoidal) signals, irrespec-
tive of delays. Hence, in these cases the time
delay of the reference signals will not affect the
noise reduction.

In non—stationary conditions, and as the fig-
ures show, the difference in the performance be-
tween the controllers was significant. The differ-
ences in the noise reduction between the single—
tacho and the twin-tacho controllers varied. 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 flight condi-
tion with unsynchronized propellers. The figures
also show that there was a difference in the perfor-
mance between the two single—tacho controllers.
On some occasions the controller based on the ref-
erence 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 flight
conditions with variations in the BPFs the best
single-reference based noise reduction is proba-
bly obtained by using the reference which is the
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 con-
troller. Such a controller is able to track both
propellers and thereby efficiently reduce the noise
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Figure 8: A schematic figure showing the BPFs of
the two propellers during the climb to steady cruise
flight.

under all conditions of flight.

Figure 11 illustrates the distributed SPL at the
BPF inside the cabin. The figure is made for the
time corresponding to 7 seconds in Fig. 9. The
SPL of the primary noise is shown in Fig. 11.a,
while the reduced SPL obtained by the single-
tacho controllers using right or left tachometer
signal are shown in Fig. 11.b and 11.c respec-
tively. The SPL achieved using the twin-tacho
controller is illustrated in Fig. 11.d.

4. Summary and Conclusions

To be able to efficiently reduce the propeller—
induced noise inside the cabin of a twin—propeller
aircraft, the controller should be synchronized to
both propellers. This will ensure low noise lev-
els under most flight conditions, regardless of the
rotational speeds of the two propellers. Mod-
ern propeller aircraft are usually fitted with a
synchrophaser unit which synchronizes the pro-
pellers, resulting in the rotational speeds of the
two propellers being equal or almost equal.

The simulations performed and reflected in
this investigation were all based on measurements
produced with the synchrophaser unit engaged.
The results show that a multiple-reference con-
troller provides better performance than a single—
reference controller when a slight deviation exists
in the propeller synchronization (unsynchronized
propellers). The multiple-reference controller is
able to track both propellers, and in this way can
reduce the noise efficiently. The single-reference
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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: T'win-tacho.
Middle solid curve: Single-tacho (right). Dashed
curve: Single-tacho (left).

controller is, however, able to track one propeller
only. The simulations indicate that the deviation
in propeller synchronization is not insignificant in
the climb to steady cruise flight condition.

In conclusion, if the controller must cope with
varying flight conditions, with and without syn-
chronized propellers, a multiple-reference con-
troller is preferable to a single-reference con-
troller.

References

[1] P. A. Nelson, S. J. Elliot, Active Control of
Sound, Academic Press, Inc., (1992).

[2] S. M. Kuo, D. R. Morgan, Active Noise
Control Systems, John Wiley & Sons, Inc.,
(1996).

[3] S. J. Elliot, I. M. Stothers, P. A. Nelson,
A Multiple Error LMS Algorithm and Its
Application to the Active Control of Sound
and Vibration, IEEE Trans. on Acoustics,
Speech, and Signal Processing, Vol.ASSP—
35, 110.10, pp.1423-1434 (1987).

[4] S. J. Elliot, P. A. Nelson, I. M. Stothers, C.
C. Boucher, In—flight experiments on the ac-
tive control of propeller—induced cabin noise,
J. of Sound and Vibration, 140, pp.219-238
(1990).

Mean SPL [dB]

o 1 2z 3 4 5 6 7 8 3
Time [s]

Figure 10: The mean SPL versus time at the 2x BPF
in climb to steady cruise flight condition. Upper solid
curve: Primary noise. Lower solid curve: Twin-tacho.
Middle solid curve: Single-tacho (right). Dashed
curve: Single-tacho (left).

[5] P. Sjosten, S. Johansson, I. Claesson, T. L.
Lago, Multireference controllers for active
control of noise and vibration, Proc. of ISMA
21, Vol.1, pp.295-303 (1996).

[6] S. Haykin, Adaptive Filter Theory, Prentice—
Hall, Inc., (1991).

[7] B. Widrow, S. D. Stearns, Adaptive Signal
Processing, Prentice-Hall, Inc., (1985).

[8] T. Springer, Sliding FFT computes fre-
quency spectra in real time, EDN, pp.161—
170 (1988).

SPL [dB]

Figure 11: The spatial distribution of the SPL in-
side the cabin at BPF, (unsynchronized propellers);
(a) Primary noise, (b) Single-tacho (right), (c) Single—
tacho (left), (d)Twin—tacho. Note, the levels are not
absolute SPLs.



