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Abstract�Critical aircraft assets are required to be available
when needed, while exhibiting attributes of reliability, robust-
ness, and high con�dence under a variety of �ight regimes, and
maintained on the basis of their current condition rather than
on the basis of scheduled maintenance practices. New and inno-
vative technologies must be developed and implemented to ad-
dress these concerns. Condition-based maintenance requires that
the health of critical components/systems be monitored and di-
agnostic/prognostic strategies be developed to detect and identify
incipient failures and predict the failing component�s remaining
useful life. Typically, vibration and other key indicators onboard
an aircraft are severely corrupted by noise, thus curtailing the abil-
ity to accurately diagnose and predict failures. This paper intro-
duces a novel blind deconvolution denoising scheme that employs a
vibration model in the frequency domain and attempts to arrive at
the true vibration signal through an iterative optimization process.
Performance indexes are de�ned and data from a helicopter are
used to demonstrate the effectiveness of the proposed approach.

Index Terms�Blind deconvolution, planetary gear train,
vibration signal denoising.

I. INTRODUCTION

FAULT DETECTION, isolation, and identification, espe-
cially for safety critical components and subsystems, have

recently drawn increasing interest in the condition-based main-
tenance (CBM) community [1]–[4]. Epicyclic, or planetary, gear
trains are widely used in the main transmission of many sys-
tems, such as the helicopter and other aircraft [5], [7]. This kind
of gear system consists of an inner sun gear, two or more ro-
tating planet gears, a stationary outer ring gear, and a planetary
carrier. The planet gears, which surround the sun gear, are rid-
ing on the planetary carrier and also rotating inside the outer
ring gear. In the operation, torque is transmitted through the sun
gear to the planets and planetary carrier. The carrier, in turn,
transmits torque to the main rotor shaft and blades [6]–[9]. The
gearbox is a critical component that directly impacts the safety
and performance of the aircraft.
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Fig. 1. Crack of planetary gear carrier plate of the UH-60A helicopter.

The UH-60A Blackhawk and Seahawk main transmission
employs a five-planet-gear epicyclic gear system [7]. Recently,
a crack in the planetary carrier was found, as shown in Fig. 1.
This resulted in flight restrictions on many helicopters. Manual
inspection of all transmissions is not only costly, but also time
prohibitive. A CBM based on vibration signal analysis is a
cost-effective solution [16]. To measure the vibration signals,
the transducer is mounted at a fixed point on the frame of the
gearbox. If a fault occurs on the gear system, it is expected that
the vibration signal will exhibit a characteristic signature that
reveals the presence, severity, and location of the fault.

In fault diagnosis and failure prognosis, gear health is typi-
cally described in terms of feature or condition indicator (CI)
values, which are extracted from the vibration signals [7]. The
success of diagnosis and prediction of the remaining useful life
of a gear system highly depends on the quality of these fea-
tures. However, during the course of a flight, the vibration sig-
nals derived from accelerometers often have multiple excitation
sources, and in most cases, information about the noise charac-
teristics is not available. The measured output signal is, there-
fore, the combined effect from these different sources. Noise
signals will degrade the quality of the features, and conse-
quently, the performance of diagnosis and prognosis, such as
the detection threshold, the accuracy of remaining useful life
of components, etc. For example, when a fault is at its early
stage, the indication in the vibration signals and the features
is often masked by noise. It is, therefore, important to develop
an efficient and reliable denoising algorithm to remove noise
signals as much as possible and make the fault characteristics
perceptible in the extracted features.
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Fig. 2. Blind deconvolution denoising scheme.

