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ABSTRACT

This paper proposes a supercapacitor strategy for improving the capability of grid-connected doubly-fed induction generator (DFIG) wind turbines during fault 
scenarios. Supercapacitors are one of the important components in sustainable energy systems that are commonly used to store energy. In DFIGs, the supercapacitor 
is used to compensate for voltage dips and damping oscillations. In this work, a new topology of the supercapacitor system was used to investigate a DFIG wind 
turbine during transient state. The model system employed was a DFIG connected to the earlier wind turbine technology of fixed speed squirrel cage induction 
generator. Efforts were made to determine the effective parameters and switching strategies of the supercapacitor by considering different scenarios, in order to 
improve the transient state of the wind generator. The results obtained under severe grid fault were compared considering the different parameters of the resistance, 
inductance, and capacitance of the supercapacitor. The DC-link voltage and grid voltage switching strategies of the supercapacitor were investigated. Furthermore, the 
results of the proposed DFIG supercapacitor were compared with the traditional parallel capacitor scheme for DFIG system. For a fair comparison between the DFIG 
supercapacitor and parallel capacitor-based solution, the capacitance value considered was the same to buffer the transient energy.
Index Terms—DFIG, supercapacitor, transients, wind energy, wind turbine
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I. INTRODUCTION

Recently, the use of renewable energy technology has been gaining attention. Among the 
renewable energy sources, wind energy is widely used because of the high-energy transfer capa-
bility technology in wind turbine applications. Variable-speed wind turbines are the main con-
tributors to wind power generation. In order to help achieve energy transfer capability at peak 
level, the doubly-fed induction generators (DFIGs) are widely employed in the development of 
recent wind farms and wind power generation systems [1,2]. The control of wind farms and their 
impacts on the security and stability of power grids have become key areas of focus in wind 
energy applications, due to the continuous increase of installed wind power capacity, control 
schemes [3], stability improvement [4], dynamic regulation mechanisms [5], and approach [6]. 
However, grid-connected DFIG-based wind turbines are very sensitive to certain transient stabil-
ity situations, and many studies in the literature have developed various schemes to eliminate 
them. The DC component of the generated current on the stator of the wind turbine cuts the 
rotor windings, when the grid voltage decreases abruptly, resulting in excessive rotor current 
and DC bus overvoltage. Consequently, the wind turbine should be disconnected from the grid, 
and several power electronic devices in the wind power generation system could be damaged. 
Therefore, wind power grid connection guidelines require most grid operators to handle low-
voltage ride-through (LVRT) or fault-ride-through (FRT) during the occurrence of grid voltage 
sags.

The DFIG wind turbine usually consists of a rotor side converter (RSC) that achieves maximum 
power point tracking (MPPT) and a grid side converter (GSC) that regulates the DC-link [7,8]. This 
type of wind turbine is widely popular because only a partially rated wind energy conversion 
system that is about 25–30% of the system rating is necessary [9], leading to a higher efficiency 
and lower converter cost [10]. However, because the GSC is directly tied to the power grid in 
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the DFIG system, severe rotor and stator transients may occur dur-
ing grid disturbances, making the wind energy conversion system 
vulnerable [11,12].

There are concerns regarding the stability and the reliability of 
the power grid [13,14], as a result of the increasing penetration 
of wind energy systems. Therefore, a stricter grid code is required 
to be applied to wind energy systems to protect the existing grid 
standards [15]. Low-voltage ride-through is a grid code require-
ment that is implemented in many countries, which requires wind 
turbines to be grid connected during voltage dips for grid voltage 
support and fast system recovery [16]. However, during a voltage 
dip, the power that can be transferred to the grid is greatly limited 
causing a power imbalance between the RSC and the GSC, which 
charges the DC-link. Furthermore, for DFIGs, voltage dips will also 
cause severe rotor and stator current transients because the stator 
is directly connected to the grid [17-19]. Therefore, LVRT enhance-
ment methods are required for DFIGs. References [10] and [14] have 
provided a comprehensive overview of existing DFIG LVRT strate-
gies. To handle LVRT of DFIGs in wind farms, various methods for 
the RSC have been devised to improve both the hardware utiliza-
tion rate and LVRT handling. The existing methods mainly include 
proportional current tracking control [20], flux tracking control [21], 
transient current feedforward control [22], active damping control 
[23], and robust control [24,25]. In [20], a scaled current tracking 
control for RSC was used to enhance the LVRT capacity of DFIG 
without flux observation. In this scheme, the rotor current was con-
trolled to track stator current in a certain scale, considering proper 
tracking coefficient, within permissible ranges to maintain the DFIG 
overcurrent and overvoltage. Uses a negative sequence current 
compensation scheme to smooth the electromagnetic torque and 
reactive power for asymmetrical grid faults and traditional vector 
Control for reactive power to suppress the grid voltage during sym-
metrical grid faults [21]. A feedforward current references control 
scheme for the RSC of the DFIG was used in [22], to improve the 
transient of the wind generator. An additional feedforward rotor 
current reference was introduced in the current loop to enhance 
the tracking ability and control targets. Although the above control 
strategy can improve the LVRT capability of DFIG to a certain extent, 
it is incapable of adapting to the varying grid conditions. This may 
result in the problem of control lag and a large control deviation 
while handling LVRT.

