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Abstract—The objective of this paper is to investigate the 

detection of damage in electromechanical equipment using the 

electrical output signals. This can help designers in eliminating 

sensor redundancy as well as being a non-invasive method and a 

remote monitoring approach. As an example, a coupled gearbox 

and generator model of a wind turbine system is created.  A 

crack in a gear tooth is introduced and modeled as a reduction in 

gear tooth stiffness during the meshing of the gears. The 

simulation results show that the angular acceleration at the side 

bands of mesh frequency increases according to damage severity, 

which is as expected. However, the frequency spectrum of 

electrical torque shows distinct peaks due to the gear tooth crack. 

It is also shown that cracks in different gears can be detected at 

distinct frequencies, which shows the possibility of identifying the 

source of cracks, providing an opportunity for diagnostics. 

Keywords-gear; crack; mesh stiffness; simulation; wind 

turbine; electrical torque; dynamic model 

I.  INTRODUCTION 

Health monitoring of complex engineering systems requires 
the installation of expensive hardware with multiple sensors for 
monitoring the different components of the system. Fault 
detection in an electromechanical system, in which mechanical 
components drive or are driven by an electrical system, such as 
a wind turbine, can be carried out by analyzing the electrical 
signals of the system. Motor current signature analysis is one of 
the approaches in the literature which has been used to study 
broken rotor bars, bearing failure or winding faults in electrical 
motors [1]. This approach has been described in various studies 
in the literature for wind turbines. Yang et al. [2] used the 
generator output power as well as the rotational speed on a test 
rig for the detection of mechanical unbalance in the generator. 
Time-frequency analysis of the power output of the generator 
was used by Watson et al. [3] in the detection of the shaft 
misalignment in the generator. Their approach could predict the 
bearing failure due to shaft misalignment in the generator 
before the actual occurrence of bearing failure. A similar study 
was carried out by Crabtree et al. [4] where suggestions were 
given on the identification of different frequency bands in the 
current spectrum which would represent the different fault 
conditions of the mechanical components in the generator.  

The approach used in this study is the detection of faults in 
mechanical equipment which influence or are influenced by the 
operation of the electrical equipment rather than those in the 

electrical equipment as has been carried out in the literature. 
Hence the objective of this paper is the detection of faults in 
upstream mechanical equipment using the signals of the 
electrical equipment that influence them. A wind turbine is 
considered as a case study in this paper to analyze the 
possibility of detection of a gear tooth crack in the gearbox 
using the generator electrical signals. A simulation is carried 
out of the operation of the gearbox and the generator of the 
wind turbine under faulty conditions. This is performed using a 
coupled dynamic model of the gearbox and generator model 
developed using a lumped parameter model and the direct-
quadrature (d-q) framework, respectively. Electrical torque 
signals are used in this study for fault detection since the faults 
in mechanical equipment would manifest themselves in the 
angular velocity signal which is the input to the generator. Any 
changes in the angular velocity signal should be detected in the 
electrical torque signal of the generator. Measurement of the 
electrical torque can be carried out in a real application by 
direct or indirect methods. The indirect method is through the 
measurement of the current or the flux generated in the 
generator and mathematical manipulation for the estimation of 
the electrical torque. One of the direct methods is through the 
use of piezoelectric sensors such as that explained by Healey et 
al. [5] in their study. 

II. DYNAMIC MODELING OF A WIND TURBINE 

A dynamic model is an approximation of the actual system 

which retains all the essential dynamic characteristics of the 

system. The three basic elements used in dynamic modeling 

are the spring, mass, damper and a corresponding set for 

torsional elements. Modeling can be carried out by lumped-

parameter or distributed-parameter systems. Lumped-

parameter systems consider that the components are discrete, 

with masses assumed to be rigid and concentrated at 

individual points in the system. In this study, the various 

components of the wind turbine such as the shafts, gearbox 

and the generator will be considered as lumped parameter 

systems with equations of motion described by ordinary 

differential equations. Dynamic modeling has been carried out 

in wind turbines for studying grid disturbances and 

establishing control strategies for obtaining a higher power 

efficiency coefficient under various operating conditions of 

the wind turbine [6–10]. It is also used for the analysis of the 

various loads acting on the internal components of a wind 



turbine, and for studying the stability of the structure under 

different wind conditions [11], [12].  A dynamic model based 

on the d-q reference frame is used in this analysis in order to 

model fast transients in both the stator and rotor flux of the 

DFIG. 

A. Dynamic modeling of the gearbox 

The model of the gearbox considered in this study is a three 
stage gearbox based on [11]. It consists of a sun-and-planet 
gear stage which receives the input torque from the wind, 
followed by two parallel gear stages. The total gear ratio of this 
gearbox is 34.7. A schematic of the sun and planet stage of the 
gearbox is shown in Fig. 1.  

