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Fault diagnosis of localized defects in motor bearings using electrical current signal analysis has
previously been reported in the literature. An extension of this concept is the detection of faults in
mechanical components influencing the operation of an induction motor, such as a gearbox connected to
the motor, using electrical current.

This paper presents a dynamic model-based approach to quantify the severity of upstream mechanical
equipment faults on electrical current-based fault diagnosis metrics, using a wind turbine system as an
example. A lumped parameter-based dynamic model was used to develop the system of equations
representing the rotational motion of the drive train components in a wind turbine. This mechanical model
was coupled with a dynamic model for a doubly-fed induction generator to simulate the electrical current
output under faulty operating conditions. The changes in the fault diagnosis metric under different levels of
severity of the fault were investigated. The influence of faults in multiple gears of the gearbox on the
electrical current signals was also investigated. This method can be advantageous compared with existing
approaches involving vibration analysis because it is a non-invasive and remote monitoring approach, and
may not even require additional instrumentation. This approach is particularly useful for wind turbine
operators as well as designers seeking to implement a low-cost condition monitoring solution for gear fault
detection in a wind turbine.

1. Introduction

Faults in electrical machines such as broken rotor bars, winding faults and bearing failures have been
diagnosed by monitoring the electrical current consumed by the machine (EI Hachemi Benbouzid, 2000).
This method is referred to as motor current signature analysis (MCSA) in the literature. Induction motors
are widely used in industrial and consumer applications. One application that is currently experiencing a
growth surge is wind turbines, where they are used to convert the rotational energy, generated due to the
influence of the wind flow on the blades, into electrical energy. The application of MCSA to wind turbines
has been limited to the diagnosis of faults occurring within the generator of the wind turbine. This paper
explores the possibility of the detection of faults in mechanical equipment directly connected to, but not
physically part of the generator of a wind turbine.

Several published studies have examined the use of MCSA for fault detection in wind turbine. Crabtree et
al., (2010) identified the different frequency components in the frequency spectrum of the electrical current
as well as instantaneous power for the diagnosis of unbalanced rotor windings in a wind turbine generator.
A similar study was carried out by Wenxian Yang et al., (2010) on a wind turbine test rig for the diagnosis
of mechanical imbalance in an induction motor using the generator output power as well as the rotation
speed. Watson et al., (2010) used the instantaneous power output to detect rotor eccentricity in the
generator of a wind turbine. Time-frequency analysis was used in their study and their approach was
validated on a real wind turbine system. Yang et al., (2009) was able to identify frequency components
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related to the eccentric rotation of a gear in the electrical current spectrum based on experiments on a test
rig which was not representative of an actual wind turbine system. A review of these prior studies indicates
that the feasibility of detection of gearbox faults, such as a cracked gear tooth, in an actual wind turbine
system using electrical current signals has not been carried out in the literature. Hence the objective of this
paper is to develop a method to simulate gearbox faults in a wind turbine and to evaluate their detection
using the electrical current. The challenges in the implementation of this technique are two-fold; the
identification of frequency components in the frequency spectrum of the electrical current which correlate
to the presence of the fault in the gearbox, and the sensitivity of detection of these faults in the frequency
spectrum.

Dynamic modeling has been used in this study to address the above challenges. The dynamic modeling
approach used in this study to detect faults in mechanical equipment which influence the operation of a
generator can be applied to any electromechanical system. A dynamic model for all the mechanical
components is developed in this study and coupled with that of a generator to simulate the healthy and
faulty cases.

2. Dynamic model of a wind turbine system

A dynamic model is an approximation of the actual system which captures the time dependent
characteristics of motion of all the components in the system. A dynamic model of all the mechanical
components directly interacting with the generator of a wind turbine is developed. This model is coupled
with a dynamic model of the generator to simulate the electrical current under different faulty operating
conditions of the wind turbine.

A schematic of the wind turbine system used for simulation in this study is shown in Figure 1. This system
has a planetary gear system connected to the hub and blades of the wind turbine. The total gear ratio of
the gear box is 34.6.
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Figure 1. Schematic of wind turbine system modeled in this study

Dynamic modeling of the mechanical components is carried out in this paper using a lumped-parameter
based modeling approach. Lumped-parameter systems consider that the components are discrete, with
masses assumed to be rigid and concentrated at specific locations in the system. The basic elements
which describe the motion of the components in dynamic modeling are the spring, mass, damper and a
corresponding set for torsional elements. Torsional force balance is carried out on these lumped
parameter systems to develop the equations of motion of the mechanical components. This method
generates the following set of coupled differential equations of motion which represents the dynamic
operation of the gearbox. It is assumed in this study that the effect of resonances due to the gear casing
and other structural components do not influence the torsional rotation between the gears.

