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Abstract The region of Adrar in Algeria is the windiest in
the countrys; it is for this reason the electricity and gas com-
pany “Sonelgaz” has placed a wind farm of about 10 MW.
Since it is a Saharan region, the wind is sandy, rich in silica
that can damage the teeth of wind gearbox. The present work
proposes a method which can make an early diagnosis of the
broken tooth and its location in the gearbox, before the gen-
eral breakdown. The modeling of defaults inside the turbine
gearbox by symmetrical components technique is proposed
successfully and for the first time in the field of diagnos-
tics (usually this technique is used in the power grid lines
short circuits analysis), associated with frequency response
analysis. In addition, as it is impossible to install sensors
at different parts, the increase in temperature and vibration
inside the gearbox due to default, a sensor-less fault diagnosis
based on the analysis of power signal generated by the wind
turbine is presented and detailed. Furthermore, the peculiar-
ity of this work is the modeling of unbalance forces caused
by teeth failure on both the slow shaft and the fast shaft of
the gearbox, which has never been considered before. It has
been proven that this proposal allows a precise location of
the broken tooth and the concerned gear inside the gearbox.

Keywords Wind - Gearbox - Diagnosis - Symmetrical
component - Frequency domain - Imbalanced blade forces

B Labar Hocine
hocine.labar @univ-annaba.dz

Laboratoire d’Electrotechnique d’Annaba, Faculty of
Engineering Sciences, University of Badji Mokhtar-Annaba,
B.P. 12, 23000 Annaba, Algeria

1 Introduction

The wind turbine extracts its energy from the wind and then
it is transmitted to the generator through its rotor. We must
distinguish between the wind energy Pying (1) and the energy
captured by the blades P, (2) (there are usually three in num-
ber). It will be consumed in the form of apparent power load
SL.

1

Puina = 7P A Viind (1
1

Py = CPE/OAV\Eind (2)

where, p is air density, A is area swept by blades, Viying 1s
wind speed and Cj, is the power coefficient.

Wind forces exerted on the blades by the radius R produce
the primary rotation torque and reach the gearbox.

Gearboxes are problematic by the very nature of the
numerous moving parts and subsystems that are required for
their operation and the demanding nature of the wind turbine
application itself.

However, after many years of wind power production,
the statistical investigations show the weakness of gear-
boxes because of their complexity and multiple moving parts.
Because of the high position of the gearbox on the tower, the
frequent maintenance is complex, and requires more cost and
time.

The general benefits arising from introducing diagnosis
can be summed up as follows:

— Avoidance of premature breakdown. Early fault detec-
tion allows to prevent catastrophic failures to occur. For
example, late detection of a bearing fault may in the worst
case simply complete destruction of gearbox.
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— Reduction of maintenance costs, by using on-line moni-
toring inspections can be avoided or inspection intervals
increased.

— Supervision and Diagnosis at remote sites. In fact, large
wind turbines are usually built at remote sites (as it is
the case for Adrar in Algeria) where on-line monitoring
systems can detect such changes at an early stage and, if
integrated in a network, send a warning and diagnostic
details to the maintenance staff.

— Improvement of capacity factor, when a good estima-
tion of the remaining useful life is available, repairs or
replacements action can be scheduled during time frames.
Capacity factor is defined as the ratio between the actual
production over a given period of time and the amount of
power the turbine would have produced running at full
capacity during the same period of time

A turbine’s gearbox is a major contributor of machine noise
maintenance. One reason is the tooth mesh of the gear wheels.
The structure-borne noise generated by the tooth mesh prop-
agates through the roller bearings to the gearbox and after
that to the nacelle, and finally this noise radiates to the envi-
ronment. Turbine noise is a much more serious issue in
community-based wind power applications where turbines
are located in the places where people live and work.
Diagnostic techniques defects are very various [1-5],
for example the frequency response analysis “FRA”, arti-
ficial neural network “ANN” and genetic algorithm “GA”
etc...The aim of this work is to develop an effective sensor-
less technique for detecting faults. This is not based on preset
manufacturer data (FRA), or after repetitive computation in
the case of intelligent technique (ANN, GA . . .). The pro-
posal is very useful for the unreachable part [6,7], as the case
for wind turbine where it can be applied to different gearbox
types without any comparison to a classified or preset refer-
ence signal as it is the case for ANN or GA applications.
Wind farm and especially for the offshore, the online con-
trol [8] is of great importance in sustainability. Conventional
condition monitoring techniques, such as vibration and gen-
erator current signal analysis, require the deployment of a
variety of sensors and are computationally intensive analysis
techniques. A great number of sensors reduced consider-
ably the reliability of the entire system. Many works use
the capability of the monitoring model to detect changes in
the gearbox vibration excitement evaluated and compared to
the collected data [9]. Because of wind speed variation this
method requires a large data memory. The effectiveness of
FFT signal processing is also investigated [10]. The major
problem of this method is the noise, which can be filtered
by the combination of artificial neural network and wavelet
methods [11, 12]. Once again this can take more computation
time. In this work, only the power is measured and analyzed
[13]. But the novelty in this paper is the detection of fail-
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Fig. 1 Wind gearbox structure design

