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Abstract—The aim of this paper is to analyze theoretically and
experimentally the stator current and load torque of a three-phase
induction machine in a hoisting winch system. This is performed
in order to show how these variables are influenced by the wire
rope faulty conditions. When the wire rope is subject to axial and
torsional loads, the outer strands can be separated from the core
in a permanent way and make the rope less reliable. The term
“birdcaging” is used to describe this type of phenomenon by giving
a permanent appearance of a wire rope forced into compression. In
a hoisting winch system, the rope is bent over a drum and a pulley,
and it is torsionally stressed by the fleet angle between them. In this
paper, the effect of the fleet angle is observed in the stator current
and the load torque in order to detect the “birdcaging” effect.
This study is performed on a 22-kW three-phase squirrel-cage
induction machine driving a reduced scale winch system, and it
presents an original noninvasive way to detect a wire rope fault
condition.

Index Terms—Diagnosis, fault detection, hoisting winch sys-
tem, induction machine, load torque, mechanical fault, mechan-
ical load, online condition monitoring, stator current, wire rope
“birdcaging”.

NOMENCLATURE

Twal(t) Load torque driven by the winch drum.

To Average load torque.

Thes foes Pbe  Magnitude, frequency, and phase angle of the
torsional vibration induced by the “birdcaging”
effect.

w(t1im) Rectangular time-dependent window associ-
ated to the duration of the “birdcaging” effect.
tins thin Initial and final times which define the rectan-

gular window.
« Fleet angle between the rope and the plane
normal to the axis of the pulley.
Stator current.
I Magnitude of the stator current component re-
sulting from a healthy stator side.
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I Magnitude of the stator current component pro-
duced by the rotor-induced electromotive force
(EMF).

16 Modulation index due to the “birdcaging”
effect.

fs Power supply frequency.

fr Rotor speed frequency.

foe Frequency characteristic of the “birdcaging”
effect.

F Sampling frequency of the data acquisition
system.

I. INTRODUCTION

ECENTLY, condition monitoring of electrical machines

in complex industrial systems has received deep attention
because it allows increasing the global reliability and decreas-
ing the loss of production due to the different possible faults.
Therefore, many research works have been performed in the
field of condition monitoring for both electrical and mechanical
parts with noninvasive sensors. In this way, advanced methods
have been proposed from the sensor position and implemen-
tation to the final decision process passing through modern
signal processing techniques. Usually, two classes of faults
in electrical machines are considered, and they are related to
electrical and mechanical parts [1]. In the case of induction
machines, the most important electrical faults are related to the
rotor side, being the result of broken rotor bars or cracked end-
rings. For the stator side, the most frequent faults are based on
opening or shorting of turns of phase windings. On the other
hand, the mechanical faults can be classified as bearing defects
[2]-[7], eccentricities [8]-[10], and gearbox failures [11], [12].
From a mechanical engineering point of view, the different
possible faults are mainly related to tooth breakage, tooth root
crack, surface wear, or surface spalling.

Nowadays, the motor current, as well as the torque, the
power, and the flux signature analyses have been considered
as interesting methods for both mechanical and electrical fault
detections. All these techniques avoid invasive sensors, and they
can be implemented in almost all the industrial applications
using electrical machines. In all these cases, the electrical
machine being the prime mover or an auxiliary component can
be considered as a sensor itself for the global system.

The most important method is based on the monitoring of the
stator current in the so-called motor current signature analysis
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(MCSA) to evaluate the electrical and the mechanical faults
by verifying magnitudes of different frequencies in the line
current spectrum [13]-[16]. For example, the evaluation of the
magnitudes of the sideband frequencies around the fundamental
of the stator current is an indicator of the rotor squirrel-cage
health.

Several techniques have been proposed to show the effect
of torque oscillations on the stator current for monitoring
purposes [13]-[15]. In [13], the authors have demonstrated
even by experiments that load torque oscillations make the
stator current modulated in phase. Therefore, this is a proof
that MCSA is convenient for mechanical monitoring purposes.
As the rotational frequency components can be considered as
factors of torque oscillations from the load point of view, it can
be concluded that they will influence both the electromagnetic
torque and the stator current. In [14], the detection of small
torque oscillations in induction machine drives during speed
transients by the stator current analysis has been studied. In
this work, it is mentioned that these oscillations can be the
consequence of mechanical faults. In [16], the stator current and
the load torque of a three-phase induction machine in a hoisting
winch system have been analyzed even by experiments. This
has been done to show how they are influenced by the wire rope
faulty condition (deformation). By using noninvasive sensors
for monitoring mechanical faults, the diagnostic techniques are
interesting since they can be both cheap and reliable. However,
there are not yet many contributions using this approach at the
system level. An example of a simple mechanical component
is the wire rope in a hoisting winch system which has been
analyzed herewith.

Wire ropes are used particularly in such systems where high
load capacity combined with flexibility of the load carrying el-
ements and the inherent damage tolerance are required. Inspec-
tion of a wire rope is necessary to decide whether it is necessary
to replace it [17]. The detectable condition that determines the
appropriate moment to discard a wire rope should reflect the
mode of operation, the mechanism of degradation relevant to
the application, the consequences of the failure, the frequency,
and the reliability of the inspection [18]. Early replacement of a
wire rope can also be caused by structure deformation which
may be the result of an excessive wear or an unusual load
pattern [19]. The magnetic flux leakage method is currently
the most reliable and cost-effective inspection technique for
nondestructive testing of a wire rope [20], [21]. This technique
allows measuring the fringe fields near the rope surface to detect
local defects such as broken wires, corrosion pitting, or local
wear. For this purpose, Hall effect sensors, induction coils, and
other types of magnetic sensors are used [22], [23]. It measures
also changes in the magnetic flux passing through a short length
of the rope to quantify changes in the global wire cross section
[24], [25].

