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Abstract-The Doubly-fed induction generator is one 

of the most effective and frequently used wind power 

generation systems in the wind power industry. It offers 

several enticing benefits, including consistent output 

voltage, low cost, independent control of active and 

reactive power, and improved power quality. Despite any 

of the aforementioned advantages of DFIGs, it is 

precisely impacted by grid interruption. Any sudden 

appearance of a fault, such as symmetrical or 

asymmetrical faults, can cause a reduction in stator 

voltage, oscillations in stator and rotor currents, DC-link 

overvoltage, and electromagnetic torque pulsations. Such 

a phenomenon can considerably affect the performance 

of the DFIG under a transient state if an appropriate 

protection system is not considered. Thus, in this thesis 

work, the crowbar protection system is employed for the 

enhancement of the FRT capability of the wind turbine.  

The performance of the machine with the existing 

capacitor bank and crowbar protection is analyzed and 

compared. Moreover, the MATLAB/Simulink 2015a 

software is used for modeling and simulation and all 

system parameters are obtained from ADAMA-II Wind 

Farm.  

Keywords-Battery Energy Storage System, 

Crowbar, Doubly-Fed Induction Generator, Fault Ride 

Through Capability, MATLAB-Simulink 

I. INTRODUCTION 

A. Background 

    Conventional energy sources such as petroleum,    

     coal, gas, and oil are environmentally 

hazardous. Excessive use of these energy sources 

tends to increase emissions of carbon dioxide and 

other harmful gases to the atmosphere. To address 

this issue, several countries have undertaken 

research for scientific advances to use renewable 

and clean energy sources such as wind, solar, 

geothermal, biomass, and tidal energy. In this 

regard, among the various renewable energy 

resources, wind energy is one of the most efficient, 

clean, and promising ones with the potential to 

fulfill the world energy demand [1]. Variable speed 

wind turbine with partial scale power converter 

also known as doubly fed induction generator is 

essentially a wound rotor induction generator in 

which the rotor circuit can be controlled by 

external devices for variable speed operation. The 

generator stator is connected to the grid via the 

transformer, while the rotor connected to the grid is 

connected using the power converters, the 

harmonic filters, and the transformer. DFIG has 

two back-to-back connected pulse width 

modulation (PWM) converters with a DC-link 

capacitor mounted between them. Owing to these 

power converters, power can be supplied or 

absorbed to/from the grid. The DC-link capacitor is 

located between the two converters, as energy 

storage, to keep the voltage fluctuation (or ripple) 

in the DC-link voltage small [2]. 

The power converter is comprised of rotor side 

converters (RSC) and grid side converters (GSC). 

The primary function of a rotor side converter is to 

adjust the speed and torque of the machine and 

regulate active and reactive power independently. 

The grid-side converter, on the other hand, retains 

the DC-link voltage constant regardless of the size 

or direction of the rotor [2]. Figure 1 depicts the 

DFIG block diagram. 

Fig.1. General supply configuration of DFIG [3] 

The primary benefits of employing DFIGs in 

association with wind turbines are [3]: 

• The power losses in the converters are lower, 

leading to the improved overall efficiency 

• The mechanical load stresses on wind turbines, 

which are produced during wind gusts, are 

reduced. 

•  Independent control of active and reactive 

power 

• The cost of a DFIG power converter is low, as 

the power rating of the power converter is 

typically rated 25% to 30% around the rated 

power 

• Improves power quality, reduces torque 

pulsations, and eliminates electrical power 

variations, i.e., fewer flickers. 

Although DFIG has the aforementioned 

advantages, it is vulnerable to grid deterioration. 

