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Abstract- This paper aims to analyze the performance of a variable-speed wind turbine system under internal faulty conditions. 

Thus, a wind turbine grid-connected system driven three-phase induction generator is modeled. The turbine mathematical model 

controlled by Maximum Power Point Tracking (MPPT) method is presented. The mathematical model of the Induction Generator 

(IG) is also set up in the (abc)-reference frame. Indirect Rotor Flux Oriented Control (IRFOC) technique is developed to control 

the IG. Afterwards, Inter-Turn Short-Circuit (ITSC) fault affecting the stator windings of the system IG is investigated. Different 

severity cases of the ITSC fault are considered in order to assess the fault impact on the system continuity of service and the 

quality of the supplied power to the grid signal. The ITSC fault effects on the turbine, the generator and the stator-side converter 

are discussed. Simulations, realized under MATLAB/SIMULINK below both healthy and faulty conditions, highlight the system 

requirement of a quick detection algorithm sensitive to short-circuit fault. 

Keywords Wind turbine grid-connected system, inter-turn short-circuit fault, maximum power Point tracking, indirect Rotor 

flux oriented control. 

 

1. Introduction 

Renewable energies are still worthy and trusty solutions 

for environmental degradation conditions. The wind presents 

one of the most essential sources of renewable energies. Thus, 

modeling, control and diagnosis of wind turbine systems are 

important issues [1]. Many authors studied wind turbine 

systems modelling and control techniques. Diagnosis 

strategies are also important tasks for ensuring reliability and 

nonstop service of systems. Nevertheless, analyzing the 

performances of control methods under faulty conditions is 

the most challenging task. Hence, fault tolerant control 

methods are required to ensure the continuity of service under 

faulty conditions and to protect the system equipment [2].  

Wind turbine system diagnosis concerns especially the 

generator. Many faults can affect the generator like rotor or 

stator broken bars, eccentricities and windings short-circuits. 

Stator windings faults are serious faults because they progress 

quickly in machines. In fact, they can quickly destroy the 

machine, affect the converters and the transformer and stop 

the wind turbine system. Inter-Turn Short-Circuit (ITSC) fault 

can easily lead to turn-turn or turn-ground short-circuit. This 

fault is generally engendered by mechanical stress or partial 

discharge [3].  

To avoid this stator fault effects, effective detection 

algorithms have to be implemented. Many authors studied 

short-circuit fault-detection methods [4]. Motor current and 

speed signatures are mainly analyzed in most fault-detection 

methods. In fact, stator currents spectra contain important 
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information about short-circuit fault permitting its isolation 

without stopping the service.  

Three-phase Induction Generator (IG) drives are usually 

used in variable-speed wind turbine systems because they are 

robust, not expensive and easily maintained machines [5]. 

Indirect Rotor Flux Oriented Control (IRFOC) is typically 

used to control the machine by imposing its rotor flux. IRFOC 

is the most adapted control method as it excludes the leakage 

reactance influence of both the stator and the rotor. However, 

the efficacy of this control method is not tested yet for 

variable-speed turbines under ITSC fault presence [6].  

Wind turbine systems modelling is developed in the 

second section. Thus, the model of controlled turbine via 

Maximum Power Point Tracking (MPPT) method is 

established. IRFOC controlling the IG model is also 

established in the (abc)-reference frame. In the third section, 

ITSC fault is investigated. Then, simulation results are 

discussed under both healthy and faulty conditions in the 

fourth section. A comparison is made under healthy and ITSC 

faulty conditions to highlight the fault impact on the system. 

In the last section, conclusions are presented.  

2. Wind Turbine System Modelling 

Wind turbine driven induction generator transforms wind 

energy to electrical one. Produced energy is delivered to the 

grid through converters and transformers.  

 

Fig. 1. Wind turbine driven IG closed loop system. 

The two converters (stator-side converter and grid-side 

converter) connected by a DC bus voltage, ensure decoupling 

electrical frequency to mechanical one. A transformer is 

required to adapt the grid voltage. Variable-speed turbine 

driven IG, as sketched in Fig. 1, is basically composed of a 

turbine and a generator. To adapt the turbine speed to 

electrical frequency, a gearbox is required. However, control 

algorithms are required to control the system. The turbine is 

controlled by MPPT method [7-8]. The IG in this study is 

controlled by IRFOC method [9]. IRFOC technique controls 

the stator-side converter through feeding its Pulse Width-

Modulated (PWM) by three-phase voltages reference. A DC 

bus voltage connects the two converters. Controlling the 

power injected to the grid is also needed based on a grid 

control algorithm. The grid control technique controls the 

grid-side converter through feeding its PWM by three-phase 

voltages reference. For both IRFOC and power control 

synthesis, transformation from (abc)-reference frame to (dq)-

Park frame are required [10]. 