The widely used denoising technique in planetary gears is
time-synchronous averaging (TSA) [7]–[9]. To realize TSA, a
pulse signal that is synchronized to the rotation of a gear indicat-
ing the start of an individual revolution is assumed to be avail-
able. The sampling data collected from different revolutions are
interpolated to the same length, and then, ensemble averaging
is performed. The interpolation operation is often computation-
ally intensive. A TSA technique in the frequency domain has
been proposed to reduce the computation drastically [17]. Some
features are successfully extracted from the TSA data and used
in the fault diagnosis and prognosis [8], [16], [17]. The TSA
technique enhances the components at the frequencies that are
multiples of the shaft frequency, which are often related to the
meshing of the gear teeth [8], [16]. At the same time, it tends
to average out the external random disturbances and noise that
are asynchronous with the rotation of the gear. However, in the
frequency domain, it is possible that some noise components
appear at frequencies that are multiples of the shaft frequency
and enhanced by TSA processing. Hence, it is necessary to fur-
ther denoise the TSA data to achieve better SNR and improve
the quality of the features extracted from the TSA data.

The vibration signal collected from the transducer on the
frame of the gearbox is amplitude modulated and corrupted by
additive noise. Blind deconvolution has shown very promising
results for similarly formulated problems in image and speech
processing [10], [11], but it is rarely applied to vibration sig-
nals [12]–[15]. In this paper, a blind deconvolution scheme,
which consists of vibration analysis, nonlinear projection, and
cost function optimization, is employed to the denoising of the
vibration signals from a UH-60A helicopter gearbox, whose
planetary carrier has a seeded crack fault growing with the
evolving operation of the system. The analysis of the system, the
theoretical basis of the blind deconvolution algorithm, and the
proposed performance indexes are addressed in detail. Experi-
mental results show the effectiveness of the proposed denoising
scheme.

II. DENOISING SCHEME ARCHITECTURE

The architecture of the proposed blind deconvolution denois-
ing scheme is shown in Fig. 2. In this scheme, nonlinear pro-
jection, which is based on vibration analysis in the frequency
domain, and cost function minimization are critical components,
which will be described in later sections. The proposed denois-
ing approach first transforms the measured vibration signal s(t)
to S(f). Then, an inverse filter flZ(f), which is an estimate of

Fig. 3. Configuration of an epicyclic gear system.

the inverse of the modulating signal in the frequency domain, is
convoluted with the measured vibration signal S(f) to demod-
ulate S(f) and give a rough estimate of the noise-free vibration
signal flB(f). The signal flB(f) passes through the nonlinear
projection, which maps flB(f) to a subspace that contains only
known characteristics of the vibration signal, to yield Bnl(f).
The difference between flB(f) and Bnl(f) is denoted as E(f).
By adjusting flZ(f) iteratively to minimize the E(f) and when
E(f) reaches a minimal value, the signal flB(f) � B(f) can be
regarded as the denoised vibration signal. Through an inverse
Fourier transform, the denoised vibration signal in the time do-
main can be obtained as well.

III. SYSTEM DESCRIPTION

The vibration signals are derived from the main transmission
gearbox of the UH-60A helicopter. The gearbox is an epicyclic
gear system with five planet gears, whose configuration is shown
in Fig. 3.

The following analysis assumes an ideal system. The ac-
celerometer is mounted at a fixed point on the annulus gear
at the position � = 0. Since the vibration signal is generated
from the meshing of gear teeth and the planetary gears are ro-
tating inside the angular gear, the vibration signal is amplitude
modulated to the static accelerometer. The observed vibration
amplitude will be large when the planetary gear is close to the
accelerometer, and it will be small when the planetary gear is far.
Suppose that there is only one planetary gear, then the vibration
observed by the transducer should have the largest amplitude
when the planetary gear is at � = 0, 2�, 4�, . . .. Similarly, the
vibration should have the smallest amplitude at � = �, 3�, . . .,
i.e., the teeth meshing vibration signal is amplitude modulated
as the planetary carrier rotates.

