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Abstract: Renewable energy sources (RES) are being integrated to electrical grid to complement the conventional sources in 
meeting up with global electrical energy demand. Among the RES, Wind Energy Conversion Systems (WECS) have gained 
global electricity market competitiveness especially the Doubly Fed Induction Generator (DFIG)-based Wind Turbines (WTs) 
because of flexible regulation of active and reactive power, higher power quality, variable speed operation, four quadrant 
converter operation and better dynamic performance. Grid connected DFIG-based WTs are prone to disturbances due to faults 
in the network which made the utilization of the power generated a major concern. The grid code requirement for integrating 
the DFIGs to grid specified that they must remain connected and support the grid stability during grid disturbances of up to 
1500milliseconds. The ability of the DFIG WT system to uphold to the grid codes requirement is termed the Fault Ride – 
Through (FRT). This paper presented a 1.5MW grid connected DFIG-based WT model with a Dynamic Voltage Restorer 
(DVR) for FRT capability enhancement. The design and simulation were performed in MATLAB/Simulink software. The test 
system was subjected to disturbances leading to Low Voltage Ride – Through (LVRT), Zero Voltage Ride – Through (ZVRT) 
and High Voltage Ride – Through (HVRT) considering three – phase balanced fault and single line to ground fault. The 
performance of improved model of DVR shows enhancement over conventional DVR in terms of voltage compensation and 
fault current mitigation.  
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1. INTRODUCTION 
Doubly Fed Induction Generator (DFIG) is the most 
employed generator for Wind Turbine (WT) system due to 
its advantages such as the reduced mechanical stress on the 
WT, low power rating of the connected power electronics 
converters, flexible regulation of active and reactive 
power, higher power quality and variable speed operation 
[1-6].  

However, the major disadvantage of grid connected 
DFIG-based WT is that increasing the performance of 
DFIG by flux weakening control method is very difficult 
because of the direct connection of the stator to the grid 
[2]. In this configuration, the stator flux is directly 
controlled by the grid voltage. Any voltage dip will result 
in a sudden change of machine magnetization thereby 
producing a current surge in the Rotor Side Converter 
(RSC) [7]. This surge current is usually large and without 
suitable control strategy, it may cause damage to the 
converters. Hence, appropriate control strategy must be 
employed to ride through low voltage faults [8]. 

In order to sustain the grid connected WT systems, wind 
power grid connection codes which require that WTs 
should remain connected to the grid for the purpose of 
maintaining the overall system reliability were enacted [3]. 

According to grid codes, whenever grid experiences low 
voltage faults, WT system need to ride through a period of 
up to 150ms and a recovery period of up to 1.35seconds; 
and inject up to rated current of the reactive current to the 
grid during the entire low voltage fault time [8]. The 
revised grid codes require that WTs must also provide 
reactive power during the faults [7].  

The ability of the WT to stay connected to the grid 
during grid faults is termed the Fault Ride-Through (FRT) 
capability [3]. This made it difficult to continue using the 
crowbar method of protecting the converters from flow of 
rotor over-currents during faults [1]. Crowbar operation 
disables and short-circuits the RSC, making the DFIG to 
act like a Squirrel Cage Induction Generator (SCIG) 
thereby absorbs reactive power instead of supporting the 
grid [7].  

Other techniques developed in order to address the 
limitations of using crowbars are the protection using 
Series Grid Side Converter (GSC), Dynamic Resistor, 
connection of Static Synchronous Compensator 
(STATCOM) and Dynamic Voltage Restorer (DVR) at the 
Point of Common Coupling (PCC) are detailed [1, 7, 9, 
10]. However, STATCOM operation cannot meet up with 
fast variations in voltage source and as such it cannot 
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protect the RSC from over current and therefore require the 
addition of crowbar protection [1, 11]. 

The use of DVR provide a better solution as it does not 
require protective circuit during operation. DVR have 
shown effectiveness in restoring quality of voltage at load 
side when the voltage at source terminals is disturbed [1]. 
Figure 1 shows the basic components and placement 
between the DFIG – Based WT and the grid at PCC. 
Several techniques were developed for control of DVR 
such as missing voltage technique, Enumerated MPC-
based control, Hysteresis control, Discrete state space 
control and Real-time control [9, 12-16]. Despite its 
effectiveness, DVR is prone to damage by large grid side 
fault current [17].  