2.1 Turbine model 

The mechanical part the turbine is composed of n 

orientable blades. According to the wind speed V, the blades 

are fixed to a rotating drive shaft at a speed Ωturbine. An 

equivalent mechanical model of the wind turbine system is 

presented in Fig. 2. The turbine, characterized by an inertia 

Jturbine, is connected to a generator. The generator transforms 

the mechanical energy to electrical one. The rotor of the 

generator is characterized by an inertia Jg and coefficient of 

friction relative to the shaft f. A gearbox is required in some 

turbines to increase the rotor speed Ωmec through a 

multiplication by a coefficient G. The turbine absorbs a wind 

torque Car. Then, the turbine rotor and the gearbox transmit a 

torque Cg to the generator. The generator rotating at the speed 

Ωmec, produces an electromagnetic torque Cem. 

 

 

 

 

 

 

 

Fig. 2 Equivalent mechanical system of the wind turbine. 

The turbine total inertia Jt can be defined by:  
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The mechanical equation of the turbine is defined by:  
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Where R is the rotor radius of the turbine, ρ is the air density 

depending of the air temperature and the altitude. Cp is the 

power coefficient defined as a function of the pitch angle β 

and the tip speed ratio λ defined by:  

 mecR

V



                                                                  (4) 

2.2 Maximum Power Point Tracking (MPPT) control  

A maximum theoretical value of Cp indicated by the Betz 

limit assumes that Cp_max = 16/27 = 0.593.By measuring the 

generator rated powers at different speeds, the variation of Cp 

can be determined. Pitch angel and MPPT control methods are 

used in order to extract the maximum power from the turbine 

using PI controllers. MPPT loop, as presented in Fig. 3, is 
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based on controlling the rotor speed in order to maintain the 

turbine tip ratio λ at its maximum value [11]. The maximum 

value of λ called λopt, ensures a maximum turbine power 

coefficient Cp_max guaranteeing a maximum produced power 

by the turbine.  

 

Fig. 3. Control structure of the turbine speed. 

The turbine speed reference calculated by the 

conventional MPPT is expressed by: 

ref

opt

mec

V

R


                                                             (5) 

The rotational speed reference has to be then adjusted so 

that the turbine can be subjected to the current tidal velocity, 

produces its maximum power. The turbine torque reference is 

then expressed by: 
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Using Laplace Transformation and neglecting Cg the 

mechanical equation becomes: 
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The turbine is controlled by a PI controller as shown in 

Fig. 3. The PI corrector function is expressed by: 

           )   ( i

p

k
C s k

s
                                                   (8) 

Where Kp is the corrector proportional parameter of the 

controller adjusting the system reply time. Ki is the integral 

parameter reducing the overtaking.  The parameters values are 

fixed according to required performances by imposing 0 is 

the angular natural frequency of the closed loop system and ξ 

is damping factor of the closed loop system [12-13] 

2.3 Induction generator model 

In order to study inter-turn short-circuit fault, it is 

obligatory to develop the IG model in the natural reference 

frame (abc). Park transformation cannot be used because of the 

imbalance of the system currents and voltages caused by the 

fault [14]. The equivalent circuit of three-phase IG is described 

in Fig. 4. s1, s2, and s3 are the three identique phases of the 

stator. Each phase has a stator phase resistance rs. Ls presents 

the phase self-inductance. The neutral is connected (VNN’=0V). 

For the rotor scheme, three phases are also presented. Each one 

is characterized by a rotor phase resistance rr and a self-

inductance Lr. M s and M r present respectively the stator mutual 

inductances and the rotor mutual inductance. Msr is the mutual 

inductance between stator and rotor phases. Jg presents the 

moment inertia of the generator. p is the machine number of 

pole pair’s. Ωmec is the mechanical angular speed of the 

machine. 

Fig. 4. Equivalent circuit of the induction generator. 