The acoustic emission method of inspection has been de-
veloped for continuous rope monitoring with transient elastic
stress waves generated by the quick release of energy within
the material. Within a wire rope, the main sources of detectable
acoustic emission include wire break, interwire fretting, and
corrosion. The most realistic application of acoustic emission
technology to wire rope monitoring is the detection and the
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location of wire breakages [25]-[27]. Both electromagnetic and
acoustic emission techniques need invasive sensors for efficient
fault detection performances.

Wire ropes which are subject to twist counter in the direction
of the strand winding are loaded in compression, and they can
suffer from the “birdcaging” effect when the strands open up to
leave the central void surrounded by a complex of strands [28].
This phenomenon represents a torsional instability inducing
a structural deformation which involves damage of the wire
rope defined by a local buckling. The rope buckling is a
result of a torsional instability leading to a severe permanent
deformation [29]. These wire rope deteriorations are the results
of fatigue, corrosion, abrasion, and mechanical damage. They
have to be detected in a mandatory way to avoid catastrophic
consequences for the complete system.

This paper analyzes the “birdcaging” effect of a running
wire rope passing over a pulley, with the load torque at the
winch drum and by measuring the stator current of the induction
machine which drives the hoisting winch system. For this
purpose, a prototype of a hoisting winch system driven by a
22-kW 230-V/400-V 47-Hz two-pole-pair three-phase squirrel-
cage induction machine has been designed. This has been done
in order to show the influence of the faulty wire rope on both
the stator current and the load torque. This study presents an
original noninvasive way to detect wire rope fault conditions by
using the induction machine stator current.

II. WIRE ROPE “BIRDCAGING” IN HOISTING
WINCH SYSTEMS

A. Definition of the “Birdcaging” Effect

Steel wire ropes are critical load-bearing components in
a wide range of applications such as cranes, lifts, or mine
haulages [30]. A steel wire rope is a very complex component
which consists of many strands of helical form twisted together
to make a completed structure combining axial strength and
stiffness with flexibility in bending [30], [31]. Each strand
consists of a number of wires laid in helical form around a
strand core which may be a single wire or a group of wires.
Structurally, the wire rope is twisted tightly between strands
and strands and between wires and wires. Therefore, a small
relative sliding among strands and wires occurs when the rope
is subject to the axial tension load and the bending stretch load
on the drum and on the guide wheel, which leads to the fretting
between steel wires. The fretting of steel wires causes damages
and crack initialization and propagation, as well as fracture
failure of the wires [32].

Sometimes, rope distortion, such as the loss of strands, the
“birdcaging” effect, or mechanical damage, can be found in
many applications. These faults contributed to the rope dete-
rioration in service due to fatigue, corrosion, abrasion, and any
other mechanical stress. In sensible applications, the rope health
has to be monitored continuously to ensure its safe mechanical
properties. In the case of huge deterioration, it is important to
discard it in favor of a maximum allowable service life [25],
[33]-[39].

The manufacturing process of a typical wire rope results in
the combination of axial strength and stiffness with bending
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(b) (d)

Fig. 1. Some cases of “birdcaging” effect in wire ropes [42]. [(a) and (b)]
Deformed rotation-resistant wire rope. (c) Unlaid wire rope. (d) Surplus of
strand lengths in the steel core.

flexibility. A further consequence of the geometry of classical
steel ropes is that they are torsionally active, generating a torque
in response to the tensile load when ends are constrained against
rotation or conversely twisted around their axis when one end
is not constrained. Then, this last condition generates large
torsion fatigue. Torsional oscillations are the consequences of
tensile load fluctuations [37], [40]-[42], as well as torsional
oscillations leading to fluctuations in the rope tensile load.
When a rope is twisted, the original construction is modified.
This deformation increases the length of outer wires compared
to the core wires and makes the rope less efficient. The term
“birdcaging” effect is used to describe this type of phenomenon,
giving a permanent appearance of a wire rope forced into
compression [43]-[45] (Fig. 1).

B. Mechanical Effect on the Pulley

The ideal operating condition of a wire rope in hoisting
winch systems is the perfect alignment of the rope in the vertical
axis of the pulley by entering and leaving the pulley groove
[Fig. 2(a)]. Nevertheless, this condition cannot be practically
verified because the fleet angle is introduced by both the relative
position between the drum and the pulley and their relative
dimensions [Fig. 2(b)]. The fleet angle is the angle between
the rope and the plane normal to the axis of the drum or the
pulley. If the fleet angle is too large, the rope tends to abrade
on the adjacent wrap or the groove flank [18]. The maximum
angle of deviation of the rope from the axis of the pulley groove
must not exceed 1.5° [44]. Excessive fleet angles can cause
serious damages to the wire rope, the pulley, and the drum.
Severe friction results when the rope wears against groove
walls, grinding them down and causing the rope to become
bruised or crushed. The fleet angle must be minimized for the
best wire rope service. In practice, a slight fleet angle between
the rope and the plane of the pulley cannot always be avoided.

With a large fleet angle, the rope does not enter in the pulley
at the lowest point of the groove. It touches initially the groove
on the flange and then rolls into the bottom of the groove. This
rolling action (Fig. 3) twists the rope around itself, with the
direction perpendicular to the pulley rotation [44], [45]. The
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Fig. 2. Operating condition of the wire rope on the pulley: (a) Ideal direction
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Fig. 3. Wire rope rolling to the bottom of the pulley groove because of a large
fleet angle.

more the friction effect at the point of contact is, the more
significant the twist effect is.