 
Figure 1. Topology of DVR in Grid Connected DFIG- 

Based WT System 

In this paper, a DVR with Proportional Resonant (PR) 
current controller and active damping loop were 
implemented to detect and activate the fault current 
limiting control scheme in addition to the voltage 
compensation function. The measurements of current for 
mitigation was achieved using Multiple Second – Order 
Generalized Integrators PLL (MSOGI-PLL) because of its 
fast response and less computational burden.    

2. CONCEPTS OF DFIG AND DVR 
The concepts of modelling and operation of DFIG and 
DVR are discussed in this section. 

2.1 Model of a DFIG 
The dynamic model of DFIG is based on the generalized 
machine model in synchronous reference frame and all the 
system parameters and variables in per unit (pu) as referred 
to the stator side [18]. Figure 2 shows the equivalent circuit 
of the DFIG in synchronous dq reference frame. 

The dq voltage, current and flux equations of the 
equivalent circuit of DFIG are as follows [1]:  

 𝑣"# = 𝑅#𝑖"# +
"()*
"+

− 𝜔.𝜆0#  (1) 

 𝑣0# = 𝑅#𝑖0# +
"(1*
"+

+ 𝜔.𝜆"#  (2) 

 𝑣"2 = 𝑅2𝑖"2 +
"()3
"+

− 𝜔. − 𝜔2 𝜆02 (3) 

 𝑣02 = 𝑅2𝑖02 +
"(13
"+

+ (𝜔. − 𝜔2)𝜆"2 (4) 

Where vds and vqs are dq stator voltages, vdr and vqr are dq 
rotor voltages; ids and iqs are dq stator currents, idr and iqr 
are dq rotor currents; 𝜔. is the supply angular frequency 
and 𝜔2 is the rotor angular frequency; λds and λqs are the dq 
stator flux linkages,  λdr and λqr are the dq rotor flux 
linkages. Rs and Rr are the stator and rotor resistance 
respectively. 

 
Figure 2. Equivalent Circuit of DFIG [19] 

If 𝐿# and 𝐿2 represent the stator and rotor inductance 
respectively, then the stator and rotor side inductances can 
be obtained using: 

 𝐿# = 𝐿7# + 𝐿8    (5) 

 𝐿2 = 𝐿72 + 𝐿8    (6) 

Where Lls and Llr are the stator and rotor leakage 
inductance respectively and Lm is the magnetizing 
inductance. The flux linkage equation for both stator and 
rotor are given by 

 𝜆"# = 𝐿#𝑖"# + 𝐿8𝑖"2   (7) 

 𝜆0# = 𝐿#𝑖0# + 𝐿8𝑖02   (8) 

 𝜆"2 = 𝐿8𝑖"# + 𝐿2𝑖"2   (9) 

   𝜆02 = 𝐿8𝑖0# + 𝐿2𝑖02   (10) 

 The real power (𝑃#) and reactive power (𝑄#) generated by 
DFIG are given by  

 𝑃# =
;
<
𝑣0#𝑖0# + 𝑣"#𝑖"#    (11) 

 𝑄# =
;
<
𝑣0#𝑖"# − 𝑣"#𝑖0#    (12) 

2.1.1 Operating Principle of DFIG 
The analysis of DFIG operation during steady – state and 
transient conditions is vital to understanding its behavior 
during grid faults. The fault analysis is necessary for the 
implementation of FRT capability [1]. 

The stator of DFIG is connected directly to the grid 
while the rotor is connected to the grid via slip rings 
through a partial-scale back-to-back power converter. The 
back-to-back converter has a Rotor Side Converter (RSC) 
and Grid Side Converter (GSC) connected by a dc-link. 
The dc-link is a capacitor serving as energy storage and 
also serving as dc-link voltage variations or ripples limiter. 
The converter handles about 20 – 30 % of total generated 
power and also controls torque, speed and reactive power 

(a) 

(b) 
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from or to the grid [20]. The rotor three-phase windings are 
energized with three-phase currents which is supplied by 
the RSC. As a result of that, rotor magnetic field interacts 
with stator magnetic field to develop torque which is a 
vector product of the two vector fields [21]. 

2.1.2 Behavior of DFIG during Grid Fault 
The stator flux (𝜆#) rotates at constant magnitude 
proportional to the grid voltage and at synchronous speed 
(𝑁#) during normal operation. Occurrence of grid fault 
drops voltage extremely at the generator terminal due to 
the direct connection of stator winding to the grid. 
According to the constant flux leakage principle, the stator 
flux cannot react to the voltage drop instantly [10]. 
Consequently, dc voltages are produced in the stator 
windings. The dc component of stator voltage is 
proportional to the severity of the fault. This dc voltage 
component of the stator changes the slip of the DFIG to 
about 20% [10, 22]. 