ures both in sun, planet and ring gear, unlike the detection
of only the planet gear proposed in [14]. Furthermore, the
unbalanced blade torque is modeled.

The wind turbine gearbox is an inaccessible mechanical
moving part; in addition, it is immersed in the oil for the
lubrication and cooling. The insertion of sensors increases
the risk of defects and it can generate additional costs. So
we are challenged to develop a technique able to analyze the
available parameters which are strongly influenced by this
type of defect.

2 Modeling and diagnostic technique

The three wind generator blades generate three identical
forces for exact 120° phase shifts. Unbalanced conditions
may arise from unequal force or phase shift. However, there
are certain situations that can cause unbalanced operations
[15]. The most of these would be a teeth loss in the gearbox
[4]. Gearboxes are parts of almost every electrical motor.
In addition, they are inherently subject to dynamic contact
forces with high amplitudes. In the region close to the con-
tact surfaces, the teeth stress is locally very high. Thus, after
some time of operation a localized defect growing with time
will appear.

Considering the configuration of the gearbox, Fig. 1, when
one of these teeth breaks the wind generator does not rotate
in free wheel during this time, but it gets weaker torque. The
construction of the multiplier allows in the healthy case, bal-
anced forces exerted in time and space Fig. 1. With the loss
of a tooth during its passage, the force that would normally
exercise becomes zero. Therefore, the wind generator shaft
will be subjected to unbalanced forces Fig. 2. This consider-
ation has never been taken into account; it is also the cause of
the vibration amplification [16] and in this work it has been
modeled and detailed.

Each part of the gearbox has its own signal signature fail-
ure, detected thanks to the comparison with data. But the
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Fig. 2 Crash tooth effect in unbalanced forces

analytical development of blade torques can make a relation-
ship between wind speed and fault location in the gearbox.
The first part of this work is to make a model of a tooth loss
[17,18], which can be as well as at the ring gear, planet gear
or sun gear. To do it a symmetrical components technique is
proposed allowing fictitious redistribution of balanced forces
[19].

3 Symmetrical components systems

The wind generation system operates in a balanced three-
blade force. When a gear tooth loss occurs, the system
goes from a balanced condition to an unbalanced condition.
Because of the difficult modeling of faults at the wind turbine
gearboxes, the researchers use an empirical model [19], or a
designer database, and never, the effect of this type of faults
in the unbalance of forces is considered. By the method of
symmetrical components, a set of unbalanced forces may be
resolved into systems of balanced force equal in number to
the number of planet gear involved.

Fig. 3 Symmetrical components redistribution force

The basis for this analytical technique is a transformation
of the three forces into a second set of forces (3). This second
set is known as the symmetrical components.

The transformation is defined as:

Fp x,1,2 laa Fx 1.2
Fyvxi2|==|1a*a Fy,1,2 3
Fox,1,2 111 Fz1.2

where the complex number a is: a = ¢/>"/3 = —% + j*/Tg,

the indexes 1,2 represent the slow and fast shaft, respectively.

The three component variables (force) Fp x Fn x, Fo.x
are called, respectively, positive sequence, negative sequence
and zero sequence. They are called symmetrical components
because, taken separately, they transform into symmetrical
sets of forces.