Such that, since the stator winding of the machine 

is directly attached to the grid, when a failure 
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occurs, the rotor circuit and converters are 

subjected to a high overcurrent caused by high 

transient stator current. In the occurrence of such a 

fault, the wind turbine must be isolated from the 

network to secure the converter. However, in most 

countries, power grid connection codes mandate 

wind turbines to remain connected to the grid to 

ensure reliability throughout and after a short-term 

outage [4]. Grid transmission and distribution 

operators and wind turbine manufacturers have 

developed rules (grid code) for the generators to 

stay connected to the grid during instability. The 

ability of wind turbines to remain connected to the 

grid during voltage dips is referred to as Fault ride-

through (FRT) or low voltage ride-through (LVRT) 

capability. In this thesis work, three significant 

issues are accurately addressed in an attempt to 

fulfil the LVRT capability of a wind turbine in a 

fault state. The first is overcurrent, which can occur 

in rotor and stator circuits, and the second is 

overvoltage in a DC-link and the third is 

electromagnetic fluctuation. The first and second 

can be attributed to surplus energy causing harm to 

the power converters [5]. Thus, the main objective 

of this work is to improve FRT capability under 

fault conditions by employing a protection system. 

B. Significant of the paper work 

The significance of this thesis work is to enhances 

the LVRT capability of WT by utilizing a crowbar 

protection scheme in order to restrict the high 

currents that arise due to voltage dip at the grid 

terminal. The data essential for modelling the 

whole system is obtained from ADAMA-II WT 

Moreover, a detailed comparative analysis between 

the existing capacitor bank and the crowbar 

protection scheme under symmetrical fault 

condition is presented.  

II. DYNAMIC MODELLING OF DOUBLY FED 

INDUCTION GENERATOR 

The DFIG comprises a stator winding and a rotor 

winding equipped with a slip ring. The stator is 

directly connected to the grid. Whereas, the rotor is 

fed to the grid via a variable frequency converter, 

which only demands to accommodate a fraction 

(25-30%) of the overall power to achieve 

maximum generator control. It is crucial to 

recognize the models for the DFIG wind power 

systems, particularly the dynamic model, for the 

design of the regulation of the wind power systems. 

This model represents the operating relationship of 

the variables in the DFIG power system [6]. 

The dynamic and transient behavior of the DFIG is 

analyzed for modeling purposes, and even more 

precisely for the implementation of the subsequent 

machine control [6,7]. 

A. , Model 

The mathematical model of the three-phase 

machines is transformed into two-phase stationery, 

rotor, and synchronous reference frame [8]. 

 

 

 

 

 

 

 

 

 

Fig.2. Different reference frames to represent space 

vectors of the DFIM [8] 

Space vector theory is used to represent the three 

coils of the stator and rotor independently by two 

stationary coils ( ,  ) for the stator and two 

rotating coils DQ for the rotor [8].  
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The expressions of the stator and rotor flux in the 

form of space vector in the stationary reference 

frame are:  

Stator and rotor flux in ( ,  ) 
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Where, s r s rV ,V ,V ,V    , s r s ri , i , i , i    and 

s r s r, , ,       are voltages, currents and flux 

linkages of the stator and rotor in ,   axis sR and 

rR are the stator and rotor resistance, s rL ,L and 

mL are the stator, rotor, and mutual inductance 

respectively, m and s are the rotor electrical 

speed. and the stator frequency. 

The active and reactive power of the stator and 

rotor in the ( ,  ) frame is calculated as follows: 
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Where, s r sP , P ,Q  and rQ  are the active and 

reactive power of the stator and rotor in the ( ,  ) 

frame. The electromagnetic torque of the machine 

can be determined using the following equivalent 

expressions: 

 m
em r s

r s

L
T 1.5 p Im .

L L

 
=   

 
                  (7) 

Where, p is the pole pair of the machine and 

( )2

m s r1 L / L .L = − is the leakage coefficient 

B. d-q Model 

The transformation of the three-phase induction 

machine model to a two-phase (d-q) equivalent 

circuit results in the eradication of time-varying 

inductances in the voltage equations [9]. The 

dynamic equation of a three-phase DFIG in a two-

phase direct-quadrature (d-q) reference frame is 

expressed as: 

The stator and rotor voltage in the d-q reference 

frame 

ds
ds s ds s qs
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The stator and rotor flux in the d-q reference frame 

ds s ds m dr

qs s qs m qr

L i L i
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 = +

 = +
 (10) 

dr r dr m ds

qr r qr m qs
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Where, ds dr qs qrV ,V ,V ,V , ds dr qs qri , i , i , i and

ds dr qs qr, , ,     are voltages, currents, and flux 

linkages of the stator and rotor in the d-q axis. 