The energy storage systems (ESS) model is one of the most widely 
used control strategies in wind energy conversion systems. One of 
the ESS elements is a supercapacitor that enables smooth output 
power, with the ability to mitigate oscillations. Constant power con-
trol could be provided in DFIG wind turbines by using the superca-
pacitor model. In the literature, a management control unit has been 
developed to provide power tracking in a two-layer control scheme 
in Reference [26] and constant power control in [27,28], consider-
ing the supercapacitor model. In [29], a study on the suppression 
of power fluctuation in DFIG based on supercapacitor energy stor-
age was carried out, in order to improve its performance. The study 
elaborated that supercapacitors could be used in DFIGs to obtain 
constant output power as well as to prevent frequency changes of 
switching elements in the converter circuit. The study monitored 
the maximum power point of a DFIG wind turbine, considering the 
supercapacitors scheme. In another study carried out in References 
[30,31], the responses to the change in wind speed, tower shadow, 
and the protection units were investigated. The supercapacitor 

model was selected in order to optimize energy production and 
consumption by adjusting the output power in the DFIG. The safe 
and effective use of the supercapacitors was observed under opti-
mal operating conditions in References [32,33], for a battery hybrid 
energy storage system and wind energy integration. In addition to 
ensuring optimum operating conditions, a coordinated control was 
carried out in the DFIG wind turbine considering the supercapaci-
tor scheme in two stages for optimal active power control manage-
ment [34].

The supercapacitor was selected in order to provide pitch angle 
control in the DFIG because of its advantages that include high 
performance, high-temperature operating ability, long service life, 
and convenient use in applications [35]. A hybrid model design was 
realized using the power electronics drives of a supercapacitor and 
a double-layer capacitor, and the response times in the transient 
state were improved in [36,37]. The effects of the supercapacitor on 
small signal stability were analyzed based on frequency stability, and 
the effects of the supercapacitor on the frequency ratio, operating 
mode, and participation factor were interpreted in [38]. Transient 
analysis of the supercapacitor for active and reactive power control 
in a DFIG has been examined in the literature. Moreover, short-circuit 
effects were minimized by providing flux and voltage control in the 
back-to-back converter circuit [15]. Depending on the maximum 
and minimum frequency values, the inertial model and the super-
capacitor were used together in a DFIG for system reliability, and 
comparisons of conditions with and without supercapacitors were 
investigated in [40-43]. Various supercapacitor control models have 
been developed for DFIG LVRT capability in the literature [44,45], 
thus, the adverse situations that may occur in grid-connected DFIGs 
can be eliminated. However, these models, which have been devel-
oped in some robust DFIG applications, may be insufficient due to 
inrush currents and over-voltages. 