 

 

Input torque from the wind is transmitted to the carrier gear, 
which is the input gear for the gearbox. The output gear of the 
gearbox is labeled as gear 3 in the figure, which transmits the 
torque to the generator. Mechanical coupling between gear 
stages is modeled using a spring-dashpot system to represent 
the gear tooth interactions. The friction in contact surfaces 
between gear teeth is not considered in this model. The 
stiffness of the spring is modeled as a time-varying rectangular 
function corresponding to the single pair tooth contact and 
double pair tooth contact [13]. The variation of tooth bending 
stiffness considered in this study is shown in Fig. 2. 

 

 

 

 

 

 

 

 

In this paper, only rotational motions of gears are modeled 
without considering lateral motion, which will be considered in 
the future when the effect of bearings is modeled. A torque 
balance of the lumped masses representing the gearbox is 
carried out, such that the system is at equilibrium during its 
dynamic operation. This method generates the following set of 
coupled differential equations of motion which represents the 
dynamic operation of the gearbox. 

 

 

 

 

 

 

 

 

 
 

 

 

where,  Subscripts: 

I inertia s sun gear 

  angular rotation s2  coupling shaft 

 ̇ angular velocity p planet 

 ̈  angular acceleration c Carrier 

T torque rp ring and planet 

K stiffness i number of the planet 

gear (1, 2 or 3) 

Q damping mb tooth bending 

R base circle radius in input 

 pressure angle of 

gear tooth 

el electrical 

The system of differential equations is solved using the 
Runge-Kutta method–based solvers of Simulink® software 
from Mathworks, Inc. Finite element analysis of gear tooth 
profiles in mesh with a crack has been shown to exhibit a 
reduced tooth bending stiffness than that without a crack [9]. 
This concept is implemented in this model to simulate the 
operation of the gearbox with a crack in one of the gear teeth. 
The variation of tooth bending stiffness due to a crack in a gear 
tooth in the input gear carried out in this study is shown in Fig. 
3. 

 

 

 

 

 

 

 

 

 
Figure 1. Schematic of gearbox layout 

 

 𝐼𝑐 +
3𝑚𝑝𝑟𝑐

2

cos2 𝛼
 𝜃̈𝑐 − 𝑟𝑐𝑘𝑟𝑝 3𝑟𝑠𝜃𝑠 − 6𝑟𝑐𝜃𝑐 − 𝑟𝑐𝑞𝑟𝑝 3𝑟𝑠𝜃̇𝑠 −

6𝑟𝑐𝜃̇𝑐 = 𝑇𝑖𝑛                 (1) 

𝐼𝑝𝜃̈𝑝 + 𝑟𝑝𝑘𝑟𝑝 2𝑟𝑝𝜃𝑝 − 𝑟𝑠𝜃𝑠 + 𝑟𝑝𝑞𝑟𝑝 2𝑟𝑝𝜃̇𝑝 − 𝑟𝑠𝜃̇𝑠 = 0        (2) 

𝐼𝑠𝜃̈𝑠 + 𝑟𝑠𝑘𝑟𝑝 3𝑟𝑠𝜃𝑠 − 3𝑟𝑝𝜃𝑝 − 3𝑟𝑐𝜃𝑐 + 𝑟𝑠𝑞𝑠𝑝 3𝑟𝑠𝜃̇𝑠 − 3𝑟𝑝𝜃̇𝑝 −

3𝑟𝑐𝜃̇𝑐 + 𝑘𝑠2 𝜃𝑠 − 𝜃1 + 𝑞𝑠2 𝜃̇𝑠 − 𝜃̇1 = 0              (3) 

𝐼2𝜃̈2 + 𝑟2𝑏𝑘𝑚𝑏2 𝑟2𝑏𝜃2 − 𝑟3𝜃3 + 𝑟2𝑏𝑞𝑚𝑏2 𝑟2𝑏𝜃̇2 − 𝑟3𝜃̇3 +

𝑟2𝑎𝑘𝑚𝑏1 𝑟2𝑎𝜃2 − 𝑟1𝜃1 + 𝑟2𝑎𝑞𝑚𝑏1 𝑟2𝑎𝜃̇2 − 𝑟1𝜃̇1 = 0         (5) 

𝐼3𝜃̈3 + 𝑟3𝑘𝑚𝑏2 𝑟3𝜃3 − 𝑟2𝑏𝜃2 + 𝑟3𝑞𝑚𝑏2 𝑟3𝜃̇3 − 𝑟2𝑏𝜃̇2 = 𝑇𝑒𝑙 

               (6) 

𝐼1𝜃̈1 + 𝑟1𝑘𝑚𝑏1 𝑟1𝜃1 − 𝑟2𝑎𝜃2 + 𝑟1𝑞𝑚𝑏1 𝑟1𝜃̇1 − 𝑟2𝑎𝜃̇2 −

𝑘𝑠2 𝜃𝑠 − 𝜃1 − 𝑞𝑠2 𝜃̇𝑠 − 𝜃̇1 = 0               (4) 

 
Figure 3. Variation in tooth bending stiffness due to crack in a gear tooth 

 
 

Figure 2. Variation in tooth bending stiffness during meshing of gears 

 

 



B. Dynamic modeling of a doubly fed induction generator 

The commonly used d-q reference frame model is used to 
model the time-varying inductances occurring due to the 
relative motion between the rotor and stator fluxes [15]. This 
model requires the transformation of the three phase voltages 
of the induction generator into the stationary d-phase and q-
phase. Since the rotor and stator voltages are in constant 
relative motion, the stationary axis voltages are transformed 
into a synchronous rotating reference frame called the d-q axis 
which rotates at the frequency of the voltage in the grid.  