The voltage drop reduces active power generation 
which can lead to rapid increase in the rotor current in 
order to compensate the active power by the rotor side 
converter (RSC). Hence, the converter increases the rotor 
voltage and an overvoltage in the DC-link. However, the 
maximum values of rotor current and dc-link voltage are 
critical to guarantee effective FRT capability [1].  
Figure 3 illustrates the dynamic behavior of stator flux 
during fault. It can be deduced from the figure that the flux 
vector; 
i. Rotates about outer circle during normal operations.  
ii. Split into two – the dc component about OO’ and ac 

synchronous component AO’. 
iii.  The ac component offsets the dc part and decay 

naturally along point B immediately after the fault,  
[20]. 

 
Figure 3. Stator Flux Trajectory during Fault [20] 

The inrush current in rotor due to the fault increases the 
active power and increase the dc-link capacitor voltage. 
These lead to dangerous pulsating electromagnetic torque 
oscillation and finally damage the DFIG [22]. The grid 
code requirement for the integration of DFIG – Based WT 
systems is depicted in Figure 4.  

 
Figure 4. Grid Codes According to E.ON 

2.2 Model of DVR 
The essential components of DVR are the Series injection 
transformer, the Voltage Source Inverter (VSI), filter and 
Storage as shown in Figure 5. The power rating of the DVR 
is given by 

 𝑆?@A = 𝑉C,E
2.F ∗ 𝐼IEJK,L,M    (13) 

Where 𝑉C is the three – phase AC voltage from the VSI. 
 

The series injection transformer turn ratio is 1:1 for 
coupling of the VSI and grid through filter. The 
transformer also serves to isolate the VSI from grid. The 
positive, negative and zero sequence equations are 
respectively given by: 

 𝑣N =
N
;
𝑣K + 𝑎𝑣L + 𝑎<𝑣M    (14) 

 𝑣< =
N
;
𝑣K + 𝑎<𝑣L + 𝑎𝑣M   (15) 

 𝑣P =
N
;
𝑣K + 𝑣L + 𝑣M    (16) 

Where 𝑎 = 𝑒R<S/; and 𝑣K, 𝑣L, 𝑣M are the three phase 
voltages. 
 
Also, the AC output voltages of the VSC are given by: 

𝑣CK =
;
<
𝑘𝑚K𝑣" sin(𝜔𝑡 + 𝛿)  (17) 

𝑣CL =
;
<
𝑘𝑚K𝑣" sin(𝜔𝑡 + 𝛿 −

<S
;
)  (18) 

  𝑣CM =
;
<
𝑘𝑚K𝑣" sin(𝜔𝑡 + 𝛿 +

<S
;
)  (19) 

Where 𝑣" is the voltage across the dc – link capacitor, 𝑘 is 
the series injection transformer turn ratio and 𝑚K is the 
PWM amplitude modulation ratio. 
 

The active power exchange between the DVR and grid 
is given by 

 𝑃?@A = 𝑃\ − 𝑃?]^_     (20) 

 𝑃?@A = 𝑉C,E
2.F ∗ 𝐼I cos 𝜓EJK,L,M − 3𝑉I ∗ 𝐼I cos 𝜓 (21) 

The phase angle of the injected voltage is the same as the 
grid voltage. 
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Figure 5. Model of a Grid Connected DFIG – Based WT 

with DVR 

3.0 PERFORMANCE RESULTS 
In this section, the detailed simulation results obtained for 
the developed model of wind turbine system with DVR 
and the performance of the DVR in ensuring FRT of the 
1.5MW WT system were presented. The simulation was 
undertaken during balanced and unbalanced fault 
conditions without any compensation device, then with 
DVR in MATLAB/Simulink. 

3.1 Three Phase Balanced Fault   
The test system of DFIG – Based WT was subjected to 
three – phase balanced fault at interval of 0.4 – 0.6s with 
fault resistance of 0.0001Ω. The waveforms of the supply 
voltage and current were presented in Figure 6.  

 
Figure 6. Voltage and Current Waveforms during 3 – 

Phase Balanced Fault without Compensation 

The supply voltage is given by Figure 6 (a) while the 
current is depicted in Figure 6(b). The THD of voltage 
waveform is 48.75% while that of current is 187.65%. 
Figure 7 shows the performance of DFIG under the 
balanced fault where (a) depicts the EM torque, (b) shows 
the rotor speed, (c) is for rotor current and (d) is dc – link 
voltage.  