The IG system is modeled in (abc)-reference frame by voltage 

and currents vector (Vs
abc, Vabc

r, is
abc, ir

abc and iabc) defined by: 
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 IG voltage equations developed in the natural reference 

frame (abc) are expressed by: 
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 Where the resistance matrices [Rs
abc] and [Rr

abc] are 

expressed by: 
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 The stator and rotor mutual inductance matrices [Lss
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 The stator and rotor mutual inductance interaction matrix 

[M sr()] is expressed by: 
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 The produced electromagnetic torque Cem is given by: 

1
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2.4 Induction generator modelling in (d,q)-Park 

reference frame for IRFOC control technique 

The establishing of the IG model in Park reference frame 

(d,q), following d (direct axis) and q (quadrature axis), is 

required in order to control the machine. Basing on Par k 

rotating transformation matrix. p is the rotating rotor vector 

angle relatively to the stator.  is the rotating vector angle 

relatively to the stator (synchronous speed) (r =p - )). The 

p, s and  are respectively calculated basing on the angles 

p, s and  derivating. 𝛺mec is the mechanical speed. The 

electric speed is defined by 𝜔𝑟 = 𝑝𝛺mec. 

Applying transformation Park, the system becomes:
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Where the rotor flux and stator currents in the rotating frame 

(d,q) are defined by: 
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The electromagnetic torque is expressed by: 
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em d q q d
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M
C p i i

L
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It is important to note that Park transformation generates 

new parameters of the machine calculated from the machine 

parameters defined in the (abc)-reference frame. New 

parameters of the stator and rotor are given by [3]: 
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2.5 Indirect Rotor Flux Oriented Control (IRFOC) of 

induction machine 

 Indirect Rotor Flux Oriented Control (IRFOC) method 

principle is to orient the rotor flux according to the d-axis by 

imposing [3]: 
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 Controlling d and q stator current components ensures an 

independent control of both decoupled rotor flux and torque. 

IRFOC is the most adapted control method as it excludes the 

leakage reactance influence of both the stator and the rotor. 

 Imposing 0 r
q  and using Laplace transformation, the 

decoupling equations become: 
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 Developing the previous equations, the system equations 

become: 
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 The speed control loop is realized based on the MPPT 

requirements (Fig. 3). IRFOC is based on controlling the flux 

and stator currents through PI controllers as presented in Fig. 

5. The output of the speed controller is the electromagnetic 

torque reference. The output of the current is
d controller is the 

reference voltage Vs
d
*. The output of the current is

q controller 

is the reference voltage Vs
q
*. The reference current is

d
* is 

calculated based on imposed flux r.  The PI controllers’ 

parameters of speed, flux and currents controllers are fixed 

basing on the performances requirements of system (imposed 

damping ratio and natural frequency) using division 

compensation technique. 
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Fig. 5. IRFOC strategy for the induction generator. 

IRFOC technique controls the stator-side converter 

through feeding the Pulse Width-Modulated (PWM) by three-

phase voltage reference Vs
abc

*. After achieving the grid-control 

technique, a power P will finally be injected to the grid. 

3. Wind Turbine Genrator Modelling Under Faulty 

Conditions (ITSC Fault) 

Inter-turn short-circuit fault causes an insulation failure in 

the machine phase windings. In fact, an insulation resistance 

rf  appears [15]. A current if circulates in the resistance rf. The 

insulation resistance rf  controls the ITSC fault severity. A 

severe ITSC fault is defined by a low insulation resistance rf 

(toward zero). Unluckily, rf decreases quickly in most 

materials [16]. 

Fig. 6 shows the stator windings model under ITSC fault 

conditions. The short-circuit occurred in the first phase s1 .s1 

is characterized by turns phase number Ns. as1 presents the 

sub-winding healthy portion of the phase windings s1. bs1 

presents the sub-winding faulty portion. Ns
f presents the 

number of short-circuited turns. An ITSC factor kcc is then 

defined between 0 and 1 (kcc = Ns
f / Ns ). M1a,2 and M1a,3 are the 

mutual inductances between as1 and respectively the windings 

s2 and s3. M1a,1b , M1b,2 and M1b,3 are respectively created 

mutual inductances between bs1 and respectively the windings 

as1, s2 and s3. Msr1, Msr2 are created mutual inductances 

between respectively as1, bs1 and rotor. The stator resistances 

is also affected by the fault. rs
1b and Ls

1b are considered as 

respectively resistance and self-inductance of faulty winding 

[18].   
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It is also admitted [17] for from ITSC fault studies that: 
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Fig. 6. Induction generator equivalent circuit under short-

circuit fault. 

