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Supercapacitor Energy Storage for
Wind Energy Applications
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Abstract—As wind energy reaches higher penetration levels,
there is a greater need to manage intermittency associated with
the individual wind turbine generators. This paper considers the
integration of a short-term energy storage device in a doubly fed in-
duction generator design in order to smooth the fast wind-induced
power variations. This storage device can also be used to reinforce
the dc bus during transients, thereby enhancing its low-voltage
ride through (LVRT) capability. The topology is evaluated in terms
of its ability to improve the performance both during normal
operation and during transients. Results show that when storage
is sized based upon the LVRT requirement, it can effectively damp
short-term power oscillations, and it provides superior transient
performance when compared with conventional topologies.

Index Terms—Doubly fed induction generator (DFIG), energy
storage, power quality, supercapacitors, wind energy.

NOMENCLATURE

bi Degree of fulfillment for the ith rule.
ci Consequent for the ith rule.
Cess Equivalent capacitance of the supercapacitor bank.
Eess Energy of the energy storage device.
ELVRT Base energy, which is defined by the area above

the low-voltage ride through (LVRT).
Pconv Grid-side converter real power.
Pess Power delivered to the storage device.
Pgrid Wind power delivered to the grid from the wind

turbine generator (WTG).
Pgrid,ref Wind power reference.
∆Pgrid,ref Change in the wind power reference due to storage

limits.
∆Ppred Change in the wind power due to prediction errors.
Ps Stator power.
Vdc,ref DC voltage reference.
Vpcc Voltage at the point of connection.
β Pitch angle.
ωm Mechanical angular speed.
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I. INTRODUCTION

WHILE wind energy continues to grow worldwide, the
industry will need to confront the challenges associated

with higher levels of penetration. At the point where wind
represents a significant component of the generation mix, all
of its shortcomings will be amplified. In anticipation of new
wind projects and based upon experience gained worldwide,
most utilities have developed or revised existing grid codes in
order to address the potential problems posed by high wind
penetration levels [1].

For new wind farms, the types of interconnection studies
that are required at the distribution level can be summarized in
terms of power quality and voltage impacts (short term and long
term). For bulk systems, the typical concerns are more related
to the impact on stability, voltage support, and ability to balance
the intermittency using complementary generation, typically
by allocating sufficient spinning reserves. Various studies have
been completed in these areas, [2]–[4]; however, further work is
still required in order to provide a generalized methodology, as
existing methods are either not yet sufficient, or have not been
made public.

This paper presents a WTG with energy storage and the
associated storage management algorithm. A thorough evalu-
ation of the performance of the system is performed using a
variety of test conditions, considering various sizes of storage,
different wind characteristics, and power predictions. System
characteristics under normal operation, as well as the ability of
storage to improve the transient performance of the WTG, were
considered.

II. WIND ENERGY AND STORAGE

Complementing wind with storage has been considered in
various cases [4]–[8] but has yet to be adopted by the industry,
primarily due to the cost. In order to justify the associated
expense, the storage device will need to provide a marketable
improvement in the overall performance of the generator. In
addition, the improved performance must be mandated by
utilities through the interconnection requirement; otherwise, the
motivation to add additional equipment is nonexistent. That
said, storage can offer improvements in both power control and
management of energy during disturbances, e.g., short circuits.

A. Dispatchable Power

Although grid codes have not explicitly stated the need for
firm power control for wind farms, the trend points in that direc-
tion. A reduction of the short-term power variations of a WTG
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Fig. 1. Energy flow diagram in the DFIG during (a) normal operation and
(b) low-voltage conditions.

can be realized in essentially two ways: 1) through storage or
2) by using a variable-speed generator that operates at subopti-
mal power points, as described in [5]. Although storage comes
at a greater cost, it possesses a number of advantages: it can
be accessed at any operating condition, the operation of the
machine need not be modified, and it can also enhance LVRT,
potentially resulting in transient stability improvements.

B. Doubly Fed Induction Generator (DFIG)–Energy Storage
System (ESS)

Energy storage devices can be readily integrated into the
design of the DFIG using a bidirectional dc/dc converter
coupled with the dc bus (Fig. 1). For this topology, either the
line-side converter or the storage converter controls the dc bus
voltage, whereas the other is responsible for regulating the stor-
age power. Fig. 1(a) shows the flow of energy for operation at a
supersynchronous speed—power flows from the rotor windings
to the converter. For this case, some energy is stored while the
remainder is exported onto the grid via the line-side converter.
Similar diagrams can be developed for subsynchronous opera-
tion and storage discharging.