Using Ohm's law and Faraday's law, the dynamic 

equations of the generator are given by the following 

equations. 
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The electrical torque generated in the rotor of the generator due 
to the rotation is given by 

   =
3  

      
       −            (11) 

where 
 =  −   2      )    (12) 

In the above equations, subscripts s and r respectively 
represent the stator and rotor quantities, subscripts d and q 

represent quantities 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 ωs is the angular velocity of the AC 
voltage. These equations are also modeled in Simulink and 
coupled with the mechanical equations of the gearbox. 

C. Simulation 

The simulation of the wind turbine is carried out based on 
the wind turbine parameters in reference [11]. The coupled 
mechanical and electrical equations are simulated for an input 
torque of 34654 Nm, which corresponds to a nominal operating 
condition. The corresponding output torque from the gearbox is 
999.91 Nm. The equations are simulated for the steady state 
operation of the system. The corresponding initial condition of 
the system for the given input torque is shown in Table 1. 
These initial conditions are calculated from (1) - (6) by 
vanishing all acceleration terms. 

TABLE I.  INITIAL CONDITION FOR SIMULATION FOR INPUT TORQUE 

Component Initial Angular velocity (rad/s) 

Carrier gear 11.0 

Planet gear 18.6 

Sun gear 54.0 

Gear 1 54.0 

Gear 2 164.8 

Gear 3 381.2 

III. RESULTS 

The simulated signal of angular velocity of the input and 
output gears of the gearbox is shown in Fig. 4. It can be seen 
that the simulation converges to the steady state after about 
0.2s of simulation. Fig. 5 shows the frequency spectrum of the 
angular acceleration signals with and without a crack in gear 3. 
It has been established in the literature that side bands around 
the gear mesh frequency are the components which are 
sensitive to cracks in a gear tooth [16]. The simulation results 
with a fault in the gear teeth do agree with this finding. 
Analysis of the electrical torque signal generated in the DFIG 
also indicates this parameter is sensitive to the occurrence of 
cracks in a gear tooth. Fig. 6 shows the frequency spectrum of 
the electrical torque signal in the DFIG with and without a 
crack in gear 2a. It can be seen from the plot that specific 
frequencies are excited due to faults in specific gears of the 
gearbox. Peaks at 52.5 Hz can be observed due to a crack in 
gear 2a, whereas these peaks occur at 60.5 Hz due to a crack in 
gear 3 as shown in Fig. 7. Simulation of the model under faults 
in multiple components also show the occurrence of these 
peaks in the frequency spectrum of the electrical torque signal 
as can be observed in Fig. 8. Therefore, by monitoring 
frequencies of peaks in electromagnetic torque signals, it is 
possible to identify the location of faults in the gearbox. 

Figure 4. Simulation result of angular velocity during steady state operation 

Figure 5. Comparison of frequency spectrum of angular acceleration of gear 3 
with and without a crack in gear 3 
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Figure 6. Comparison of frequency spectrum of electrical torque signal with 
and without a crack in gear 2a

Figure 7. Comparison of frequency spectrum of electrical torque signal with 
and without a crack in gear 3 

Figure 8. Comparison of frequency spectrum of electrical torque signal with 
and without a crack in gear 2a and 3 

IV. CONCLUSIONS 

A methodology for fault simulation using a coupled model 
of mechanical and electrical systems in a wind turbine is 
presented in this study. Simulation using the mechanical model 
has confirmed that a crack in a gear tooth can be detected using 
the angular acceleration of the gear. This analysis has shown 
that the crack in a gear tooth of a wind turbine can also be 

detected in the electrical torque signal of the wind turbine, 
which can be calculated from the electrical current output 
signal of the wind turbine. The important results from this 
study are summarized below: 

1. Fault detection using mechanical signals often require 
knowledge about the healthy state of the mechanical 
components, whereas this knowledge is not required when 
analyzing the electrical torque signal since peaks corresponding 
to faults occur only when the faults are present in the 
mechanical components. 

2. Identification of the exact faulty component in a 
complex system is often difficult using mechanical signals, 
since the fault’s characteristic features could overlap for 
different components. Electrical torque signal analysis, 
however, shows that specific frequencies are excited due to the 
periodic nature of the fault in a specific component. 
Identification of these peaks in the frequency spectrum of the 
electrical torque signal can lead to the identification of the 
exact component in the system which has the fault. 

3. Another advantage of using the electrical torque 
signals for fault detection is that the signals can be observed in 
low frequency ranges, rather than the analysis of the 
mechanical signals which require high frequency ranges for 
fault detection. This would reduce the demand on the data 
acquisition sensors, memory and processing hardware required 
for detection of faults. 

Future work will involve the validation of the results using 
data from a real system, as well as the development of 
methodology for the detection of different faults such as rotor 
blade and bearing faults. 
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