 Affected by ITSC fault, voltage equations become: 
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 Where the new system vectors are: 
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4. Simulations Results of ITSC Fault Impact on the 

Wind Turbine System  

Stator current, voltage and torque signals contain 

sufficient information about turn faults. Time-domain and 

frequency-domain signatures analysis are good tools for 

extracting ITSC fault impacts. The simulation are realized 

using the MATLAB/SIMULINK environment. To recognize 

the ITSC fault effect on the wind turbine system, we have 

applied a wind steady profile over a period of 2s.  

A wind turbine system including a 14m radius-rotor 

turbine is used for simulations. The three bladed turbine is 

characterized by Jturbine=25 Kg.m², opt=5 and Cp_max=0.44. 

The simulations are based on a 11 kW induction machine of 

1450tr/min nominal speed, 4-poles, 50Hz frequency and 

380/660V voltage. The machine parameters are given in 

Table. 1. The IG is characterized by stator turns number 

Ns=48, rotor turns number Nr=32, Jg=0.1 Kg.m², f=0.003 

N.m.s, The load current is
0 = 4A and the rated current 

is
N=11.32A.  

Table. 1. The induction generator parameters.  

 

In the initial phase, until t= 1.5s, no short-circuited turns 

are presented (healthy case). A ITSC fault is applied at t=1.5s 

(faulty case). The fault affects 30% of s1-phase (30% ITSC 

turns characterized by kcc=0.3). The diminution of the 

insulation resistance rf in most materials from infinite toward 

zero is very fast, that’s why rf was fixed to 0Ω . The simulation 

results are presented in figures from Fig. 7 to Fig. 15 under 

fault appearing at the instant t=0.15s. 

Fig. 7 shows that at t=1.5s, oscillations occur in the 

machine electromagnetic torque Cem. The supplied power to 

the grid P is disturbed (Fig. 8). Fig. 8 and Fig. 9 show the stator 

currents (is
a, is

b, is
c) and voltage (Vs

a, Vs
b, Vs

c) variation in the 

(abc) frame. Under healthy conditions, stator currents and 

voltages are balanced.  

Once a ITSC fault occurs, an unbalance takes place at 

t=1.5s. The current is
a, circulating in the affected phase (s1), 

increases significantly compared to other phase currents (is
b 

and is
c) (Fig.9). The stator voltage Vs

a, voltage of the affected 

phase (s1), decreases significantly compared to other phase 

voltages (Vs
b and Vs

c) (Fig.10). It is also observed that the 

fluctuations rise in stator-side converter current ich (Fig.11). 

This indicates that the ITSC fault is influencing the whole 

system even with the presence of IRFOC loop. 

 

 

Fig. 7. Simulation result of torque Cem of wind turbine 

system IG with introduced ITSC fault of 30% of s1-phase at 

t=1.5s. 

 

Fig. 8. Simulation result of supplied power P to the grid of 

wind turbine system IG with introduced ITSC fault of 30% 

of s1-phase at t=1.5s. 
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Fig. 9. Simulation result of three-phase stator currents is
abc and their 

zooms at t=1.5s of wind turbine system IG with ITSC fault of 30% 

of s1-phase. 

 

Fig. 10. Simulation result of three-phase stator voltages Vs
abc and 

their zooms at t=1.5s of wind turbine system IG with ITSC fault of 

30% of s1-phase. 

 

Fig. 11. Simulation result of stator-side converter current ich and its 

zoom at t t=1.5s of wind turbine IG with ITSC fault of 30% of s1-

phase. 

In order to examine the IRFOC efficiency, controlled 

signals are presented under both healthy and faulty conditions. 

Fig. 12 presents the system mechanical speed mec and its 

reference mec
* under both healthy and faulty conditions. 

Rotor flux (r) and its reference are plotted as shown by Fig. 

13. Stator currents (is
d, is

q) and their references (is
d
*, is

q
*) in the 

(dq) frame are presented by respectively Fig. 14 and Fig. 15. 