In this paper, a new control strategy of a supercapacitor system is 
examined for a DFIG wind turbine during severe grid fault condi-
tion. A simple two-machine model system consisting of a DFIG 
connected to a fixed-speed squirrel cage induction generator wind 
turbine was used in carrying out the transient analysis in this study. 
The supercapacitor system was connected across the terminals of 
the DC-link voltage of the DFIG wind turbine, between the RSC 
and the GSC. The study considered the determination of the effec-
tive parameters of the supercapacitor in the DFIG wind turbine, by 
considering different values of resistance, inductance, and capaci-
tance of the supercapacitor, in various scenarios. Furthermore, two 
switching strategies of the embedded supercapacitor system in 
the DFIG, the DC-link voltage and the grid voltage, were investi-
gated using the various values earlier considered. The obtained 
results were compared with those using parallel capacitor scheme 
for the DFIG connected to the RSC and GSC of the wind turbine. For 
effective comparative study, between the supercapacitor and par-
allel capacitor-based solution to buffer the transient energy of the 
DFIG, the same capacitance value was employed in the study. The 
proposed supercapacitor scheme for the DFIG wind turbine has 
the ability to store a large amount of electric charge compared to 
the parallel capacitors and all other types of conventional capaci-
tors. This is because the charge storage, which is the capacitance 
in conventional capacitors, is directly proportional to the surface 
area of each electrode or plate and inversely proportional to the 
distance between them. The topology of capacitors and batteries 
in wind turbines differs in two ways considering the amount of 
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charge or energy storage and how quickly the charge or energy is 
dissipated. The batteries have the ability to store more energy than 
the conventional capacitors; however, the shortcoming of the bat-
teries is they cannot deliver the stored energy very quickly. Though 
the capacitors deliver the stored energy more quickly, however, 
they lack the ability to store large amount of energy as the batter-
ies. These two shortcomings could be overcome by using the pro-
posed supercapacitors in DFIG wind turbines. This is because the 
supercapacitors have large surface area electrodes and very thin 
dielectric, as separating distance between the electrodes. Thus, 
compared to the conventional capacitors, the supercapacitors 
have very small distance between the electrodes, making it possi-
ble to obtain larger capacitance or energy storage that is delivered 
quickly to help improve the performance of the DFIG wind turbine 
variables during transient state.

II. MODELING AND CONTROL

A. Wind Turbine Characteristics
The DFIG wind turbine torque and mechanical extracted power are 
given as follows in (1) and (2), respectively [46,47].
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where ρ is the air density, R is the radius of the turbine, Vw is the wind 
speed, and Cp(λ, β) is the power coefficient given by
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The DFIG wind turbine characteristics are shown in Fig. 1. The DFIG 
rotor speed range is between 0.7 p.u. to 1.3 p.u. and the maximum 
power is obtained when the turbine speed is at 0.97 p.u. 

B. Doubly-Fed Induction Generator Model and Control
Details of the DFIG model and control can be obtained from [48-51]. 
The RSC control of the DFIG in Fig. 2 is regulated by the axes q and 
d currents iqr and idr. This is done by (Ps,Qs), of the stator. The MPPT 
obtains the Ps. In Fig. 3, the GSC of the wind generator employs the 
power grid alternating current reference frame to control the volt-
age of the DC-link and exchange of reactive power at the point of 
common coupling, based on the direction of power flow in the rotor 
circuitry. The dq/abc transformation and vice versa regarding the 
grid voltage for synchronism are obtained via the in-built phase-
locked loop model. 
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Fig. 1. The wind turbine characteristics.
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III. THE DOUBLY-FED INDUCTION GENERATOR MODEL WITH 
SUPERCAPACITOR SYSTEM

A. The Dynamics of the Traditional Supercapacitor System
The traditional simple electrical equivalent model of the superca-
pacitor is shown in Fig. 4. The model cell capacity expression is given 
by [52-54]:

C C K Vcell 0 v c= +  (6)

The total capacity expressions for n numbers in the series for the 
model system are:
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The model terminal voltage equations and the capacity chance over 
time are expressed as:
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In the supercapacitor model in Fig. 4, depending on the number of 
cells, the use of multiple resistors can be represented by equivalent 
series resistance and equivalent parallel resistance. The voltage and 
initial voltage equations using the equivalent series resistors are 
given by: 
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The charge and discharge expressions in the supercapacitor system 
are given in (15) and (16), respectively, while the expression for the 
terminal voltage as a function of time is given in (17).
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B. The Dynamics of the Supercapacitor System in Doubly-Fed 
Induction Generator Wind Turbines
The connection of the supercapacitor in the DFIG is shown in Fig. 5, 
where P is the grid side transformer power, Pgrid is the power of the 
grid, Ps is the stator power, Pr is the rotor power, and Psupercapacitor is the 
power of the supercapacitor. In the DFIG, the supercapacitor is able 
to adjust the DC bus voltage value in the range of 0–100%. While a 
certain part of the power values are met by the grid in the creation 
of the supercapacitor model, the remaining power values are met by 
the DFIG. The amount of energy and capacity expressions stored in 
the supercapacitor are given in (18)–(20).
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1
2
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Fig. 4. Traditional supercapacitor model.