Fn x is called negative sequence force because the
sequence of forces is reversed. Note that the negative
sequence set is still balanced because the force compo-
nents still have the same magnitude {|Fp x| = Fpy| =
Fp z[s |Fn.x| = Fnyl = Fy,zI|; |Fo,x| = Fo,yl = FozI}
and are separated by 120°. The only difference between pos-
itive and negative sequence is the rotation direction Fig. 3.
Consequence of this unbalance leads to the creation of antag-
onistic couples, and to vibration of the nacelle. With time it
will conduct to a misalignment of the gearbox with the gen-
erator shaft and leads to failure

If the three forces are equal {Fx,12 = Fy,12 = Fz.1,2}
(balanced) the negative and zero sequences are nil, only
the positive sequence exists (4), so Fpx12 = Fx.i12
and the developed turbine’s torque takes the value 77, =
3Fx 12R12

Fp.x1,2 1 3 Fx 1,2
Fnxi2 | = 3 0 Fyi.2 4
Fo.x,1,2 0 Fz1.2

And in unbalanced case positive, negative and zero sequences
exist Fig. 4. The zero sequence 7Ty, does not produce
any torque; the negative sequence Ty, 1 2 develops a torque
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Fig. 4 Symmetrical
components space vector
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Table 1 Symmetrical

components forces faults Force lost Positive sequence Fp, x Negative sequence Fy, x Zero sequence Fp x
Magnitude Phase shift Magnitude Phase shift Magnitude Phase shift
0 1 0 0 0 0 0
Fx.1 2/3 0 —1/3 0 —1/3 0
Fy1 2/3 0 1/3 60° 1/3 —60°
Fz1 2/3 0 1/3 —60° 1/3 60°

assumed as a brake torque and the negative sequence Tp 12
is the generator torque. The resultant torque is shown in (5).

T2 =3Tp12— 3TN 12 ©)

Consequently, the produced wind power (6) is reduced, the
vibration and noise increase because of the negative sequence

SL=Ti 012 (6)

In considering this last relationship of power, we can say that
the resulting torque is a consequence of the collapse of the
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current and/or voltage depending on the connection mode of
the turbine to the grid. The rotation speed influences the fault
frequency evolution, implicitly the relationship with faults
signature.

The distribution of forces in accordance with the fault
location is summarized in Table 1.

Owing to high pressure and friction exerted on the teeth,
the weakest link in a wind generator is its gearbox. As turbine
sizes increase, the design of a gearbox, which is able to handle
the torque generated by longer and heavier blades becomes
a problem. In a fault case, the turbine loading (force and
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direction) is variable Fig. 3. Table 1 causes misalignment of
the gearbox with the generator shafts and leads to failure.

So a broken tooth located at the gearbox, in addition to
the defect frequency and duration it is characterized by a
direction. Thus the magnitude and phase shift can inform us
of the nature and position of the defect.

4 Experimental results and discussion

The advantage of symmetrical components vectors is the
instantaneous calculation allowing an in time and online
defections. So, during the experiment, two pins in the Digi-
tal Signal Controllers (DSPIC30F 3013) have been reserved
to the analog to digital converter (ADC) conversion [20]. In
order to improve the data treatment and accuracy, the signal
synchronization is set to 100 ps.

In order to have all signal information during crossing
time of the broken tooth, we set the synchronization time
at 100 ps. This consideration allows more than 17,000 data
points by convolution. Otherwise the signal information will
be lost at high wind velocity.

The collected data are done after analog to digital conver-
sion (ADC) provided in DSPIC microcontroller. Three arrays
of the vectors wind velocity, current and voltage are reserved
in the EPROM and cleaned after each blades convolution
cycle.

For convenience, let us denote Ng, Ns and Np as the num-
ber of teeth on the gears.

Nr—Number of teeth in ring gear
Ns—Number of teeth in sun (middle) gear
Np—Number of teeth in planet gears

The first constraint to a planetary gear to work properly is
that all the teeth have the same tooth gap (7). This ensures
an effective mechanical transmission without friction.

The second constraint is:

NR =2 x Np + Ns @)

The unbalance caused by a broken tooth Fig. 5 (“Appendix”
) at:

— Ring gear is repeated three times each blades convolution

— Planet gear is repeated 68/26 times each blades convolu-
tion

— Sun gear is repeated three (68/16) times each blades con-
volution

The frequency of occurrence of broken tooth default is quan-
tified by the ratio between the number of teeth forming the

ring gear and the concerned gear (8). Furthermore, the dura-
tion of the fault (9) depends on the rotation speed of the gear,
in addition to the number of the total teeth, Fig. 5.

Vibration analysis is the dominant technique used for
predictive maintenance programs. This technique uses the
noise or vibration created by mechanical equipment to detect
machine problems. The gear mesh frequency is the rate at
which gear teeth engage together in the pitch point and it is
equal to the number of teeth on the gear times the rpm of the
gear.

The relation between the shaft rotation period and the tooth
meshing period is,

Fr = Fg/kr ; Fp = kpFBNp/NR ; Fs = ks FgNs/Nr
(8

KRr = 3, kp = 2 and ks = 3 are the contact gear number of,
respectively, ring, planet and sun gear.