In the ideal case, theNp = 5 planetary gears are evenly spaced
and suppose that the planetary carrier has a rotation frequency
of fs . Then, the planetary gear p at time instant t has a phase of

�p = 2�
�

fst +
p � 1
Np

�
. (1)
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In this case, the amplitude-modulating signal for planetary gear
p can be written in the time domain as

ap(t) =
N�

n=�N

�n cos(n�p) (2)

where N is the number of sidebands about the harmonics under
consideration and �n is the amplitude of the component of the
modulating signal at frequency nfs . The “sidebands” are de-
fined as the frequency components that appear as a harmonically
spaced series [6].

In the ideal case, it is natural to assume that all mesh vibrations
generated from different planetary gears are of the same ampli-
tude but of different phases. The annulus gear has Nt = 228
teeth. Since the speed at which teeth meshing takes place is
proportional to the angular velocity of the planetary carrier, the
meshing vibration appears at frequencies Ntfs [6]. In addition,
suppose that, in the frequency domain, the meshing vibration
signal has amplitudes �m at its harmonics, then the vibration
signal generated from planet gear p can be written in the form
of

bp(t) =
M�

m=1

�m sin(mNt�p) (3)

where M is the number of harmonics under consideration.
Then, to the static accelerometer, the vibration signal of plan-

etary gear p appears as the product of the meshing vibration
signal and the amplitude-modulating signal. It is denoted as
yp(t) and is given as

yp(t) = ap(t)bp(t) =
1
2

M�

m=1

N�

n=�N

�n �m sin((mNt + n)�p).

(4)
When there are more than one, say Np , planetary gears, the
vibration signal observed by the accelerometer is the superpo-
sition of the Np vibration signals generated from Np different
planetary gears. This superposition vibration signal has the form

y(t) =
1
2

Np�

p=1

M�

m=1

N�

n=�N

�n �m sin((mNt + n)�p)

=
1
2

Np�

p=1

M�

m=1

N�

n=�N

�n �m sin
�

2�(p � 1)
mNt + n

Np

�
(5)

where (1) and the fact that sin(2k� + �) = sin(�) for any integer
k are used.

Since the planetary gears are evenly spaced, the phase an-
gel of the sidebands will be evenly spaced along 2� [6]. From
(5), it is obvious that if sideband mNt + n is not a multiple
of Np and (mNt + n)/Np has a remainder of �, the vibration
components from different gears are evenly spaced by the an-
gle 2��/Np . In this case, when the vibrations generated from
different planetary gears are combined, these sidebands add
destructively and become zero, as illustrated in Fig. 4(a), in
which �p,m,n with 1 � p � 5 indicates the frequency compo-
nents of gear p. Therefore, the frequency components appear
at sidebands where mNt + n �= kNp are termed as nonregular

Fig. 4. Superposition of vibration from different gears with Np = 5.
(a) mNt + n �= kNp . (b) mNt + n = kNp .

Fig. 5. Spectrum of combined signal with Nt = 228 and Np = 5.

meshing components (NonRMC). On the contrary, if sideband
mNt + n is a multiple of Np , the remainder of (mNt + n)/Np
will be zero. In this case, the vibration components from dif-
ferent gears do not have a phase difference. When the vibration
signals from different planetary gears are combined, these side-
bands add constructively and are reinforced, as illustrated in
Fig. 4(b). These frequency components that appear at sidebands
where mNt + n = kNp are termed as regular meshing compo-
nents (RMC) or apparent sidebands.

This process of frequency components adding destru-
tively/constructively finally generates asymmetrical sidebands.
A partial frequency spectrum of the sidebands about the first-
order harmonic that illustrates this asymmetry is shown in Fig. 5,
where Np = 5 and Nt = 228. Note that the peak of the spec-
trum does not appear at n = 0 (order 228) but at n = �3 (order
225), n = 2 (order 230), etc. The largest spectral amplitude (also
known as dominant sideband) appears at the frequency closest
to the gear meshing frequency.