Fig. 5. Doubly-fed induction generator with the proposed supercapacitor topology.
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where Esupercapacitor is the amount of energy in the supercapacitor, 
Pnominal is the nominal power value, t is the supercapacitor operating 
time, Csupercapacitor is the supercapacitor capacity value, Vmax is the maxi-
mum supercapacitor voltage, and Vmin is the minimum supercapaci-
tor voltage, respectively.

IV. THE MODEL SYSTEM OF STUDY AND PARAMETERS

The model system used for this study is shown in Fig. 6(a), and the 
related parameters of the wind turbines are given in Table I. The exci-
tation parameters of the DFIG are given in Table II, while the param-
eters of the supercapacitor system for the different cases considered 
are given in Table III. In the model system of Fig. 6(a), the DFIG and IG 
wind turbines were connected to an infinite bus bar and subjected 
to a severe three phase to ground fault. The supercapacitor was 
connected to the terminals of the DFIG wind turbine in Fig. 6(a), as 
shown in Fig. 5.

The switching strategy of the supercapacitor is based on the DC-link 
voltage exceeding the set threshold of 110% of its nominal value 
during transient state or the grid voltage dropping below 1.0 p.u., 

as shown in Tables II and III, respectively. The parameter estimation 
procedure for the supercapacitor is described as follows based on 
Fig. 6(b). Generally, the models of the parameters usually have dif-
ferential equations, transfer function, or block diagrams, that are 
updated offline or online. To obtain offline mode parameters, the 
process involves storing the data to use them much later, while for 
the online mode, it is based on parallel experiment [55]. However, 
there exist many procedures to achieve supercapacitor param-
eters like unscented Kalman filter [56] or the Luenberger-style 
scheme [57]. In this paper, the supercapacitor parameters were 
selected based on interactive, simple, and offline procedures [58] in 
Fig. 6(b) considering the Simscape model of Fig. 6(c), respectively.

V. SIMULATION RESULTS AND DISCUSSION

A. Evaluation of the Proposed Doubly-Fed Induction Generator 
Supercapacitor Scheme
Rigorous simulation studies were conducted to compare the fault 
ride through features of the DFIG supercapacitor-based system con-
nected to a fixed-speed induction generator wind turbine shown in 
Fig. 6 model system. The system performance was evaluated using 
PSCAD/EMTDC [59] environment. The fault type is a severe sym-
metrical three-phase of 100 ms happening at 0.1 s, with the circuit 
breakers operation sequence opening and reclosing at 0.2 s and 
1.0 s, respectively, on the faulted line at the fault point shown in 
the model system of Fig. 6(a). The fault performance with different 
parameters and switching strategies of the stability augmentation 
tool of the supercapacitor are presented below in detail.

The DFIG wind turbine with supercapacitor scheme was subjected 
to cases 1–6 in Table III, considering the excitation parameters and 
switching thresholds in Table II. Some of the simulation results for 
the cases considered are shown in Figs. 7-13. In Figs. 7 and 8, the 
DC-link voltage was not able to recover on time after the grid fault 
using both switching strategies of DC-link and grid voltage for cases 
1, 4, 2, and 5, respectively. However, for cases 3 and 6, in Fig. 9, the 
performance of the DC-link voltage was the same for both switch-
ing strategies. Thus, the effective parameters of the supercapacitor 
for better performance of the DFIG wind turbine during the transient 
state are 0.3 Ω, 3H, 3F, for R, L, C, respectively, in Table III. Figs. 10–12  
show the terminal voltage for the DFIG and IG wind turbines. 
From the figures, the parameters of the supercapacitors do not 
have effects on the responses of the terminal voltage of the wind 
turbines.

TABLE I. PARAMETERS OF THE WIND TURBINES

Generator Type IG DFIG

Rated voltage 690 V 690 V

Stator resistance 0.01 p.u. 0.01 p.u.