C. Influence on the Drum Torque

When the wire rope structure is deformed because of the
“birdcaging” effect, the friction produced by the fleet angle is
increased. In this condition, the wire rope rotation around its
axis is important, and it is increasing the torque friction up to
the slip condition where the rotation is reversed. This effect is
producing an oscillatory torsion on the running wire rope for
the segment modified by the “birdcaging” effect. This torsional
oscillation leads to fluctuations in the rope tensile load and then
in the load torque driven by the winch drum. When the wire
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rope “birdcaging” segment is passing on the pulley, this load
torque can be expressed as [11], [13], [14]

Twa(t) = To + u(tiim) - The coS(27 foct — dbe) (D

where Tj is the average load torque, T, fve, and ¢y, are the
magnitude, the frequency, and the phase angle, respectively, of
the torsional vibration induced in the tensile load by the wire
rope segment affected by the “birdcaging” effect, and (¢ ) is
a rectangular time-dependent window which is defined as

ulty )é 1, fortin.gtgtﬁn
mn 0, otherwise

2

with t;, being the initial time when the wire rope “birdcaging”
segment reaches the pulley and g, being the final time when
the effect of this perturbation is fully attenuated in the load
torque. Theoretically, the frequency component induced by the
“birdcaging” effect on the winch drum load torque can be
localized in the spectrogram as

fwd—be(t) = u(tiim) - foc- 3)

Every torsional vibration in the mechanical system has an
influence on the load torque applied at the induction machine
rotor side. Then, the wire rope “birdcaging” effect on the stator
current can be observed as a phase modulation and can be
formulated as follows [11], [13], [14]:

I(t)=Isin(27 fst) + I sin[27 fst + u(tiim) - B cos(27 fret)]
“)

where f; is the power supply frequency and 3 is the modulation
index introduced by the wire rope “birdcaging” perturbation.
The first term I sin(27 ft) represents the stator current result-
ing from a healthy stator side, and the second one is the current
component produced by the rotor-induced EMF on the stator
side. When the wire rope “birdcaging” segment is passing on
the pulley, u(tm) = 1, and then, the load torque perturbation
modulates in phase the stator current in a transient time. Oth-
erwise, u(t;m) = 0, and no modulation effect is present in the
stator current. Theoretically, the frequency component induced
by the “birdcaging” effect on the stator current can be localized
in the spectrogram as

fsfbc(t) = fs + u(tlim) sm- fbc (5)

withm =1,2,3,....

III. EXPERIMENTAL RESULTS
A. Test-Bed Description

A special test bed has been designed in order to show the
influence of the wire rope “birdcaging” effect on the winch
drum load torque and on the stator current of the induction
machine which drives the hoisting winch system. This test bed
consists of two winches of the same characteristics. Winch A
is used for hoisting purposes, and winch B is used to simulate
the load operating conditions of winch A (Fig. 4). The elec-
trical machine driving each winch is a 22-kW 47-Hz 230-V/
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Fig. 4. Test-bed configuration.

(a) (b)

Fig. 5. Practical simulation of the “birdcaging” effect on a wire rope:
(a) Copper wire of diameter | mm wound on a length of 100 mm and (b) copper
wire of diameter 2.6 mm wound on a length of 85 mm.

400-V two-pole-pair three-phase squirrel-cage induction ma-
chine which is connected to a three-stage planetary gearbox
with a reduction ratio of 1:77. Winch A is driven by a closed-
loop speed control to ensure a constant speed in both winding
and unwinding processes of the wire rope for any load between
a minimum and a maximum. Winch B is driven by a closed-
loop torque control to simulate a constant load on the wire
rope at any speed in both winding and unwinding situations.
Between the two winches, the wire rope is installed passing
by a sliding pulley, which minimizes the fleet angle. The wire
rope has a diameter of 14 mm, and the “birdcaging” effect is
simulated by winding around the rope a thin wire in a near-
uniform way in order to replicate an increase of the diameter
on a given wire rope segment (Fig. 1). In this way, two wires of
diameters 1.0 and 2.6 mm wound on lengths of 100 and 85 mm,
respectively, have been used to simulate two levels of modified
diameter (Fig. 5). For the first case, no visible presence of 14%
of wire rope diameter change has been detected in the different
signals, and this case has been no longer investigated. However,
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Fig. 6. Load torque at the drum at the instant when the segment of
the modified wire rope is passing on the pulley (300 daN of load level).
(a) Signal in the time domain. (b) Time—frequency representation in the
frequency bandwidth [0 Hz, 8 Hz].

in the second case with 37% of wire rope diameter change, it
has been easily detected in all the observed signals as it will be
presented herewith.

The stator current of the induction machine driving winch
A and the load torque at the drum are measured using a 24-b
data acquisition system associated to a personal computer. The
proposed setup has been designed to observe many physical
quantities such as vibration, acoustic emission, noise, load
torque, voltage, current, speed, and temperature, under the
effect of several mechanical faults. All these features have not
been used in this paper. In order to correlate all the measured
physical variables at any frequency, the sampling frequency of
the data acquisition system has been set to F; = 25 kHz, taking
into account vibration phenomena which can be detected at a
maximum frequency around 10 kHz. The signals are processed
under the MATLAB environment with the Welch method by
an overlap of 50% and the 3-D spectrogram using the Hanning
window. The resulting spectra and spectrograms are normalized
using as reference magnitude the main component of the stator
current and of the average torque, with everything being ex-
pressed in decibels. Two tests have been performed to hoist two
loads at 300-daN (light-load) and 1000-daN (rated-load) levels
for a drum speed of 1.82 rad/s.