The time period elapsed between the moment when a tooth
goes into meshing and the moment it goes out of meshing is
called the tooth meshing period, Tr, 7p and T3

Tk =3/(FsNr): Tp = Nr/FaNy: Ts = 3Nr/Fs N, (9)
where

Fp — Blade frequency

Fr — Ring fault frequency
Fp — Planet fault frequency
Fs — Sun fault frequency
Tr — Ring fault duration
Tp — Planet fault duration
Ts — Sun fault duration

These meshing forces generate vibrations [21] that are trans-
mitted to other parts of the machine where they can be
measured.

Several works dealing with this kind of defects use sound
sensors inside the nacelle. Noise can be generated by various
mechanisms. The most noise sources are vibrating surface,
wind turbulence and blade, passing through air each of them
produces its own vibration. Therefore, the waves propagat-
ing in different directions will interfere and complicate the
diagnosis. The noise can be divided into two types, mechani-
cal noise and aerodynamic noise. In this work, we propose to
eliminate the aerodynamic effect and analyze the mechanical
noise source only. Then instead of using the sound sensor, the
measuring apparatus of wind turbine output power is used.

During the passage through the broken tooth, the effective
force collapses to reach 2/3 of the force normally transmitted
through the blades. In this short time, the average power gen-
erated by the wind decreases with the same proportion. This
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defect is cyclical, thanks to the spectral analysis, it appears
as harmonic peaks [22]. Considering the difficulty of placing
one or more sensors inside the gearbox, it is proposed to ana-
lyze the instantaneous active and reactive power waveform
[23] Fig. 6a, b.

Why the power and not the current for example?

To detect a fault, we must make it visible. Then the use of
two sinusoidal components in interaction (the power in the
case of the voltage and current) allows the detection of the
defect after a spectral analysis [24].

The current is mainly influenced by the wind power
through the blade’s torque (10), but the voltage is influenced
mainly by the magnetic flux and the rotor speed (11). Both,
rotor speed and torque depend on the teeth healthy condition

I =C/k¢
V =ko¢w

(10)
(11)
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So their growth amplifies the faults signature, to be much
more significant.

4.1 The instantaneous harmonics power load

The instantaneous power produced by the wind generator
connected to the grid can be written as follows (12):

SL(t) = V3L (0).iL() (12)
Therefore, in its harmonics component form (13)
L]
iL2
SL = «/g [le VL2 . ULh - an]. iLh (13)
iLn
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Fig. 6 power ripple caused by a defection of the gearbox teeth

The developed form (14)
iL2 vL2
i3 vL3
SL, = «/§.UL1.iL1 + \/§.UL1. + \/g.iu
ILh ULh
iLn ULn
i
K]
+\/§. [sz VL3 . VLA - ULn ] . l'];h (14)
iLn

It should not be confused between the harmonic multiples
of the mains frequency and the harmonics generated by the
fault. Because in addition, these harmonics are lower than the

fundamental frequency one, but they are not integers (under-
harmonics).

In general, the voltage waveform is very poor in harmonics
[20], so, it can be assumed as only a fundamental component
(15).

SL() ~ V31001 () + V3 (0. Y i@ (15)

h=2

The interaction of harmonics currents with the power grid
voltage generates also other types of power (16).

irp = Iy cos(hot + ay)

SLa(t) = V3L1(1). D iLa(0)

h=2

SLa(t) = \/g.VL] Z [.ILp. cos(wt). cos(hwt + ap)]
h=2

SLa(t) = V3.V D [ip.cos((h — Dot + ap)]
h=2

+/3.V14 Z [Tty cos((h + Dot + ap)] (16)
h=2

According to this expression (16), two new types of power
can be extracted:

— Ripple active power

PLy(t) = V3.V D Iup.leos((h — Dot)
h=2
+cos((h + 1)wt)]. cos(ap)] (17)

— Ripple reactive power

OLi(t) = —v/3.VL1 D Iy sin((h — Dot)
h=2
+sin((h + 1)wt)]. sin(oep)] (18)

The symmetrical components allow instantaneous measure-
ments of torques against an average measurement of torques
by blade convolution. The effect on the instantaneous power
is therefore easily evaluated and pointed out. So, the Discrete
Fourier Transformation (DFT) is accurate, and its application
for a discrete signal y(nt) is given by (19):