It can be observed that the ITSC fault engenders important 

oscillations in estimated rotor flux and stator currents signals. 

Flux and currents carry on following their references but 

escorted by perturbations. These perturbations are also 

affecting the injected power to grid P signal stability. 

Although the system continues operating with the presented 

degraded performances, the quick detection and isolation of 

ITSC fault is extremely required once one turn is affected. In 

fact,  the fault will spread so fast that the number of affected 

turns will increase. Therefore, the wind turbine must be 

stopped until the isolation of the fault in order to protect the 

equipment [19-21]. 

 

Fig. 12. Simulation result of mechanical speed mec and its 

reference mec
* using MPPT method and their zooms at t=0s 

of wind turbine IG with ITSC fault of 30% of s1-phase. 

 

Fig. 13. Simulation result of estimated rotor flux r and its 

reference r
* using IRFOC method and their zooms at t=1.5s 

of wind turbine IG with ITSC fault of 30% of s1-phase. 
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Fig. 14. Simulation result of current is
d and its reference is

d
* 

using IRFOC method and their zooms at t=1.5s of wind 

turbine IG with ITSC fault of 30% of s1-phase. 

 

Fig. 15. Simulation result of current is
q and its reference is

q
* 

using IRFOC method and their zooms at t=1.5s of wind 

turbine IG with ITSC fault of 30% of s1-phase. 

 ITSC fault is so fast spread fault that the percentage of 

short-circuited turns can quickly increase. However, all 

experimental tests in the literature deal with only few short-

circuited turns due to the risk of these tests (strong currents can 

damage the system). Thus, simulations are run under an 

introduced ITSC fault with a higher number of short-circuited 

turns (50% of the s1-phase are affected) in order to examine the 

fault impact on the system if it is forced to continue operating 

after the fault occurrence. Fig. 16 and Fig. 17 show the machine 

torque Cem and the power P injected to the grid under faulty 

conditions at t=1.5s. Fig. 18 shows the current of the stator-side 

converter ich. The IRFOC controlled current is
q and its reference 

is
q
* are presented in Fig. 19. It can be observed that the system 

is out of service after one second due to the significant increase 

in these signals at t=1.5s. It can be deducted that if the system 

is forced to continue operating, it will operate up to 50% of one 

phase are affected with dangerous outputs. Hence, IRFOC 

scheme has to be replaced by a fault tolerant control technique 

once ITSC fault is detected. The fault tolerant scheme must 

compensate the signals fluctuations and the currents increase 

caused by the fault and ensure the continuation of the operation 

in spite of ITSC fault presence [22-29]. 

 

Fig. 16. Simulation result of torque Cem of wind turbine 

system IG with introduced ITSC fault of 50% of s1-phase at 

t=1.5s. 

 

Fig. 17. Simulation result of supplied power P to the grid of 

wind turbine system IG with introduced ITSC fault of 50% 

of s1-phase at t=1.5s. 

 

Fig. 18. Simulation result of stator-side converter current ich 

of wind turbine system IG with introduced ITSC fault of 

50% of s1-phase at t=1.5s. 
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Fig. 19. Simulation result of current is
q with its reference is

q
* 

using IRFOC method of wind turbine system IG with 

introduced ITSC fault of 50% of s1-phase at t=1.5s. 

5. Conclusions 

Inter-turn short-circuit faults are typically the final 

consequence of the incessant aging of winding insulations of 

machines caused by transient overvoltage or vibration. In this 

context, this paper studied ITSC fault affecting IG of grid 

connected wind turbine systems. The presented results 

illustrate that once ITSC fault appears, the induction generator 

currents are disturbed causing perturbations in the stator-side 

converter input voltages and output currents. Hence, the 

supplied power to the grid is directly fluctuated which 

engender an instability of the grid connection. Furthermore, the 

thermal impact of the generated fault current, circulating 

through the damaged turns, increasingly destroys the insulation 

of the affected and adjacent turns. The slot insulation or 

insulation of the other two phases of the IG can be also affected 

because of the fast spread of ITSC fault, which can engender a 

catastrophic phase-to-phase or even to phase-to-ground 

failures. The simulation results demonstrate that if no efficient 

fault detection and isolation scheme is executed within a few 

seconds, the localized ITSC fault can progress to catastrophic 

destructions of the generator and the converter of the wind 

turbine system. 
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