Ibéb + ksl(gb - 9(:) + QSl(éb - Bc) =T,
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(Ic + 3m,,r;) éc - rckrp(3rsgs - 6rc9c) - chrp(grsés - 6rcéc) + ksl(gc - eb) + %‘1(90 - eb) =0
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Ipép + rpkrp(erﬁp - rSHS) + rpqrp(erép - rsés) =0
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150 + 1k, (31505 — 31,0, — 31.6,) + 1545y (31565 — 31,6, — 37.6,) + ks (65 — 01) + g2 (65 — 6,) = 0
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1191 + 11Ky (1161 — 12462) + T1me1(7191 - T2a92) — k(605 — 01) — g5 (és - 91) =0
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L6, + Topkmpz (rap 02 — 1363) + Top Gz (eréz - r393) + 120Kmp1 (12462 — 11601) + rZaqmbl(rZaéZ - 7191) =0

(6)

I3é3 + 13Kmp2 (1303 — 12,62) + 13qmp2 (r393 - r2b92) + k(05 — 6,) + g3 (93 - ér) =0

Irér + kg3 (9,« - 93) + 453 (97‘ - 93) =Ty

where,

/ inertia

o angular rotation

2] angular velocity

] angular acceleration

T torque

k Torsional stiffness except for subscripts rp, mb1
and mb2 where this is a linear bending stiffness

q damping

r base circle radius

a pressure angle of gear tooth

2.1 Gear mesh modeling and fault simulation

@)
(8)
Subscripts:
b hub and blades
s sun gear
S1 shaft 1
S2 shaft 2
S3 shaft 3
p planet
r rotor of generator
c Carrier
m tooth bending between ring and planet
i number of the gear (1, 2a, 2b or 3)
mb1  tooth bending between gear 1 and 2a
mb2  tooth bending between gear 2b and 3
in input
el electrical

Howard et al., (2001) indicated in their studies that the force is transmitted between gears in mesh by
means of a double pair tooth contact and a single pair tooth contact during the mesh time. This concept is
employed in this study to model the meshing between the different gears of the gearbox. Mechanical
coupling between gear stages is modeled using a spring-dashpot system to represent the gear tooth
interactions. The spring stiffness is modeled as a time-varying rectangular function corresponding to the
single pair tooth contact and double pair tooth contact as shown in Figure 2. The dashpot damping

between the gears is assumed to be a constant value.
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Figure 2. Tooth bending stiffness variation during gear tooth mesh with and without the presence of a

crack
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Jia and Howard (2006) had reported that the stiffness of gear tooth in mesh is reduced due to the
presence of a crack which was confirmed by experimental measurements as well as through finite element
analysis. This concept is implemented in this model to simulate the operation of the gearbox with a crack
in one of the gears. The reduction of tooth bending stiffness due to a crack is modeled only during the
single pair tooth contact in this study. The variation of tooth bending stiffness with and without a crack in a
gear tooth as carried out in this study is shown in Figure 2.

3. Dynamic model of induction generator

The generator considered in this study is a doubly-fed induction generator (DFIG). A DFIG is essentially an
induction generator where the rotor phases are also fed with a voltage to control the operation of the
generator such that it always operates as a generator and not as a motor. This control is carried out by
means of the turbine side controller in an actual wind turbine. In order to model time-varying inductances
occurring due to the relative motion between the rotor and stator fluxes, the d-q reference frame model is
used in this study (Bose, 2002). This model requires the transformation of the three phase voltages of the
induction generator into the stationary d-phase and g-phase. The equivalent circuit of the DFIG in the d-q
reference frame is shown in Figure 3.

Rs L L, R,
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Figure 3. Equivalent circuit model of a DFIG

The dynamic equations of the DFIG are developed using Ohm's law and Faraday's law from the equivalent
circuit model.