N—-1
Y k)= yinrge /¥ (19)
n=0
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Fig. 7 Harmonics spectrum 2 T T T T
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where k =0,1,..., N — 1 and N is the samples number waves Fig. 6b. In the instantaneous reactive power the dis-

y(De I F 10
y(e I FL

y(O)e_jZW”O‘O
(eI T
]

y(o)e—j%l.w—l) y(l)e—j%l.w—l)

y(N — 1)6—,'%”(1\/—1).0
YN = e/ F V=D

(20)

V(N — eI FN=D.(V=1)

To evaluate all the given values Y (k) DFT requires NxN oper-
ations and NxN number to be stored in the memory (20).
Fortunately e~/ Frk i periodical and symmetrical the matrix
Y can be divided in two simplified matrix odd and even (21),
as follows:

YCn+1)=Y1)+Y3)+---+Y(N-1)
YCn)=YO)+Y2)+---+Y(N-2) (21)
This last formulation reduces the calculation number to N /2
operations. This improves the time calculation of the DFT
algorithm and the required memory for harmonics compo-
nents determination.

So at the time of the fault, we will have a center frequency
surrounded by pairs of frequencies at the right and left with
a same distance (17-18).

While the oscillations magnitudes of the instantaneous
active power are greater than that of the reactive power, we
believe that the analysis of defects by reactive power is bet-
ter, because the fault occurs on the active power as shock
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turbances are closer to an oscillation Fig. 6a, so they can be
characterized by a frequency in addition to their amplitude
[25].

Indeed, the location of the broken tooth influences the
torque distribution, which varies in the gearbox.

Knowing that the wind velocity is variable, the harmon-
ics spectrum fault signature changes. This velocity permits
the rotation of blades (22); in other words, blades’ rotation
frequency (23)

wB = VB/RB
Fp Za)B/ZJT

(22)
(23)

And applying the relation (9) for any wind velocity one can
find that the faults signature keeps the same ratio between
the fault frequency and Fg.

If Frau/Fs = Nr/3 The fault is located in the ring gear
Fraut/ Fs = ng /NR The fault is located in the planet gear
Fraut/FB = NSZ/(3NR) The fault is located in the sun gear
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Unlike other defects that may affect the wind, the faults inside
the gearbox are manifested by under-harmonics [26]. For a
wind speed of 10 m/s the first center frequency is respectively
Fr = 3.6 Hz; FP=6.3Hzand Fs = 15.3 Hz. So, the quantity
between two successive harmonics rays can set the location
of the fault in the gearbox [26,27] Fig. 7.

In the experience we have use sensors for wind velocity,
output current and voltage. In the DSPIC program the wind
velocity is used as time base for DFT. The ratio of the first sig-
nificant under harmonic frequency is displayed by the LCD.
The value of this ratio informs us about the gearbox healthy,
and the location of the broken tooth if any. This information
can be used as a warning alert sent by the supervisor program
to the operator.

Failure signature [28] at the ring gear or at the sun gear
is obvious because there is only one ring gear and one sun
gear. But for the planet gear we need another parameter to
define exactly which of the three planet gears is in default.
Fortunately, the modeling by the symmetrical components
method permits the measurement of the Zero sequence Fy x
component that exerts pressure on the shaft, leading to an
eccentricity opposite to the planet gear in fault Table 1.

Compared to the other results found in other papers where
the turbine gearbox faults are detected as an overall fault
inside the entire device, our proposal permits to define the
location of a broken tooth inside the turbine gearbox.

5 Conclusion

Early detection of the fault allows the scheduling, thus reduc-
ing the economic loss. One of the most difficult elements
to detect in the wind is the default in the gearbox, because
of its inaccessibility. Modeling based on the symmetrical
components method associated with the frequency domain
technique permits an accurate sensor-less identification of the
diagnosis inside the gearbox. In addition, an instantaneous
evaluation is possible, because the relationship between the
instantaneous power and fault location is pointed out. In fact,
by the method of symmetrical components, the quantifica-
tion of a useful force, antagonist force and those responsible
of the shaft eccentricity are possible. Combining spectral
analysis allows the separation of the defects signature in the
gearbox from the other defections of the devices inside the
nacelle.

Appendix

See Table 2.

Table 2 Parameters for 550 KW wind planetary gearbox (PG-B)

Sun Ring Carrier Planet
Mass (kg) 51 4 1.330 114
Moment of inertia 61.1 2.484 314.7 51.9
Number of teeth 16 68 - 26
Rotor diam. (mm) 202 980 - 329
Pitch diam. (mm) 224 952 - 364
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