III. CROWBAR PROTECTION METHOD  

The DFIG based wind power plants are extremely 

sensitive to grid disruptions, particularly voltage 

dips. As faults occur and cause voltage dips, 

control is briefly lost, enabling the current flowing 

through the power converter to rise. During this 

situation, crowbar protection is activated to protect 

the system from over-currents caused by loss of 

control. The crowbar creates a low resistance path, 

isolating the RSC and ensuring that the entire rotor 

currents circulate through it as shown in Figure 3 

[10]. Once the stator and rotor currents decay and 

the power converters gain control of the machine, 

the crowbar is deactivated. 

The timing of the deactivating crowbar and the 

value of the series resistor in commercial DFIG 

exhibit critical effects on converter safety and 

system recovery. This indicates that early removal 

of the crowbar does not fulfill the purpose of 

converter protection, whereas delayed removal 

results in higher absorption of reactive power from 

the grid [11]. Crowbar resistance has a major effect 

as well, with a high value causing a large peak of 

electromagnetic torque and a low value causing 

large currents during a voltage dip. As a result, the 

acceptable value of crowbar resistance is 

considered appropriate as a balance between 

certain objectives based on DFIG efficiency and 

grid code enforcement. The main concern with this 

protection method is that prolonged use of the rotor 

crowbar results in loss of torque control and the 

DFIG to operate as a squirrel cage induction 

machine and draw stator side magnetization. This 

results in a high-slip reactive power demand, which 

degrades stator voltage. 

 

 

 

 

 

 

Fig.3. Crowbar protection system 

IV. CONTROL SYSTEM FOR DOUBLY FED 

INDUCTION GENERATOR  

In this paper work, vector control of DFIG in the 

synchronous reference frame is employed. Among 

the control strategies, this control technique is 

widely adopted due to its high accuracy, simple 

implementation parameters, a good dynamic 

response under normal and faulty operating 
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conditions, and a fixed switching frequency [12-

13].   

A. Rotor Side Control 

The main role of the RSC control is to regulate the 

active and reactive power separately by controlling 

the quadrature and the direct axis rotor current [12].  

 

  

 

 

Fig.4. Vector control of the d-q reference aligned with 

stator flux space vector [13] 

Considering stator flux orientation, the relationship 

between the current and the fluxes can be 

expressed as follow: 
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From the above equation, the relation between 

stator and rotor current is obtained 
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The correlation between the rotor flux and currents 
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Where,  is 

2

m

s
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In the absence of a small drop in stator resistance, 

the voltage of the stator and the relationship 

between the voltage of the rotor and the current can 

be expressed as follows: 
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The active and reactive power of the stator as well 

as the electromagnetic torque, which is governed 

directly by the quadrature current, can be 

formulated as 

m
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It is necessary to achieve r for reference frame 

transformation. So, first, 090  is subtracted from the 

estimated angle to get the angle of the stator 

voltage space vector.  
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V. GRID SIDE CONTROL 

The purpose of GSC is to maintain a constant DC-

link voltage and to provide reactive support to the 

grid [6]. A vector-control technique with a 

reference frame oriented along the grid voltage 

vector position is used. The d-axis current is used 

to regulate the DC-link voltage and the q-axis 

current is used to regulate the reactive power in the 

PWM voltage source converter [13].  