Fig. 2. Typical LVRT characteristics.

C. Energy Management Under Faults

LVRT characteristics have been developed, e.g., [9], which
dictates the voltage profile for which a WTG must remain
connected to the system (Fig. 2). In order to be able to meet
this requirement, the control system and the hardware has
to be modified to manage the energy produced by the WTG
during the low-voltage event. Without energy management,
the power produced by the WTG under fault conditions will
remain within the electric machine, resulting in an increased
mechanical speed.

A certain amount of energy can be stored in rotating masses;
however, this is finite due to the maximum allowable rotor
operating speed. Furthermore, it is preferable to keep the speed
constant at the prefault value, in order to minimize transients
upon reclosing or reestablishment of the system connection.

Options available to handle the energy that the grid cannot
absorb are listed as follows:

1) dumping the energy in a resistor, which is typically
connected to the dc bus, regulating the dc bus to within
±10% of its nominal value;

2) shorting the rotor windings through a resistor and operat-
ing the machine as a conventional induction machine;

3) dumping the energy in an electrical storage device, for ex-
ample, supercapacitor, superconducting magnetic energy
storage, and batteries.

In the latter case, the storage device must be sized to absorb
the energy produced under the worst conditions—a three-phase
fault, lasting for the duration specified in the LVRT curve,
i.e., t1 in Fig. 2. The approximate required energy storage
capability is then given by E = V • t1 = t1 per unit (p.u.). For
a more precise sizing, the entire area above the curve should be
considered, as given in (2).

The WTG needs to remain connected during the disturbance
to help limit the impact at the local bus and aid in the recovery
of the voltage to the nominal range after the disturbance is
isolated by the system protection. This is accomplished by sup-
plying a fixed reactive power, or alternatively by actively regu-
lating the system voltage. Even more important, the generator
supplies energy as soon as the fault is cleared, without requiring
it to be restarted. Energy storage can aid in both these processes
by holding the dc voltage during the fault and limiting the
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TABLE I
PROPERTIES OF SHORT-TERM STORAGE TECHNOLOGIES

AND A LEAD ACID BATTERY

Fig. 3. Dynamic model for a supercapacitor.

acceleration of the machine, avoiding the disconnection of the
wind park and supporting the recovery of the system following
the event.

D. Supercapacitors

For short-term power exchange, the most commonly imple-
mented technologies are presented in Table I, along with the
characteristics in terms of cost, time scale, and efficiency, based
upon information presented in [7]. The case of lead acid batter-
ies is given as a point of reference. The two most promising
short-term storage devices—flywheels and supercapacitors—
both offer similar characteristics and are both suitable for wind
energy applications.

In this paper, supercapacitors were considered, as they repre-
sent a storage device that has a high energy density and presents
a good efficiency. In addition, they have a much higher life cycle
than batteries.

1) Models: Various models can be used for supercapacitors.
Depending on the type of study, more or less detail may be
required. Very accurate models, based upon the equivalent
circuit given in Fig. 3 have shown to provide very good
agreement when compared with experimental results [10]. This
modeling is valid over the entire frequency spectrum, where the
frequency-dependent part of the model is given by

Zp(jω) =
τ · coth(

√
jωτ)

C · √jωτ
. (1)

The four parameters need to be obtained from measurements
of the device. For the purpose of this study, the characteristics
of the device in the low-frequency range of the spectrum were
considered, which reduces to essentially a large capacitance in
series with its ESR. This choice was based on the need to focus
more on energy flow as opposed to efficiency and switching
transients.

2) Supercapacitor Sizing: Here, the base energy for the
supercapacitors was chosen such that it would be capable of
storing the full rating of the system during the entire low-
voltage condition, as given by the LVRT requirement in [9].

The requirements of the energy storage device ELVRT can be
calculated as the area above the LVRT curve and below 0.9 p.u.
line, i.e.,

ELVRT = Pbase {(0.9 − Vmin)t1 + 0.5(t2 − t1)(0.9 − Vmin)}
(2)

where Vmin, t1, and t2 describe the LVRT profile.1 This de-
fines the amount of energy that must be managed during the
fault. Assuming that the maximum voltage across the device
was equal to Vdc,ref , the required value of the capacitance is
found using

Cess =
2ELVRT

V 2
dc,ref

. (3)

III. ENERGY STORAGE SCHEDULING

For the DFIG–ESS, the dc voltage control handles the
chopper circuit, whereas the primary function of the supply-
side converter becomes the regulation of the power supplied
to the grid, through the reference value, Pgrid,ref . Details of
the converter control can be found in [11]. Details regarding
scheduling of the energy to and from the storage device are pre-
sented here.