Vsq = Rsisq + % + W Psq 9)

Vsa = Rsisq + 252 — w, g5, (10)
Ve = Ryling + 220 4 (0 = 6,)0ra (1)
Via = Ryira + 225 = (0, — 6,)¢rq (12)

In the above equations, subscripts S and r respectively represent the stator and rotor variables, subscripts
d and q represent variables in the d-q reference frame. ¢ is the magnetic flux, R is the resistance, L is the
self-inductance, M is the mutual inductance and ws is the angular velocity of the AC voltage. The coupling
between the mechanical model and the generator model occurs by means of the factor 6, in the set of
equations shown above.

4. Simulation

The system of non-linear, time-varying coupled differential equations is solved using the differential
algebraic system solver method. The simulation is carried out based on wind turbine parameters obtained
from the literature (Todorov et al., 2009). The coupled mechanical and electrical equations are simulated
for an input torque of 34654 Nm at the hub and blades, which corresponds to an angular velocity of 11
rad/s. The corresponding output torque from the gearbox is 1000 Nm.

5. Results

Analysis of the electrical torque signal generated in the DFIG is carried out in this study to diagnose the
presence of cracks in a gear tooth of the gearbox. The electrical torque generated in the rotor of the

82



generator due to the rotation can be calculated using coordinate transformation of the three phase current
waveforms in a wind turbine application.

3pM . . . .
Ty = pT(lSqlrd - lSdqu) (13)

Figure 4 shows the frequency spectrum of the electrical torque signal of the DFIG with and without a crack
in gear 2b or 3 (stage 2 gears). Simulation was carried out for different levels of drop in tooth bending
stiffness (kmp2). Fault case-1 has a minimum value of 0.9E7 N/m as shown in Figure 2. Fault case-2 has a
minimum value of 0.8E7 N/m and hence is a worse case than fault case-1. It can be observed from Figure
4 that specific frequencies are excited in the frequency spectrum due to a fault in stage 2 gears. It can also
be observed that these frequencies are excited only when there is a fault in the gear; hence the knowledge
of the healthy state of the system at these frequencies is not required for determining the faulty state of the
gear.
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Figure 4. Frequency spectrum of electrical torque signal with and without a crack in stage 2 gears

A similar analysis was carried out on the electrical torque signal with a crack in stage 1 gears: 1 or 2a. The
minimum value of the rectangular function of the tooth bending stiffness for the no fault condition of kmb1
is 1.8E9 N/m. The fault case-3 shown in Figure 8 has a minimum value of 1.7E9 N/m due to a crack in
stage 1 gears. Analysis of the frequency spectrum of the electrical torque signal for the system operating
under this faulty condition failed to detect the cracked gear tooth as shown in Figure 5.
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Figure 5. Frequency spectrum of electrical torque signal with and without a crack in stage 1 gears

Simulation was carried out with a simultaneous fault (fault case-3) in stage 1 and fault case-2 in stage 2
gears of the gearbox. Simulation results indicate the amplitude at the previously observed frequencies due
to fault in stage 2 gears are increased comparing Figure 4 and Figure 6. This is due to the mutual coupling
effect of these two faults on the angular velocity signal and the electrical torque signal.
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Figure 6. Frequency spectrum of electrical torque signal with and without a simultaneous crack in stage 1
and stage 2 gears.

6. Conclusions

A methodology for evaluating the feasibility of fault detection in upstream mechanical components
connected to the generator has been developed in this study with the wind turbine generator, as an
example. Simulation using a coupled dynamic model of mechanical and electrical systems in a wind
turbine has confirmed that a crack in a gear tooth can be detected in the electrical torque signal of the wind
turbine. Since these fault characteristic features are observed only when there is a fault in the gear,
monitoring an increase in the amplitude at these frequencies is enough to identify the presence of a fault.
Multiple gear faults augment the increase in the amplitude observed at these frequencies. It is also
observed that the detection of faults in the electrical torque signal for faults farther away from the generator
is reduced. This is due to the multiple damping effects due to the inertia of the components which reduces
the intensity of the impulses in the angular velocity of the signal due to a crack, which are generated in
gears farther away from the generator, from being transmitted to the generator. Analysis of the frequency
spectrum using advanced frequency domain analysis techniques will be carried out in the next phase of
this research to detect these effect of these faint impulses on the electrical torque signal.
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