By using Clark and park transformation, three-

phase can be expressed in a two-phase stationary 

and rotating reference frame  

g
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Where, dg qgv ,v are the grid voltages in d-q axis, 

dg _ conv qg _ convv ,v are the grid-side converter 

voltages in d-q axis, dg qgi ,i are the grid-side 

converter currents in d-q axis, e is the electrical 

angular velocity of the grid voltage. 
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The active and reactive power flow between the 

grid and the grid side converter is denoted as: 

( )

( )

g dg dg qg qg

g qg dg dg qg

P 1.5 v i v i

Q 1.5 v i v i

= +

= −
                             (23) 

The angular position of the supply voltage is 

computed as follows: 

g1

e e

g

v
dt tan

v

−



 
 =  =  

  
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VI. MAXIMUM POWER POINT TRACKING 

CONTROL 

It is essential to acquire the greatest energy from 

wind energy utilizing distinctive maximum power 

point tracking (MPPT) control strategies to 

accomplish viable, compelling, remarkable, and 

powerful wind energy sources. Maximum power 

point tracking is employed for the purpose to 

extract maximum power by maintaining the rotor 

rotational speed with the adjustment in wind speed, 

to maintain the tip speed ratio at its optimal value 

[14].  

VII. RESULTS AND DISCUSSION  

In this Section, simulation analysis is carried out 

using MATLAB/SIMULINK software to evaluate 

and examine the performance of DFIG during three 

phase symmetrical fault conditions. Under a faulty 

state the performance of the double fed induction 

generator employing crowbar protection 

mechanisms is evaluated. In order to identify how 

the crowbar protection system enhances the fault 

ride through capability, a comparison is made 

between the existing capacitor banks and the 

crowbar protection system. 

A. Under Grid Fault Condition with the Existing 

Capacitor Bank 

When a symmetrical fault occurs at a grid terminal, 

the voltage at the terminal decreases, so do the 

stator and rotor fluxes of the generator, causing the 

generator to demagnetize. Moreover, the voltage 

dip results in electromagnetic torque fluctuation, 

high stator and rotor current, and DC-link 

overvoltage [15].  

B. RSC Under Grid Fault Condition with Existing 

Capacitor Bank 

A dynamic simulation is carried out by imposing a 

three-phase symmetrical fault at the grid terminal 

for 150ms to analyze the DFIG based WT without 

any protection system applied.  The impact of grid 

fault on the machine is shown in subsequent figures 

below. When a symmetrical fault occurs, as shown 

in Figure 5, the stator voltage of the DFIG drops to 

10% of the nominal voltage at the time of 2 sec and 

remains there for 150ms. Once the fault is cleared 

at 2.15 sec, the voltage begins to recover from 2.15 

to 3.65 seconds. Figure 6 depicts that the rotor 

speed varies in response to changes in 

electromagnetic torque. The torque is considerably 

decreased to zero causing mechanical tension in the 

gearbox. Figure 7 (a and b) depicts that with the 

fault occurring at 2 seconds, the stator and rotor 

currents are increased to a high value. Figure 8 

indicate that when a failure occurs, both the rotor 

currents across the d-axis and the q-axis rise to 

elevated values within 2-2.15 seconds. Even 

though the rotor side converter can be utilized to 

compensate for rotor current variation by 

increasing the rotor voltage reference, it will 

eventually lose its controlling ability over the 

machine due to the DFIG having a power converter 

with a rotor voltage limit.  In other words, the 

converter supplying the rotor will only provide 

30% of the supply voltage, and as a result, the 

converter reaches its limit rapidly and, as a result, 

cannot control the generator during a failure [15]. 

 

Fig.5. Stator voltage 

 

 

 

 

 

 

(a) Rotor speed  

 

 

 

 

 

 

(b) Torque 

Figure 6 Rotor speed and torque 

 

 

 

 
 

 

(a) Stator current   
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(b)  Rotor current 

Fig.7. Stator and rotor current 

 

 

 

 

 
 

(a) Rotor current (d-axis)
  

 

 

 

 

 

 

(b) Rotor current (q-axis) 

Figure 8 Rotor current across d-axis and q-

axis 

C. GSC Under Grid Fault Condition with 

Existing Capacitor Bank 

When a grid fault occurs, the voltage drops, 

inhibiting the GSC from transferring the whole 

power from the rotor to the grid. As a result, the 

excess energy charges the DC-link capacitor 

instantly, leading to DC-link overvoltage. Figure 9 

elucidates that the stator voltage reduces to 10% of 

the nominal voltage at 2 sec and recovers from 2.15 

to 3.65 after the clearance of fault. Figure 10 (a) 

illustrates how the current is observed to be 

unbalanced as a consequence of the grid faults. 