B. Analysis and Interpretation of Measurements

With the drum rotating at 1.82 rad/s, the first test has been
performed for a load of 300 daN. In this case, the induction
machine rotor speed frequency is f,, = 22.42 Hz, and the stator
current fundamental frequency is f; = 45 Hz. The load torque
signal at the instant when the segment of the modified wire rope
is passing on the pulley between ¢i, = 10.5 s and {5, = 12.5 s
has been analyzed (Fig. 6). In this signal, it can be observed
that the wire rope fault condition introduces a nonstationary
load torque oscillation that can be easily identified at fi,. =
1.75 Hz in the load torque spectrum (Fig. 7). In the load
torque spectrum, it can be observed that the magnitude of
frequency component fi,. presents a sensitivity of 9.5 dB to the
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Fig. 7. Load torque spectrum in the frequency bandwidth [0 Hz, 8 Hz] for a

load of 300 daN at a drum speed of 1.82 rad/s, (top) with a healthy wire rope
and (bottom) with a faulty wire rope.

TABLE 1
OBSERVED FREQUENCY COMPONENTS IN THE LOAD TORQUE SPECTRUM
FOR THE DETECTION OF THE “BIRDCAGING” EFFECT AT LIGHT LOAD

Healthy Faulty
Frequency [Hz] Amplitude [dB]
I 22.42 -120 -116
Fre 1.75 -73 -63.5

“birdcaging” effect. The magnitude of frequency component
fr shows a sensitivity of about 4 dB in the same condition
(Table I). The presented test (Fig. 6) shows at the end of
the load torque signal, between 22.5 and 25 s, the effect of
the normal wire rope operation. This last phenomenon can be
distinguished from the “birdcaging” effect because it induces
other components at higher frequencies compared to the ones
generated by the observed mechanical fault.

Fig. 8 shows the time—frequency analysis of the load torque
signal by using the spectrogram with a healthy wire rope and
a faulty wire rope. The nonstationary load torque oscillation
induced by the wire rope fault can be detected at the correct
instant given by the load torque signal and at the same fre-
quency detected in the spectrum (fy. = 1.75 Hz). In the load
torque spectrogram, it is also shown that, for the period for
which the faulty segment of the wire rope is passing on the
pulley, the magnitude of this frequency is increased by about
15 dB. In healthy condition [Fig. 8(a)], it can be observed a
slight fluctuation of this last frequency component, showing the
current-induced stress by the twist effect of the wire rope in
healthy condition.

Fig. 9 shows the stator current spectrum for the same con-
dition of wire rope fault. It can be observed that the effect of
wire rope deformation influences the magnitudes of the fre-
quency components fspe = fs £ fpe for m =1, fs =45 Hz,
and f,. = 1.75 Hz as proposed in (2). It presents a sensitivity
of about 12 dB, while components depending on the rotor speed
frequency fs = fs = fr (fr =22.42 Hz) are not sensitive
(Table II).

Fig. 10 shows the stator current spectrogram for the same
previous condition with the healthy wire rope and the faulty



1732 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 58, NO. 5, MAY 2011

Amplitude [dB]

190 Wire rope in healthy

condition

-120~ ;
fi=1.75Hz

30 M~

6 4
Frequency [Hz]

10
Time [s] 0

Amplitude [dB]
&
o

Wire rope “birdcaging*

-100~
20 passing on the pulley
5 £=1.75Hz

TS

_ 10 \(///‘T/T/AO
Time [s] 0 1o 8 6
Frequency [Hz]
(b)

Fig. 8. Load torque spectrogram in the frequency bandwidth [0 Hz, 10 Hz] at
the instant when the segment of the modified wire rope is passing in the pulley
for a load of 300 daN at a drum speed of 1.82 rad/s. (a) Healthy wire rope.
(b) Faulty wire rope.
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Fig. 9. Stator current spectrum in the frequency bandwidth [40 Hz, 50 Hz] for
aload of 300 daN at a drum speed of 1.82 rad/s, (top) with a healthy wire rope
and (bottom) with a faulty wire rope.

wire rope. It can be observed that, when the deformed wire rope
is passing on the pulley, the level of the sideband frequency
component given by fspe = fs + foc (46.75 Hz) is increased
by about 10 dB from 10.5 to 12.5 s (Fig. 11). The other

TABLE 1II
OBSERVED FREQUENCY COMPONENTS IN THE STATOR CURRENT
SPECTRUM FOR THE DETECTION OF THE “BIRDCAGING”
EFFECT AT LIGHT LOAD

Healthy

Faulty

Frequency [Hz]

Amplitude [dB]

Ssfr

22.58

-108

-110

Sty

67.42
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Fig. 10. 2-D stator current spectrogram in the frequency bandwidth [40 Hz,

50 Hz] at the instant when the segment of the modified wire rope is passing in
the pulley for a load of 300 daN at a drum speed of 1.82 rad/s. (a) Healthy wire
rope. (b) Faulty wire rope.

sideband frequency component fg,. = fs — foe (43.25 Hz) is
not shown, but its change is almost the same (Fig. 11). In
healthy condition [Fig. 11(a)], the frequency component given
by fsbe = fs + foc has a slight fluctuation as in the load torque.