A. Storage Management

In its simplest form, the power of the combined DFIG and
ESS system is dispatched in order to supply a set amount of
power. However, this assumes that the state of operation of
the generator is always relatively near that of the set point
and neglects the current limitations of the different converters.
Furthermore, in certain cases, the storage device may not be
used effectively, particularly when there is a large mismatch
between the set point power and the output of the machine.
For a wind generator, the operating point is constantly varying
since the energy source is dependent on the local environmental
conditions. By allowing the set point to vary, the time scale over
which the storage device can be applied is extended, thereby
maximizing the benefits of the storage, while relinquishing only
slightly the firm regulation of the output power. Through a
proper design of the management system, the storage device
can be kept in operation by curtailing or boosting the power
reference, near the upper or lower storage limits.

However, setting the power reference in order to ensure
that the ESS remains in operation is difficult since it is not
known exactly how it should vary. Wind prediction algorithms,
although constantly being improved, are still prone to inaccu-
racies. Furthermore, the relationship to the output power is not
always precisely known. The need to cover normal operation,
limiting conditions, as well as transient behavior of the system
makes this control challenging.

Fuzzy-rule-based systems have been shown to be effective in
various power system problems, e.g., [12], and are well suited

1A design example for typical WTG and LVRT profile can be found in the
Appendix.
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TABLE II
RULE BASE FOR THE STORAGE MANAGEMENT SCHEME

to the present system. Using the predicted wind power produc-
tion, energy storage device status and history, and ac voltage
measurements, a fuzzy-based energy management system can
be used to set the power level in order to optimize the overall
operation of the system.

The rule base was developed in order to attempt to balance
the needs to smooth the output fluctuations, secure sufficient
reserves for contingencies, and ensure that the storage device
remains in operation at all times (Table II). The initial set
point is determined using the predicted wind power production,
which is assumed to be have been provided from hour-ahead
forecasts. This reference value is then modified by the algo-
rithm to ensure that there is always some base amount of energy
stored in the device, and likewise that there is always a certain
threshold below the upper limit. The membership functions
for the Eess and V were varied using a process of trial and
error (Fig. 4). The widths of the functions were adjusted until
a desirable response was achieved, one that made good use
of the storage capacity and respected the margin required for
transients.

For the transient component of the control, a number of
variations were studied using the measured voltage magnitude.
In the event of a voltage sag, various changes to the reference
power were attempted—increase, decrease, or no change. Ul-
timately, the most effective signal proved to be to boost the
power reference slightly upon initiation of a fault, although
the improvement was marginal. The pitch angle β was also
increased in proportion to the membership function in order
to limit the input torque during voltage sags. Together, the
normal and transient functions of the management system were
designed to help smooth the output power, ensure that the
storage device remains in operation, and limit the acceleration
of the generator during disturbances.

Inference and aggregation of the rules was used in order to
produce the final value for the reference power, i.e., a value
between 0 and 1, which is then converted to a reference value
using the base power. The weighting of the various rules is most
easily represented by

∆Pgrid,ref =

K∑
i=1

bici

K∑
i=1

bi

(4)

Fig. 4. Membership functions for stored energy Eess and the voltage at the
PCC Vpcc.

where K is the number of rules, and bi and ci are the degree
of fulfillment and consequent of the ith rule, respectively.
The consequents for each of the rules have been included in
Table II. The values for rules 1 and 2 are negative, which makes
∆Pgrid,ref also negative, resulting in a decrease in Pgrid,ref .

In order to account for possible errors in the prediction
algorithm, the integral of the difference between the actual
storage level Eess and the nominal storage level Enom was
used, i.e.,

∆Ppred =
1

Tess

∫
(Eess(t) − Enom) dt (5)

where Tess is the time constant associated with the duration
of the storage, which was chosen as 25 s (the window of the
simulation). The final reference power Pgrid,ref that is used to
schedule the system output power is obtained from the sum
of the change in the reference value, as determined by the
management algorithm, the integral term (5), and the WTG
power as calculated from the predicted wind speed. That is

Pgrid,ref = Pgrid,pred + ∆Pgrid + ∆Ppred. (6)

As β is a result of only one rule, it simply has the effect of in-
creasing the pitch angle during a low-voltage event, which helps
to limit the input torque during a local system fault. However,
there is a relatively large mechanical time constant associated
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with this signal (0.1–0.5 s), and therefore, its ability to improve
the response during very short fault durations is limited.