Figure 10 (b) portrays variation of the DC-link 

voltage at a high value of approximately 1350, 

which normally results due to overcurrent at the 

stator and rotor of the system. The grid currents 

across d-axis and q-axis, as shown in Figure 11, 

increases to a high value and fluctuates during the 

occurrence of a fault.  

 
Fig.9. Stator voltage 

 

 

 

 

 

 

(a) Grid current  
(b)  

(c)  

(a)  Grid current 

 

 

 

 

 

 

 

 
(b) DC-link voltage 
Fig.10. Grid current and DC-link voltage 

 

 

 

 

 

 

 

 

 

 

 

 
(a)  Grid current (d-axis) 

     

 

 

 

 

(b) Grid current (q-axis) 

Figure 11 Grid currents across d-axis and 

q-axis 

 

(b) Under Grid Fault Condition with the Crowbar 
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As the voltage drops, crowbar protection is 

triggered, which provides a low resistance path, 

isolating the RSC and ensuring that all rotor 

currents pass through it.  

i. RSC Under Grid Fault Condition with Crowbar 

Protection System 

Fig.12 (a) demonstrates the voltage dropping to 

0.1pu and remaining at that stage for 150ms. When 

the voltage dip is detected, the crowbar protection is 

activated for 100 milliseconds inhibiting the RSC 

and protecting it from high currents by allowing the 

current to pass through the crowbar. Figure 12 (b, d, 

f) represents how the high rotor and stator current 

encountered due to the occurrence of fault circulates 

through the crowbar. The torque and flux are also 

influenced by the grid fault, as shown in Figure 12  

(c, e). The flux is observed to decrease to near zero, 

and so is the torque. It is realized in Figure 12 (c) 

that even after the fault has been cleared, the torque 

does not meet the reference value. This is because 

torque control is lost when the crowbar is enabled. 

Once the rotor current reduces and the flux return to 

its nominal value, and the available converter 

voltage starts to control the machine, the crowbar is 

disconnected and RSC is reactivated. The rotor 

current across the d-axis and q-axis is depicted in 

Figure 12 (g, h). As a dip occurs, as required by grid 

code, increasing the d-axis rotor current will 

provide progressively reactive power through the 

stator. However, since the crowbar blocks the RSC 

during activation, no reactive power can be 

generated. As a result, it is only after some time 

(2.14 sec) that reactive power is supplied through 

the stator. 

 
(a) Stator voltage 

 

 

    
(b) Stator current  

 
(c) Torque    

  

 
(d) Rotor current 

 
(e) Stator flux    
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(f) Crowbar current 

 

(g) Rotor current (d-axis)   

 

 

(h) Rotor current (q-axis)  

  

 
(i) Rotor speed 

Fig.12. Performance of DFIG with a crowbar at RSC 

ii. GSC Under Grid Fault Condition with Crowbar 

Protection System 

During a fault, the GSC loses its ability to 

control the DC-link voltage due to the limited value 

of rotor voltage that the power converter generates. 

Thus, the performance of DFIG at the GSC is 

analyzed by applying a protection mechanism at the 

time control is lost. Fig.13 (a) illustrates how the 

grid current is maintained constant after the 

activation of the crowbar. and Fig 13 (b) elucidates 

that while the crowbar is enabled, no energy is 

transferred to the DC-link capacitor, and hence the 

DC-link voltage is more likely to decrease. 

However, after the crowbar is deactivated and the 

fault is cleared, the DC-link voltage is observed to 

return to a steady-state. The grid current across d-

axis, in Figure  13 (c, d), remains at its nominal 

value following its reference value after the fault is 

completely cleared.  