The vibration analysis in the frequency domain and previous
research results [6], [7] suggest that, for an ideal system, only
terms at frequencies that are multiples of the number of planetary
gears survive. Then, the Fourier transform of the vibration data
can be written as

Y (f) = fnl (�m,n (mNt + n)fs) (6)
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where �m,n is the magnitude of the spectral amplitude at
(mNt + n)fs and fnl is the nonlinear projection

fnl =
�

1, if mNt + n is a multiple of Np
0, otherwise. (7)

From the previous analysis of the system vibration behavior,
the following assumptions are made and used in the blind-
deconvolution scheme.

1) The sidebands of the vibration spectra exist only at fre-
quencies (with a resolution of the planetary carrier rotation
frequency fs ) that are multiples of the number of planetary
gears.

2) The phase of each sideband depends on the geometrical
angular position of the planet and is given by �p(mNt +
n) for sideband (m,n).

3) The amplitude of the modulating signal a(t) decreases
monotonically on either side of the maximum until it
reaches the minimum. Note that this assumption is some-
what restrictive.

IV. BLIND DECONVOLUTION DENOISING SCHEME

From the vibration analysis of the gearbox, we know that the
vibration signals collected from the transducer are amplitude
modulated [6]. Multiple sources of noise may further corrupt
the signal. A simplified model for such a complex signal may
be defined as

s(t) = a(t)b(t) + n(t) (8)

where s(t) is the measured vibration signal, b(t) is the noise-free
unmodulated vibration signal, a(t) is the modulating signal, and
n(t) is the cumulative additive noise.

Note that the modulating signal a(t) is itself affected by noise
in the system. Let �a(t) denote the ideal or noise-free modulat-
ing signal and na(t) the noise introduced in this signal. Conse-
quently, a(t) can be represented as

a(t) = �a(t) + na(t). (9)

Thus, (8) can be rewritten as follows:

s(t) = (�a(t) + na(t))b(t) + n(t)

= �a(t)b(t) + �n(t) (10)

where �n(t) = na(t)b(t) + n(t) contains the total additive noise
in the system. On the other hand, the factor �a(t) describes the
multiplicative noise in the system. The goal for a denoising
scheme, such as the one described here, is to recover the un-
known vibration signal b(t) from the observed signal s(t) given
partial information about the noise sources and characteristics
of the vibration signal.

A typical approach would be to find the inverse of �a(t)

�z(t) =
1

�a(t)
(11)

such that

b(t) = (s(t) � �n(t))�z(t)

= s(t)�z(t) � �n(t)�z(t). (12)

Note, however, that little can be assumed about �n(t), �a(t) is
not available, and �z(t) is not applicable. To solve this problem,
rather than using �z(t), we propose an iterative denoising scheme
that starts with flz(t), a very rough initial estimate of the inverse of
the modulating signal, which demodulates the observed signal
s(t) to give a rough noise-free vibration signal flb(t)

flb(t) = s(t)flz(t). (13)

If partial knowledge about how the plate system is influenced
by the modulating signal �a(t) and a reasonable understanding of
the true vibration signal are available, then the ideal character-
istics of the vibration signal can be obtained by projecting this
estimated signal flb(t) into a subspace with only the known ideal
characteristics of the vibration signal to yield a refined signal
bnl(t). Since this nonlinear projection, as the subscript signifies,
removes all uncharacterisitic components that exist in the rough
estimate flb(t), it is necessary to stress the importance of a good
understanding of the underlying process. An iterative scheme
then refines these results by minimizing the error between the
two signals flb(t) and bnl(t), i.e.,

min �e(t)� = min �flb(t) � bnl(t)�. (14)

Previous research results detail the spectral characteristics of
vibration signals for rotating equipment [6], [7]. It is, there-
fore, appropriate to investigate the measured noisy vibration in
the frequency domain. The convolution theorem states that the
product of two signals in the time domain is equivalent to their
convolution in the frequency domain. Thus, model (10) can be
written in the frequency domain as

S(f) = �A(f) � B(f) + �N(f) (15)

with � being the convolution operator and S(f), �A(f), B(f),
and �N(f) are the Fourier transforms of s(t), �a(t), b(t), and
�n(t), respectively. Then, the goal in the frequency domain is to
recover B(f).