In order to address the issues highlighted with DFIG 
under the balanced fault, DVR was placed to compensate 
the voltage deviations and improve the FRT capability.  
The voltage LVRT, ZVRT and HVRT were normalized as 
shown in Figure 8 (a) and the harmonic analysis gives an 
improvement in THD from 48.75% to 4.01%. Similarly, 
the current waveform in Figure 8(b) shows how the fault 
current was reduced 4.0pu during the severe distortion. 
The THD for the current is this case was estimated to be 
5.55%. 

 
Figure 7. Parameters of DFIG WT System during 

Balanced Fault 

 
Figure 8. Output Voltage and Current Waveforms after 

DVR Placement 

Figure 9 presented the DFIG WT System parameters – (a) 
EM torque, (b) rotor speed, (c) rotor current and (d) dc – 
link voltage. The distortion in EM torque was reduced as 
compared to that of Figure 7(a). The minimum value of 
rotor speed was 1.2pu while the rotor current oscillates 
between 0.3s to 0.5s. This oscillation is translated into 
sudden dip in dc – link voltage at same interval. The values 
of the rotor current during the fault violates the 
requirement of maximum value to be 2*normal operation. 
Likewise, the dc – link voltage goes below the minimum 
value of 1.25*normal operational value. 

3.2 Single Phase to Ground (Unbalanced) Fault   
The performance of DFIG – Based WT when subjected to 
unbalanced fault at same interval as in the cases of 
balanced faults was presented in Figure 10. The fault is 
affected by phase A (blue – phase) while the two other 
phases maintained normal operation as indicated by the 
voltage and current waveforms. The LVRT at 0.3s was as 

(a) 

(b) 

(a) 

(b) 

(c) 

(d) 

(a) 

(b) Time (Seconds) 
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a result of introducing a highly inductive load. Similarly, 
introduction of capacitive load at 0.6s gave rise to the 
HVRT as show in Figure 10(a) while the fault current in 
the faulty line (phase A) rose to about 17pu during the 
operation (Figure 10(b)). The THD for voltage and current 
are 29.93% and 131.43% respectively. 
 

 
Figure 9. Parameters of DFIG WT System after the DVR 

Placement 

 
Figure 10. Voltage and Current Waveforms during an 

Unbalanced Fault (single phase to ground)  

The DFIG EM torque, rotor speed, rotor current and dc – 
link voltage are presented in Figure 11. The graphs show 
similar trend in distortion of rotor current and dc – link 
voltage compared to the previous cases of balanced faults.  

The compensation by DVR shows an improvement on 
the overall performance of DFIG – Based WT as depicted 
in Figure 12. The voltage at the stator windings terminal 
was restored to 0.92pu with THD of 4.10% and the output 
current to the grid during fault operation was also reduced 
to 4.0pu with THD of 7.89%. 

The spikes in current waveform at 0.3s to 0.6s shows 
the effect of fault current in any of the three phases on the 
others. The distortion in the EM torque when no 
compensation device was used is now reduced as shown in 
Figure 13(a). Similarly, the graphs of rotor speed and rotor 
current show improvement in performance with DVR. The 

dc – link voltage fluctuations were mitigated at the 
beginning of fault period. However, the minimum value 
recorded was below the acceptable limit. 

 

 
Figure 11. Parameters of DFIG WT System during 
Unbalanced Fault without Compensation Device 

 

 
Figure 12. Voltage and Current Waveforms of DFIG – 

Based WT with DVR under Unbalanced Fault. 

4.0 CONCLUSION 
This paper presented an improved model of Dynamic 
Voltage Restorer (DVR) for Doubly-Fed Induction 
Generator (DFIG) based Wind Turbine (WT) system. The 
developed model demonstrated a fault current limiting 
capability in addition to compensation of voltage sag/swell 
due to grid faults. The research was focused on 
improvement of Fault Ride-Through (FRT) capability of 
DFIG based WT thereby upholding the stringent grid code 
requirements for the integration of wind turbines to grid 
networks. The model also ensured the protection of the 
converters from damages due to short-circuit currents.   
Also, The THD of supply voltage in all cases are below 5% 
which signifies the compliance with IEEE519 for 
harmonics content in power supplies. 
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Figure 13. Parameters of DFIG WT System with DVR 

under Unbalanced Fault 
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