IV. SYSTEM CHARACTERISTICS

Here, the operation of the system was demonstrated us-
ing a number of different scenarios in order to illustrate the
effectiveness of the storage management scheme under both
transient and normal conditions. Furthermore, the operation
was considered for different storage levels and for cases where
the wind power prediction was less than ideal. The results are
discussed throughout, and the general advantages as well as
limitations of this strategy are highlighted.

A. Normal Operation

First, the operation of the system under typical conditions is
considered; under typical wind speeds, the storage algorithm
is used to smooth out the short-term variations in wind power
(Fig. 5). As can be noted from Fig. 5, the supply-side converter
exchanges power with the system in order to account for short-
term variations in the stator power Ps that are either above or
below the reference power. This is reflected in the level of en-
ergy in the storage device, which increases as power is delivered
to the system and decreases as it is absorbed. For completeness,
the storage voltage and charging current are included.2

B. Parameter Dependence

As the performance of the management strategy depends
largely on the rating of the storage device, as well as the
accuracy of the estimate of wind power, the effect of these
two variables on the performance of the system is considered.
Although the area under the LVRT was used as the base value
for rating the storage device, it is possible that similar gains can
be realized with a reduced value. Furthermore, the accuracy of
the prediction algorithm tends to vary greatly, and while these
technologies are being improved, the management scheme
should still be able to provide benefits even under nonideal
cases.

1) Storage Rating: The effect of the rating of the storage
device was considered by subjecting the system with different
storage ratings to the wind profile in Fig. 6(a). Here, the base
case (1 p.u.) is defined by the LVRT. In addition, the results
were contrasted with the case of no storage, where the generator
is operating with maximum power point tracking (MPPT). The
integral term was not included here, in order to isolate the effect
of the storage level. The case of 1 p.u. is able to maintain a
constant output power throughout, whereas the two other cases
show greater variations when the output power is greater than
or less than the average power for extended periods of time
(Fig. 6). This is reflected in the change in the storage level,
which approaches the upper and lower limits for the cases of
0.5 and 0.2 p.u.

2) Wind Power Prediction Accuracy: As modern wind
power prediction methods do not always accurately estimate

2Base values are provided in the Appendix.

Fig. 5. Operation of the system under typical wind conditions: (a) wind speed;
(b) real power delivered to the grid, Pgrid, from the machine stator, Ps, from
the line-side converter, Pconv, and to the storage device, Pess; and (c) storage
level Eess, voltage Vess, and charging current Iess.

the power production, it is important to understand the effect of
erroneous Ppred. This was done using different wind conditions
for a given Ppred. In the first case, the predicted power matches
the actual power. Two other cases were considered where the
wind speeds were scaled in such a way that it resulted in output
powers that were 0.1 and 0.2 p.u. higher than the predicted
value (Fig. 7). The algorithm corrects for this in two ways: first,
through the storage level terms, and second, through the integral
term. Although in the first case the system is able to smooth the
output power, in cases with prediction errors, the output power
reference is shifted to the new set points with varying degrees
of success.
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Fig. 6. Performance for different storage ratings. (a) Wind profile. (b) DFIG
operating with MPPT. (c) Output powers for storage ratings of 1, 0.5, and
0.2 p.u. (d) Corresponding storage level.

Fig. 7. Variation of output power for different errors in predicted output
power: (a) no error; (b) 0.1 p.u. error; and (c) 0.2 p.u. error.

If the case of 0.1 p.u. is considered, it can be noted that the
reference power adjusts up to near the new average value. The
variation in the output power is small, and it ramps down near
the end of the test interval due to the time constant associated
with the integral term. In the more extreme case, there is a
large transient as the reference value is shifted to account for
the error in prediction. Initially, the original reference point—
which is based upon the wind power prediction—is achieved
by storing large amounts of energy. This quickly results in a
shift to the new reference value, which accounts for the spike.
However, beyond 5 s, the system is able to supply a rela-
tively constant output albeit with greater fluctuations than the
first case.

A number of important remarks can be made at this point.
First, the storage management scheme can be designed in order
to readjust the power reference for prediction errors and con-
tinues to smooth the output power. This shift in the operating
point makes better use of the storage since it is operated about
its nominal state of charge.