Writing (13) in the frequency domain, we have
flB(f) = S(f) � flZ(f) (16)

with flB(f) and flZ(f) being the Fourier transforms of flb(t) and
flz(t), respectively. Passing flB(f) through the nonlinear projec-
tion, it yields Bnl(f). Then, in the frequency domain, we will
minimize the difference between Bnl(f) and flB(f)

min �E(f)� = min � flB(f) � Bnl(f)�. (17)

The iterative process refines flZ(f) to minimize (17). When it
reaches the minimal value, flZ(f) converges to Z(f). Then, with
this Z(f) replacing flZ(f) in (16), a good estimate for B(f) is
obtained as

B(f) = S(f) � Z(f). (18)

Last, the estimate is transformed back into the time domain
to recover the noise-free vibration signal b(t)

b(t) = F �1B(f) =
� �

��
ei2�f tB(f) df. (19)

To solve this problem, the following additional assumptions
are made (continued from the previous section).
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TABLE I
GROUND TRUTH DATA OF CRACK LENGTH (IN INCHES)

1) Z(f) exists and
�

Z(f) < �.
2) Since the modulating signal �a(t) is always positive, its in-

verse should be positive too. Hence, the Fourier transform
of its inverse Z(f) contains a dc component.

With the previous two assumptions being taken into consid-
eration, the cost function is defined as

J =
�

f �D s u p

[B(f) � Bnl(f)]2 +
��

Z(f) � 1
�2

(20)

where Dsup is the frequency range that contains the main vibra-
tion information. Because of the periodic fade of signal spectra
between harmonics, a window centered at harmonic frequencies
is used to define critical frequencies. All these windows form the
support Dsup . In (20), assumptions 1) and 2) are used to arrive
at the second term to avoid an all-zero inverse filter Z(f), which
leads to the trivial solution for error minimization. Moreover,
an iterative optimization routine is required to implement this
scheme. The iterative conjugate gradient method is called upon
to address the optimization problem. This method has faster
convergence rate in general as compared to the steepest descent
method [11].

V. EXPERIMENTAL RESULTS

The planetary carrier has a seeded crack with an initial length
of 1.344 in. The crack, as shown in Fig. 1, grows with the
evolving operation of the gearbox. The gearbox is installed on a
test bed and operates over a large number of ground-air-ground
(GAG) cycles at different torque levels. This way, vibration
data are acquired at different torque levels and different crack
lengths. In each GAG cycle, the torque increases from 20% to
40%, and finally to 100%, and then, decreases to 20% for the
next cycle.

A. Actual Crack Growth

The ground truth crack length data at discrete GAG cycles
are available and tabulated in Table I. With these data, the crack
length for GAG cycles from 1 to 1000 can be obtained via
interpolation, which results in the crack length growth curve
shown in Fig. 6.

B. Signal-to-Noise Ratio

The SNR, before and after denoising, is investigated, and the
results at 40% and 100% torque levels are shown in Fig. 7(a)
and (b), respectively. The improvement in the SNR value is
significant.

Fig. 6. Growth of crack length.

Fig. 7. (a) SNR at 40% torque. (b) SNR at 100% torque.

C. Feature Performance Indexes

Although the blind deconvolution routine shows a significant
improvement in the SNR, it is desirable that it improves also
the quality of the features or condition indicators. The accuracy
and precision of mappings between the evolution of features
and the actual crack growth have an important impact on the
performance of diagnostic and prognostic algorithms and the
performance of the CBM system overall. To evaluate the quality
of the features, two performance indexes are introduced.

The first performance index is an accuracy measure defined
as the linear correlation between the feature values and the crack
length growth along the GAG cycle axis. Suppose that x is the
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