The second test has been performed for a drum rotating speed
of 1.82 rad/s and a load of 1000 daN. The induction machine
rotor speed frequency is always f,. = 22.42 Hz, and the stator
current fundamental frequency is not modified (f, = 45 Hz).
In Fig. 12, it is shown that the load torque oscillation due
to the wire rope “birdcaging” effect is present between ¢;, =
16 s and tg, = 19.5 s. In this case, the oscillation frequency
is foe = 1.73 Hz. The torque magnitudes of the frequency
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Fig. 11. 3-D stator current spectrogram in the frequency bandwidth [40 Hz,

50 Hz] at the instant when the segment of the modified wire rope is passing in
the pulley for a load of 300 daN at a drum speed of 1.82 rad/s. (a) Healthy wire
rope. (b) Faulty wire rope.
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Fig. 12. Load torque at the drum at the instant when the segment of
the modified wire rope is passing in the pulley (1000 daN of load level).
(a) Signal in the time domain. (b) Time—frequency representation in the
frequency bandwidth [0 Hz, 8 Hz].

components f. and f,. are shown (Table III) with a smaller
value for component f, and with a sensitivity to the “bird-
caging” effect of 4 dB for component f},.. Nevertheless, it is
clearly observed in the spectrogram (Fig. 13) that the magnitude
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TABLE III
OBSERVED FREQUENCY COMPONENTS IN THE LOAD TORQUE SPECTRUM
FOR THE DETECTION OF THE “BIRDCAGING” EFFECT AT RATED LOAD

Healthy Faulty
Frequency [Hz] Amplitude [dB]
I 2242 -134 -128
e 1.73 -74 -70
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Fig. 13. Load torque spectrogram in the frequency bandwidth [0 Hz, 10 Hz] at

the instant when the segment of the modified wire rope is passing in the pulley
for a load of 1000 daN at a drum speed of 1.82 rad/s. (a) Healthy wire rope.
(b) Faulty wire rope.

of this last frequency component has a sensitivity of 12 dB to
the “birdcaging” effect.

In the stator current spectrum, frequency components fg, =
fs = f are not at all sensitive, and frequency components
fsbe = fs £ foc present a large sensitivity to the “birdcaging”
effect of about 19 dB (Table IV). This sensitivity is also present
in the stator current spectrogram (Fig. 14) on the sideband
frequency components. Fig. 15 shows the frequency component
at 46.73 Hz with a sensitivity of 8 dB to the wire rope fault. In
healthy condition [Fig. 15(a)], the frequency component given
by fsbe = fs + foc has always a slight fluctuation as in the
other cases.

By observing only the spectrogram results, the fault sensitiv-
ity of related frequency components in this last case is slightly
decreased for both the load torque and the stator current. This
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TABLE IV
OBSERVED FREQUENCY COMPONENTS IN THE STATOR CURRENT
SPECTRUM FOR THE DETECTION OF THE “BIRDCAGING”
EFFECT AT RATED LOAD
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Fig. 14. 2-D stator current spectrogram in the frequency bandwidth [40 Hz,
50 Hz] at the instant when the segment of the modified wire rope is passing in
the pulley for a load of 1000 daN at a drum speed of 1.82 rad/s. (a) Healthy
wire rope. (b) Faulty wire rope.

observation can be explained as a consequence of increasing the
load torque. By observing the initial magnitude of the analyzed
spectrograms, a threshold level can be defined around —40 dB
for frequency components fj, in the load torque and fs £ fi,c
in the stator current. Above this given threshold which corre-
sponds with the data acquisition system signal/noise ratio in this
environment, the “birdcaging” effect can be easily recognized.

Different tests have been performed with other drum speeds,
and it has been observed that the effect of “birdcaging” cannot
be detected if the speed is too low even at high load levels
(a speed of 0.13 rad/s with a load of 2000 daN). On the
other hand, if the drum speed is high enough at a high load

O
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Fig. 15.  3-D stator current spectrogram in the frequency bandwidth [40 Hz,

50 Hz] at the instant when the segment of the modified wire rope is passing in
the pulley for a load of 1000 daN at a drum speed of 1.82 rad/s. (a) Healthy
wire rope. (b) Faulty wire rope.

level (a speed of 3.3 rad/s with a load of 2000 daN), the
“birdcaging” effect is well detected in both the load torque
and the stator current at the same frequency components as
previously explained. Therefore, there is a speed limit under
which fault detection is not possible because of the sensitivity
of the global system to this type of fault.

The frequency component f},. induced in the load torque has
been determined by experiment, and it clearly depends on how
the wire simulating the “birdcaging” effect is wound around
the main wire rope. As it is certainly related to the different di-
mensions of the mechanical system, it can be determined as the
first torque main frequency component after 0 Hz (fundamental
component for the torque).

IV. CONCLUSION

In complex electromechanical systems, a wire rope is often
used as a means of mechanical force transmission. Therefore,
its main mechanical fault leads to a deformation which is
followed by an effect by the fleet angle on the pulley. It induces
a significant increase in the torsional stress when the wire rope
segment modified by the “birdcaging” effect is passing on the
pulley. This torsional force is oscillatory, and it introduces a
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tensile stress on the wire rope load. This last phenomenon can
be observed in the load torque measured at the winch drum.
Many ways of detection have been proposed by mechanical
engineers. In this paper, the main original contribution consists
of an original way to detect this wire rope fault condition in the
stator current of the electrical machine which drives the hoist
winch system.

By knowing that the “birdcaging” effect affects only a little
segment of the wire rope and that it introduces a nonsta-
tionary oscillation, the detection of this type of fault needs a
time—frequency analysis. The results obtained with the pro-
posed technique have shown an important sensitivity of the load
torque and the stator current to the “birdcaging” effect even at
different load levels and at different speeds. Therefore, it can be
concluded that the time—frequency analysis of the stator current
is a good indicator for the detection of the “birdcaging” effect
in a wire rope associated to a hoisting winch system. It has
been found that, by increasing the load torque, the resulting
signal is slightly attenuated, as well as the “birdcaging” effect
in the driven electrical machine stator current. However, in
all cases, the fault sensitivity is between 5 and 10 dB with
respect to a defined threshold which is really significant. This
evaluation makes the MCSA, with a time—frequency analysis,
a very efficient tool to detect “birdcaging” effects in complex
electromechanical systems using wire ropes.