 
(a) Grid current   

 

(b) DC-link voltage 

(c) Grid current (d-axis)  

 

(d) Grid current (q-axis)  
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Fig.13. Performance of DFIG with the crowbar at GSC

  

D. Comparative Analysis of the Results 

This section provides a thorough comparison of 

various parameters at the RSC and GSC with the 

existing capacitor bank and crowbar protection 

mechanism. Torque, speed, stator and rotor 

currents, and rotor current across the d-axis are 

among the parameters used for comparison 

i. Comparative Analysis at RSC  

Fig. 14 illustrates various parameters at RSC which 

were used for comparative purposes. A distinct 

number is assigned to each figure in order to 

differentiate it. The parameters with the existing 

capacitor bank are denoted by ‘1', the parameters 

with the crowbar protection system are denoted by 

‘2'. Fig.14 (a1 and a2) demonstrate the torque value 

with an existing capacitor bank and crowbar 

protection. Subfigure (a1) depicts that when a fault 

occurs, a high torque pick is noticed and machine 

control is lost for 2 to 3.5 seconds. High torque 

fluctuation is seen, and the actual value of torque is 

also noted to deviate from its reference value. 

Subfigure (a2) displays that with the crowbar 

activated, even though the fluctuation of torque is 

minimized, control over torque is lost, and the 

torque takes time to follow the reference value 

even after the crowbar is deactivated. Subfigures 

(c1 and d1) depict stator and rotor currents using 

the existing capacitor bank. High currents are 

detected at the occurrence of the fault at 2 sec. The 

power converters will be harmed by these high 

currents. Subfigures (c2, d2, f2) demonstrate that 

when the crowbar is activated, high currents flow 

through it. As a result, the converters are shielded 

from large currents caused by faults. Subfigure (e1) 

displays the rotor current across a d-axis using the 

existing capacitor bank. It is observed that when a 

defect emerges, the machine does not supply any 

reactive power, thereby further degrading the 

voltage at the terminal. In subfigure (e2), it is 

proven that rising idr supplies reactive power to the 

grid; however, it is also noted that reactive power is 

given to the grid only after the crowbar is 

deactivated (i.e. 2.14sec).  
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(e1)       (e2) 

 

 (f1)        (f2) 

Fig.14. Comparative analysis at RSC 

ii. Comparative Analysis at GSC  

Fig.15 depicts a comparison of various parameters 

at GSC with the existing capacitor bank and 

crowbar protection system. Subfigure (a1 and a2) 

demonstrates the current at the grid side converter. 

It is observed that due to the occurrence of fault 

this current fluctuates in both methods. However, 

after the fault is cleared the system is observed to 

return to its normal operating condition. In 

subfigure (b1), the DC-link voltage is observed to 

rise to 1350v. This amount of DC-link voltage will 

damage the power converter if no protection 

scheme is applied. When the crowbar is utilized to 

the system, the dc-link voltage drops to a low level 

as depicted in subfigure (b2). This is due to the fact 

that the crowbar prevents all energy from passing 

through the DC-link capacitor causing the dc-link 

voltage to drop. Subfigures (c1 and c2). exhibit the 

grid currents across the d-axis. The DC-link 

voltage is controlled by the d-axis grid current. The 

grid current across the d-axis is observed to 

increase, as shown in subfigure (c1).  As illustrated 

in subfigure (c2), the d-axis grid current is 

observed to reduce when the crowbar protection 

system is applied to the system. 
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(c1)       (c2) 

Fig.15. Comparative analysis at GSC 

E. CONCLUSION 

When a three-phase symmetrical fault occurs at the grid 
terminal, high stator current occurs and this high stator 
current is further transmitted to the rotor winding due to the 
magnetic coupling between the two windings. Moreover, the 
dc-link voltage is increased as the energy flows through the 
capacitor and will damage the converters if additional 
protection system is added. Thus, in this study crowbar 
protection system is implemented near the RSC to secure it 
from excess energy. A comparison of crowbar with existing 
capacitor bank is rendered. From the simulation result it is 
observed that the crowbar protection system indeed protects 
the converts by ensuring the current flows through the 
resistance. The high DC-link voltage that is observed with 
using capacitor bank is reduced when crowbar is activated. 
Thus, it is concluded that the crowbar protection system is 
essential for improvement of the performance of the machine 
during fault state.  
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