Stator leakage reactance 0.07 p.u. 0.15 p.u.

Magnetizing reactance 4.1 p.u. 3.5 p.u.

Rotor resistance 0.007 p.u. 0.01 p.u.

Rotor leakage reactance 0.07 p.u. 0.15 p.u.

Inertia constant 1.5 seconds 1.5 seconds

IG, induction generator; DFIG, doubly-fed induction generator.

TABLE II. EXCITATION PARAMETERS AND SWITCHING THRESHOLD OF THE 
DOUBLY-FED INDUCTION GENERATOR WIND TURBINE

DC-Link Voltage 1.5 kV

DC-link capacitor 50,000 µF

Device for power converter IGBT

PWM carrier frequency 2 kHz

Upper limit of DC voltage switching (Edc_Max) 1.65 kV (110%)

Lower limit of DC voltage switching (Edc_Min) 0.75 kV (50%)

Short circuit parameter of protective device 
for over-voltage

0.2 ohm

Grid voltage ≥1.0 pu Normal condition
<1.0 pu Faulty condition 

PWM: Pulse Width Modulation.

TABLE III. PARAMETERS AND SWITCHING STRATEGIES OF THE 
SUPERCAPACITOR

Case

DC-Link Voltage Switching 
Strategy

Grid Voltage Switching 
Strategy

R (Ω) L (H) C (F) R (Ω) L (H) C (F)

1 0.1 1 1 0.1 1 1

2 0.2 2 2 0.2 2 2

3 0.3 3 3 0.3 3 3

4 0.1 1 1 0.1 1 1

5 0.2 2 2 0.2 2 2

6 0.3 3 3 0.3 3 3
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Fig. 6. (a) Model system of study. (b) Parameter estimation procedure. (c) Simscape model.
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In Fig. 13 (a and b), the active power was more influenced in case 6,  
compared to the other cases using the supercapacitor scheme, 
while in Fig. 14 (a and b), the reactive power was also more 

dissipated or enhanced in case 6 compared to the other cases. It 
was also observed from the DFIG rotor speed performance in Fig. 15 
(a) and (b) that the transient state performance in case 6 gave better 
response. Therefore, the effective parameters for the improved per-
formance of the DFIG supercapacitor embedded system are when 
the resistance, inductance, and capacitance values are not too small. 
This is because the terminal voltage of the generator increases, miti-
gating the depression of the electrical torque and power. The super-
capacitor will increase the mechanical power extracted from the 
drive train, thus reducing its speed excursion. Also, since mechani-
cal torque is proportional to the square of the stator voltage of the 
DFIG, the effect would enhance the post fault recovery of the DFIG 
wind turbine.

B. Evaluation of the Proposed DFIG Supercapacitor Scheme and 
Parallel DFIG Capacitor Scheme
In this section, the proposed supercapacitor scheme and paral-
lel capacitor-based scheme with the same capacitance value was 
evaluated for the DFIG, considering Fig. 16(a), with a conventional 
DC chopper circuit connected between the power converters of 
the wind turbine. The parallel capacitor scheme was connected at 
both the RSC and the GSC, and the switching strategy for both con-
nections is shown in Fig. 16(b). Figure 16 shows the topology of the 
DFIG-based parallel capacitor scheme. The mathematical dynamics 
of connecting the parallel capacitor to the DFIG are given as follows.

As shown in Fig. 16, the power flowing via the DC-link circuit can be 
expressed as [48]:

P V i V i v iconverter dc dcr dc dcg gq gq= = =
3
2

− −  (21)