REFERENCES

[1] A. Bellini, F. Filippetti, C. Tassoni, and G. A. Capolino, “Advances in di-
agnostic techniques for induction machines,” IEEE Trans. Ind. Electron.,
vol. 55, no. 12, pp. 41094126, Dec. 2008.

F. Immovilli, M. Cocconcelli, A. Bellini, and R. Rubini, “Detection of

generalized-roughness bearing fault by spectral-kurtosis energy of vi-

bration or current signals,” IEEE Trans. Ind. Electron., vol. 56, no. 11,

pp. 4710-4717, Nov. 2009.

B. Trajin, J. Regnier, and J. Faucher, “Comparison between stator current

and estimated mechanical speed for the detection of bearing wear in asyn-

chronous drives,” IEEE Trans. Ind. Electron., vol. 56, no. 11, pp. 4700—

4709, Nov. 2009.

H. Zoubek, S. Villwock, and M. Pacas, “Frequency response analysis for

rolling-bearing damage diagnosis,” IEEE Trans. Ind. Electron., vol. 55,

no. 12, pp. 4270-4276, Dec. 2008.

A. Ibrahim, M. El Badaoui, F. Guillet, and F. Bonnardot, “A new bearing

fault detection method in induction machines based on instantaneous

power factor,” IEEE Trans. Ind. Electron., vol. 55, no. 12, pp. 42524259,

Dec. 2008.

[6] W. Zhou, T. G. Habetler, and R. G. Harley, “Bearing fault detection via
stator current noise cancellation and statistical control,” IEEE Trans. Ind.
Electron., vol. 55, no. 12, pp. 4260-4269, Dec. 2008.

[7] M. Blodt, P. Granjon, B. Raison, and G. Rostaing, “Models for bearing
damage detection in induction motors using stator current monitoring,”
IEEE Trans. Ind. Electron., vol. 55, no. 4, pp. 1813-1822, Apr. 2008.

[8] B. M. Ebrahimi, J. Faiz, and M. J. Roshtkhari, “Static-, dynamic-, and

mixed-eccentricity fault diagnoses in permanent-magnet synchronous

motors,” IEEE Trans. Ind. Electron., vol. 56, no. 11, pp. 4727-4739,

Nov. 2009.

R. N. Andriamalala, H. Razik, L. Baghli, and F.-M. Sargos, “Eccentricity

fault diagnosis of a dual-stator winding induction machine drive consid-

ering the slotting effects,” IEEE Trans. Ind. Electron., vol. 55, no. 12,

pp. 4238-4251, Dec. 2008.

[10] M. Drif and A. J. M. Cardoso, “Airgap-eccentricity fault diagnosis, in
three-phase induction motors, by the complex apparent power signature
analysis,” IEEE Trans. Ind. Electron., vol. 55, no. 3, pp. 1404-1410,
Mar. 2008.

[11] S. H. Kia, H. Henao, and G. A. Capolino, “Analytical and experimental
study of gearbox mechanical effect on the induction machine stator cur-
rent signature,” IEEE Trans. Ind. Appl., vol. 45, no. 4, pp. 1405-1415,
Jul./Aug. 2009.

[2

—

3

[t}

[4

—_

[5

—_

[9

—

1735

[12] S. H. Kia, H. Henao, and G.-A. Capolino, “Torsional vibration effects
on induction machine current and torque signatures in gearbox-based
electromechanical system,” IEEE Trans. Ind. Electron., vol. 56, no. 11,
pp. 4689-4699, Nov. 2009.

[13] M. Blodt, M. Chabert, J. Regnier, and J. Faucher, “Mechanical load fault
detection in induction motors by stator current time—frequency analysis,”
IEEE Trans. Ind. Appl., vol. 42, no. 6, pp. 1454-1463, Nov./Dec. 2006.

[14] M. Blodt, J. Regnier, M. Chabert, and J. Faucher, “Fault indicators for
stator current based detection of torque oscillations in induction motors at
variable speed using time—frequency analysis,” in Proc. 3rd IET Int. Conf.
Power Electron., Mach. Drives, Mar. 2006, pp. 56—60.

[15] R. R. Obaid and T. G. Habetler, “Current-based algorithm for mechanical
fault detection in induction motors with arbitrary load conditions,” in
Conf. Rec. IEEE IAS Annu. Meeting, Oct. 2003, vol. 2, pp. 1347-1351.

[16] H. Henao, S. M. J. Rastegar Fatemi, S. Sieg-Zieba, and G. A. Capolino,
“Detection of birdcaging in steel wire rope of a hoisting winch system by
analysis of load torque and stator current,” in Proc. IEEE Int. SDEMPED,
Aug. 31-Sep. 3, 2009, pp. 1-6.

[17] G. Piskoty, M. Zgraggena, B. Weissea, C. Affoltera, and G. Terrasia,
“Structural failures of rope-based systems,” Eng. Failure Anal., vol. 16,
no. 6, pp. 1929-1939, Sep. 2009.

[18] C. R. Chaplin, “Failure mechanisms in wire ropes,” Eng. Failure Anal.,
vol. 2, no. 1, pp. 45-57, Mar. 1995.

[19] K. Schrems and D. Maclaren, “Failure analysis of a mine hoist rope,” Eng.
Failure Anal., vol. 4, no. 1, pp. 25-38, Mar. 1997.