Second, in a larger picture, this may or may not be desirable
as it fails to circumvent the problem associated with inaccurate
power estimates—there is still an overall surplus (or short fall)
in generation, and therefore, other sources must be curtailed
(ramped up). Of course, this will depend, in a large part, on
the relative installed capacity. Therefore, although short-term
storage can be effectively used to solve power quality issues
associated with wind, only long-term storage, and likely a
combination of short- and long-term storage, will be able
to properly address the scheduling problem associated with
prediction errors.

Finally, for larger prediction errors, a correspondingly larger
storage rating is required to retain the same performance as
without error. This is true for both the energy and power rating
of the device. This reinforces the somewhat obvious conclusion
that better prediction algorithms will ultimately lead to lower
rated storage devices.

C. Transient Characteristics

The response of the system to faults was then tested to
determine whether improvements in the transient response can
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Fig. 8. Interconnection of wind and local load to a 69-kV transmission
network used for transient characteristics studies (three-phase fault located at
1/5 the distance from the PCC).

be achieved using storage. The system was first subjected
to the most commonly occurring system faults—single-phase
faults—however, as no noticeable differences were observed
for different storage levels, the results are not presented here.
Thus, more extreme contingencies were then considered. The
test system in Fig. 8 was used, which consists of a small wind
park connected to the 69-kV system, feeding a small local load
with rotating machines, representing 50% of the total load.

Two types of serious contingencies were considered: a
12-cycle two-phase fault at the midpoint of the line and a
six-cycle three-phase fault near the point of the common cou-
pling (PCC). The response was obtained for the conventional
DFIG, equipped with active crowbar, which is engaged for high
rotor currents. A DFIG with overrated rotor-side converters
capable of supporting the transient overcurrent was also consid-
ered to provide a picture of the influence of the crowbar. These
two conventional DFIG ride-through topologies were compared
with the DFIG–ESS, with a rating of 1.0 p.u.

The responses of the three topologies to the three-phase
fault are presented here (Figs. 9 and 10). Similar trends appear
in the case of two-phase faults, and therefore, they have not
been included. The effect of the crowbar is most evident by
looking at Vpcc—the internal voltage of the machine is lost
because Vpcc drops to nearly zero, which is analogous to the
response of an induction generator (Fig. 9). The DFIG–ESS
and the DFIG that maintain control of the rotor-side voltages
are both able to maintain the internal flux, which helps support
the voltage at the PCC. The drop is somewhat less in the
case of the DFIG–ESS due to the ability to firmly hold the dc
voltage.

These results are corroborated when considering the reactive
powers (Fig. 10). While Qcrowbar goes to zero during the fault,
both Qess and QDFIG are able to supply reactive power. Fol-
lowing fault clearing, the crowbar is disengaged, and reactive
power can be supplied to help bring up the voltage. However,
in the other two cases, the voltage has already started to recover
due to the control action during the fault and settles faster to its
prefault value.

The motivation here was to demonstrate the benefit of stor-
age during transients; however, the importance of maintaining
control over the machine during the fault appears to be an even

Fig. 9. Response of the voltage at the PCC following a three-phase six-cycle
fault near the PCC for (a) DFIG with an active crowbar, (b) DFIG with derated
converters, and (c) DFIG–ESS.

Fig. 10. Response of the reactive power following a three-phase six-cycle
fault near the PCC for (a) DFIG with an active crowbar, (b) DFIG with derated
converters, and (c) DFIG–ESS.

more crucial factor. That said, the ESS does provide a further
improvement—one that will most certainly become more ev-
ident for longer fault durations, as are required by LVRT
requirements.

V. CONCLUSION

This paper has evaluated the ability of an ESS to improve
the performance of a DFIG-based wind generator. The impact
of the capacity of the storage device, errors in estimated wind
power, and different transient control strategies were investi-
gated. Results show that for storage levels rated using the area
above the LVRT curve, the output power can be effectively
smoothed to the predicted hourly output power when the pre-
diction is accurate. Errors in prediction will undeniably require
larger rated storage devices to achieve the same level of per-
formance. Although the storage management scheme is able to
adjust to accommodate errors in wind power prediction, long-
term storage would be required in order to continue to provide
a preset power output. During transients, the storage device
provides an effective means to ride through disturbances and
exhibits superior characteristics during and following extreme
voltage events.
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APPENDIX

TABLE III
DATA USED FOR THE SIZING OF AN ESS IN A DFIG

TABLE IV
STORAGE SYSTEM CHARACTERISTICS SIZED USING LVRT

TABLE V
STATIC LOAD CHARACTERISTICS

TABLE VI
DYNAMIC LOAD CHARACTERISTICS

TABLE VII
TRANSMISSION LINE PARAMETERS FOR THE TEST FEEDER
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