C C
V

i i+
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= +p

dc
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Putting the idcg  term in (22) with igq , the DC-link voltage and 
q-component current relationship can be found as follows:
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In (23), the grid quantities are related to the first term, while the 
RSC injecting currents are associated with the second term. This 
rotor injecting current is an input disturbance caused by the power 
change. As a result, (23) can be re-written as 
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Fig. 9. DC-link voltage of doubly fed induction generator wind 
turbine (cases 3 and 6).
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Fig. 14 (a). Reactive power of doubly-fed induction generator for all cases. (b) Zoom of (a).
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If (21) is differentiated with respect to all variables considering a 
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Figs. 17 and 18 show the comparative analysis of the proposed DFIG 
supercapacitor scheme and the conventional DFIG parallel capaci-
tor scheme. In Figs. 17 and 18, when the parallel capacitor was con-
nected to the GSC of the DFIG power converter, better response was 
observed for the DC-link voltage and rotor speed of the wind gen-
erator, with fast recovery of the variables after transient state. The 
connection of the parallel converter at the RSC led to delayed recov-
ery of the wind generator DC-link voltage and rotor speed variables. 
However, the proposed supercapacitor DFIG-based system for case 
6 with optimal parameter ratings gave optimal changes than cases 
3 and 4 and also the conventional DFIG parallel capacitor scheme.

B. Evaluation of the Proposed DFIG Supercapacitor System During 
Asymmetrical Faults at Super-synchronous and Sub-synchronous 
Speed
A further analysis of the performance of the proposed approach 
during super-synchronous as well as sub-synchronous speed was 
carried out in this section, as this will significantly affect the LVRT 
capability of the DFIG during asymmetrical faults. Figs. 19 to 24 show 
the responses of the DFIG wind turbine during super-synchronous 
speed, when the wind speed is above the nominal or rated wind 
speed and the sub-synchronous speed, when the wind speed is 

below the nominal or rated wind speed. In Figs. 19 and 20,-the per-
formance of the DFIG DC-link voltage and terminal voltage were bet-
ter during the super-synchronous speed than the sub-synchronous 
speed, during two line to ground fault scenario, because the wind 
generator is operating above its rated power during the fault sce-
nario. Similarly, the same performance is expected for the line to line 
and line to ground faults in Figs. 21 to 24, for the DC-link voltage and 
terminal voltage of the DFIG wind turbine. 

C. Performance of the Proposed Scheme Under Zero-Voltage 
Condition at the Terminal of the Machine
In this section, the performance of the proposed scheme was evalu-
ated under zero-voltage condition at the terminal of the DFIG wind 
turbine, as this issue has been demanded by most of the recent grid 
codes. In Fig. 25, the DC-link voltage of the wind generator reached 
almost zero during the transient state, and it was able to recover. 
Similarly, the terminal voltage of the DFIG wind turbine in Fig. 26 
reached zero voltage and quickly recovered within the stipulated 
time set by the grid codes to remain connected to the grid after 
transient state. The impact of the zero voltage could also be seen in 
the response of the wind generator’s rotor speed in Fig. 27. The rotor 
speed reaches a high oscillation value during the transient state and 
was able to regain stability within a short time to its steady state.
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VII. CONCLUSION

The use of energy storage elements plays an important role in 
theoretically resolving transient problems in grid-connected DFIG-
based wind turbines. This study investigated the effects of a super-
capacitor, as an energy storage system, in DFIG transient stability. 
The supercapacitor was connected at the DC-link voltage, between 
the RSC and GSC of the DFIG wind turbine. The performance of the 
supercapacitor was investigated by varying its resistance, induc-
tance, and capacitance parameters. A simple machine model sys-
tem of DFIG and fixed-speed induction generator tied to an infinite 
bus was used in the study. The DC-link voltage and grid voltage 
were used for the switching of the supercapacitor. It was observed 
that when the resistance, capacitance, and inductance parameters 
of the supercapacitor were too small, the DC-link voltage and grid 
voltage switching strategies gave poor performances during tran-
sient state. However, the performance of the supercapacitor system 
in the DFIG was improved when the effective values of the param-
eters during transient state were used. The proposed supercapacitor 
DFIG scheme was compared to existing solutions in the literature, 
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Fig. 24. DC-link voltage of doubly-fed induction generator wind 
turbine 1LG.
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Fig. 21. DC-link voltage of doubly-fed induction generator wind 
turbine 2LL.
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using the parallel capacitor scheme for the DFIG, considering the 
same capacitance value. The obtained results show that the use of 
the existing parallel capacitor scheme in the DFIG GSC was able to 
enhance the performance of the DC-link voltage and rotor speed of 

the wind generator, with fast recovery of the variables after transient 
state, compared to when it is at the RSC of the DFIG. However, the 
proposed supercapacitor DFIG-based system with optimal parame-
ter ratings gave optimal changes than the conventional DFIG parallel 
capacitor scheme.
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