[20] J. R. Wait, “Review of electromagnetic methods in nondestructive testing
of wire ropes,” Proc. IEEE, vol. 67, no. 6, pp. 892-903, Jun. 1979.

[21] H. R. Weischedel, The Magnetic Flux Leakage Inspection of Wire
Ropes, NDT Technologies, Inc., 19 pp. [Online]. Available: http://www.
ndttech.com/Papers/FluxLeakageWireRopes.pdf

[22] G. Wei and C. Jianxin, “A transducer made up of fluxgate sensors for
testing wire rope defects,” IEEE Trans. Instrum. Meas., vol. 51, no. 1,
pp. 120-124, Feb. 2002.

[23] C. Jomdecha and A. Prateepasen, “Design of modified electromagnetic
main-flux for steel wire rope inspection,” NDT & E Int., vol. 42, no. 1,
pp. 77-83, Jan. 2009.

[24] Health and Safety Executive, Wire Rope Non-Destructive Testing—
Survey of Instrument Manufacturers, Offshore Technology Report,
2000. [Online]. Available: http://www.hse.gov.uk/research/otopdf/2000/
0to00064.pdf

[25] Health and Safety Executive, Wire Rope Offshore—A Critical Review
of Wire Rope Endurance Research Affecting Offshore Applications,
Offshore Technology Report, 1991, 319 pp. [Online]. Available: http://
www.hse.gov.uk/research/othpdf/200-399/0th341.pdf

[26] N. F. Caseya and P. A. A. Laura, “A review of the acoustic-emission
monitoring of wire rope,” Ocean Eng., vol. 24, no. 10, pp. 935-947,
Nov. 1997.

[27] G. Drummond, J. F. Watson, and P. P. Acarnley, “Acoustic-emission from
wire ropes during proof load and fatigue testing,” NDT & E Int., vol. 40,
no. 1, pp. 94-101, Jan. 2007.

[28] D. M. Stump and G. H. M. van der Heijden, “Birdcaging and the col-
lapse of rods and cables in fixed-grip compression,” Int. J. Solids Struct.,
vol. 38, no. 24, pp. 4265-4278, Jun. 2001.

[29] N. S. Ermolaeva, J. Regelink, and M. P. M. Krutzen, “Hockling behaviour
of single- and multiple-rope systems,” Eng. Failure Anal., vol. 15, no. 1/2,
pp. 142—-153, Jan.—Mar. 2008.

[30] A.R.T.de Silva and L. W. Fong, “Effect of abrasive wear on the tensile
strength of steel wire rope,” Eng. Failure Anal., vol. 9, no. 3, pp. 349-358,
Jun. 2002.

[31] M. Giglio and A. Manes, “Bending fatigue tests on a metallic wire rope
for aircraft rescue hoists,” Eng. Failure Anal., vol. 10, no. 2, pp. 223-235,
Apr. 2003.

[32] D. K. Zhang, S. R. Ge, and Y. H. Qiang, “Research on the fatigue and
fracture behavior due to the fretting wear of steel wire in hoisting rope,”
Wear, vol. 255, no. 7-12, pp. 1233-1237, Aug./Sep. 2003.

[33] J. Ma, S. Ge, and D. Zhang, “Distribution of wire deformation within
strands of wire ropes,” J. China Univ. Mining Technol., vol. 18, no. 3,
pp. 475478, Sep. 2008.

[34] C. Mapelli and S. Barella, “Failure analysis of a cableway rope,” Eng.
Failure Anal., vol. 16, no. 5, pp. 1666—-1673, Jul. 2009.

[35] I.Ridge, C.R. Chaplin, and J. Zheng, “Effect of degradation and impaired
quality on wire rope bending over sheave fatigue endurance,” Eng. Failure
Anal., vol. 8, no. 2, pp. 173-187, Apr. 2001.

[36] C. R. Chaplin, “Interactive fatigue in wire rope applications,” Proc.
Symp. MoSS, Keynote Lecture, Jul. 2008, 12 pp. [Online].
Available: http://wwwcgi.rdg.ac.uk/web/FILES/cme/cme-chaplin_
InteractiveFatigue.pdf



1736

[37] H. Usabiaga and J. M. Pagalday, “Analytical procedure for modelling
recursively and wire by wire stranded ropes subjected to traction and
torsion loads,” Int. J. Solids Struct., vol. 45, no. 21, pp. 5503-5520,
Oct. 2008.

[38] K. Feyrer, Wire Ropes—Tension,
Germany: Springer-Verlag, 2007.

[39] I. Ridge, “Tension—torsion fatigue beahaviour of wire ropes in offshore
moorings,” Ocean Eng., vol. 36, no. 9/10, pp. 650-660, Jul. 2009.

[40] C. R. Chaplin, “Torsional failure of a wire rope mooring line during
installation in deep water,” Eng. Failure Anal., vol. 6, no. 2, pp. 67-82,
Apr. 1999.

[41] C. R. Chaplin, G. Rebel, and I. Ridge, Tension—Torsion Fatigue Effects
in Wire Ropes, OIPEEC Bulletin 77, Reading, U.K., 1999, 7 pages.
[Online].  Available:  http://www.bgisl.com/RRR_OE_Twist_article_
OIPEEC_1999.pdf

[42] R. Verreet and 1. Ridge, Wire Rope Forensics. [Online]. Available:
http://www.casar.de/portals/casar/story_docs/Broschueren/wire_rope_
forensics_a4.pdf

[43] R. Verreet, Steel Wire Ropes for Cranes Problems and Solu-
tions. [Online]. Available: http://www.casar.de/portals/casar/story_docs/
Broschueren/casar_steel_wire_ropes.pdf

[44] Health and Safety Commission, Guidance on the Selection, Installa-
tion, Maintenance and Use of Steel Wire Ropes in Vertical Mine Shaffts,
Deep Mined Coal Industry Advisory Committee, 2004, 139 pp. [Online].
Available: http://www.hse.gov.uk/pubns/micvertical.pdf

[45] R. Verreet, The Rotational Characteristics of Steel Wire Ropes. [Online].
Available: http://www.casar.de/portals/casar/story_docs/Broschueren/

Endurance, Reliability. Berlin,

casar_rotation

Humberto Henao (M’95-SM’05) received the
M.Sc. degree in electrical engineering from the Tech-
nological University of Pereira, Pereira, Colombia,
in 1983, the M.Sc. degree in power system plan-
ning from the Universidad de los Andes, Bogotd,
Colombia, in 1986, and the Ph.D. degree in electrical
engineering from the Institut National Polytechnique
de Grenoble, Grenoble, France, in 1990.

From 1987 to 1994, he was a Consultant for
companies such as Schneider Industries and GEC
Alstom in the Modeling and Control Systems Lab-
oratory, Mediterranean Institute of Technology, Marseille, France. In 1994, he
joined the Ecole Supérieure d’Ingénieurs en Electrotechnique et Electronique,
Amiens, France, as an Associate Professor. In 1995, he joined the Department
of Electrical Engineering, University of Picardie “Jules Verne,” Amiens, as
an Associate Professor, where he has been a Full Professor since 2010. He
is currently the Department Representative for international programs and
exchanges (SOCRATES). He also leads the research activities in the field
of condition monitoring and diagnosis for power electrical engineering. His
main research interests are modeling, simulation, monitoring, and diagnosis of
electrical machines and drives.

Seyed Mohammad Javad Rastegar Fatemi was
born in Saveh, Iran. He received the B.Sc. degree
in electrical engineering from Islamic Azad Univer-
sity, Saveh, in 1998 and the M.Sc. degree in ad-
vanced power electrical engineering (MAPEE) from
the University of Picardie “Jules Verne,” Amiens,
France, in 2006, where he is currently working to-
ward the Ph.D. degree in the Department of Electri-
cal Engineering.
‘{ From 2000 to 2005, he was a Technical Manager
with Ceram Negar Company, Saveh. His research
interests include electrical machines and drives for which he developed methods
to detect electrical faults using voltage, current, and flux sensors.

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 58, NO. 5, MAY 2011

Gérard André Capolino (A’77-M’82-SM’89—
F’02) was born in Marseille, France. He received the
B.Sc. degree in electrical engineering from the Ecole
Centrale de Marseille, Marseille, in 1974, the M.Sc.
degree from the Ecole Supérieure d’Electricité, Paris,
France, in 1975, the Ph.D. degree from the Université
de Provence Aix-Marseille I, Marseille, in 1978, and
the D.Sc. degree from the Institut Polytechnique de
Grenoble, Grenoble, France, in 1987.

He held tenure positions in the University of
Yaoundé I, Yaoundé, Cameroon, the University of
Burgundy, Dijon, France, and the Mediterranean Institute of Technology,
Marseille. In 1994, he joined the University of Picardie “Jules Verne,” Amiens,
France, as a Full Professor, and he is currently the Director of the European
Master in Advanced Power Electrical Engineering (MAPEE) recognized by
the European Commission in 2004. He has been a Visiting Professor in many
universities, including the Universitat Politecnica de Catalunya, Barcelona-
Tech, Barcelona, Spain; the Catholic University of Leuven (KUL), Leuven,
Belgium; Texas A&M University, College Station; the University of Oviedo,
Gijon, Spain; the University of Bologna, Bologna, Italy; Tunis University,
Tunis, Tunisia; the Ecole de Technologie Supérieure, Montreal, QC, Canada;
Politecnico di Torino, Torino, Italy; and the University of Corsica Pascal Paoli,
Corte, France. His research interests have been focused on modeling and control
of induction machines for at least 15 years. For the last 20 years, he has been
involved in condition monitoring and fault detection of ac electrical machinery
for which he has developed many innovative techniques. He has published more
than 400 papers in scientific journals and conference proceedings since 1975.

Dr. Capolino has been involved in many IEEE activities in the France
Section, the Region 8, the Power Electronics Society (PELS), the Industry
Applications Society, and the Industrial Electronics Society (IES) for which he
is the acting President-Elect. He is the acting Chair for the Steering Committee
of the International Conference on Electrical Machines (ICEM). He was the
recipient of the 2008 IEEE-IES Dr.-Ing. Eugene Mittelmann Achievement
Award, the 2010 ICEM Arthur Ellison Achievement Award, and the 2011
IEEE-PELS Diagnostics Achievement Award.

Sophie Sieg-Zieba received the Diploma degree
in mechanical engineering, specialized in acoustics
and vibrations, from the University of Technol-
ogy of Compiegne (UTC), Compiegne, France, and
the Ph.D. degree in system control from UTC in
1995, working at the Technical Center for Mechan-
ical Industries (CETIM), Senlis Cedex, France, on
“vibration monitoring of the evolution of tool wear
in machining.”

Since 1991, she has been a Research Engineer
with the Noise and Vibrations Department, CETIM.
At CETIM, she is in charge of research projects, consulting activities, and
continuous training for industry on modal analysis, machine diagnosis, and con-
dition monitoring. Her main fields of experience are machine diagnosis based
on vibration analysis, dynamic analysis of machines, condition monitoring, and
signal processing.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


