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a b s t r a c t

Energy storage system (ESS) coupled to a wind generator has been recommended in improving the sta-
bility of the power system to which the wind farm is connected. ESS is particularly preferred in enhancing
low voltage ride through (LVRT) capability owing to its fast charging and efficiency for high power appli-
cations. In the present study, a supercapacitor type ESS is used in transient state analysis of a grid con-
nected wind turbine. The ESS consisting of a supercapacitor and a voltage buck-boost converter circuit is
mathematically modeled in the grid side converter circuit of a doubly fed induction generator (DFIG)
used as a wind generator. Moreover, reduced order model (ROM) for the DFIG is used in simulating stator
dynamics. All modeling study has been carried out in MATLAB/SIMULINK environment. Three phase
faults and having static loads for a short period of time are considered as transient cases. The effective-
ness of the ESS on LVRT are shown by observing the responses of several system parameters. The study
results show that utilizing a nonlinear supercapacitor type ESS in a ROM based DFIG removes oscillations
in a short time during transient states, therefore enhances LVRT.

� 2015 Elsevier Ltd. All rights reserved.

Introduction

There has been a tendency towards renewable energy sources
due to the rising cost and limited use of fossil fuels in recent years.
One of the most important renewable energy sources is wind
energy. Grid-connected wind farms are adversely affected by tran-
sient states in converting wind energy to electrical energy. The
generator of wind farm should be selected to compensate grid dis-
turbances within certain limits. Therefore, DFIG is preferred as it
provides active power and torque control. Various methods have
been developed with a view to reducing the effects of transient
states on DFIG. One of these methods is referred to as low voltage
ride through (LVRT) capability enhancement through ESS. Among
ESS components, a supercapacitor is particularly suitable for wind
power applications due to its high power density, wide tempera-
ture range and long life.

The modeling of a grid integrated wind generator has also been
important issue for transient stability analyses. There are tenden-
cies using simplified models to avoid the computation burden
without giving up accuracy. Among them, the third order model
has been accepted as a sufficient model for power system distur-

bance studies since it is a good compromise between simplicity
and accuracy [1–4].

Integration of a supercapacitor type energy storage system into
a doubly fed induction generator (DFIG) in a wind farm has been
received an attention by some researchers. It has been recom-
mended for LVRT and output power smoothening during a distur-
bance [5–11]. By using a supercapacitor, the effects of frequency
fluctuation and deviation on system during fault condition can be
minimized. Moreover, supercapacitor regulates electrical torque
and inertia of DFIG by supporting frequency [12,13]. Design and
control techniques for the energy storage device have been devel-
oped for this purpose. The study presented in [8] proposes a two
layer control scheme where the first one is to have the supercapac-
itor acting as a flywheel to eliminate wind power fluctuations
while the second one is to optimize the reference output power
using the wind forecast data. All of these studies employ
MATLAB/SIMULINK and PSCAD to show the effectiveness of their
proposed control scheme, but they do not give the details of DFIG
and ESS models.

Design procedures of a supercapacitor for wind turbine pitch
systems are given in [14] for enhancing LVRT, after evaluation
and comparison of possible ESS types for a wind turbine. On the
other hand, some researchers have proposed the hybrid ESS usage
(Battery-supercapacitor) coupled to a DC bus of a wind turbine for
several applications [15–18]. The topology of the hybrid ESS is
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covered in [15], while the effectiveness of the hybrid usage is shown
in [17] through a real time simulator. Charge–discharge duration in
the ESS can be made more effectively with the energy management
algorithm as given in [16–18]. Hybrid wind (micro-hydro) system
application is used with a supercapacitor energy storage device. In
hybrid system, the relationship between slip-powers at different
rates has been examined [19]. Battery-Supercapacitor energy
storage is used in energy management of a doubly fed induction
generator. With Battery-Supercapacitor, the system exacts its effect
on load model operating in power systems [20,21].

A supercapacitor type ESS can also be integrated into a wind
turbine through an interface of STATCOM. Refs. [22–25] show that
an enhanced LVRT can be achieved through a proper control of this
integration.

This paper differs from other papers in literature by the way of
modeling of a supercapacitor type ESS and a wind turbine genera-
tor for LVRT applications. Nonlinear modeling of a supercapacitor
which is based on a voltage–capacity relationship is conducted in
this study. Thanks to using look-up table in voltage-capacity rela-
tionship, supercapacitor provides a better dynamic response than
various papers in literature. Due to its computationally simple
but sufficiently accurate features, the reduced order model for
DFIG is preferred. Mathematical equations for modeling are pre-
sented and implemented on a test system using MATLAB/SIMU-
LINK. A comparison is drawn between the states having a DFIG
with/without a supercapacitor both in 3 phase fault analysis and
activation or deactivation of static loads. The study results show
that the system becomes stable in a short time and power oscilla-
tions decreases when a supercapacitor ESS is coupled to a DFIG
during transient states.

Doubly fed induction generator (DFIG) Modeling

A doubly fed induction generator (DFIG) of a wind turbine is
basically a wound rotor induction machine with the stator wind-
ings directly connected to the three phase grid and with the rotor
windings connected to a back-to-back converter, consisting of
grid-side converter and rotor-side converter connected to a com-
mon DC bus. The behavior of the DFIG is governed by these con-
verters and their controllers in both steady-state and transient
conditions. The converters control the rotor voltage in magnitude
and phase angle, and therefore, they are used for active and reac-
tive power control [26,27].

The full order DFIG model is represented by five equations, con-
sidering the generator’s variables in the d–q synchronous reference
frame. The equations for the stator and rotor windings with the
torque equations can be given in (1)–(5) as follows:

vds ¼ Rsids �wskqs þ d
dt

kds ð1Þ

vqs ¼ Rsiqs þwskds þ d
dt

kqs ð2Þ

vdr ¼ Rridr � swskqr þ d
dt

kdr ð3Þ

vqr ¼ Rriqr þ swskdr þ d
dt

kqr ð4Þ

M ¼ kdsiqs � kqsids ð5Þ
Flux-inductance equations can be expressed in d–q coordinates

as follows:

kds ¼ ðLs þ LmÞids þ Lmidr ð6Þ

kqs ¼ ðLs þ LmÞiqs þ Lmiqr ð7Þ

kdr ¼ ðLr þ LmÞidr þ Lmids ð8Þ

kqr ¼ ðLr þ LmÞiqr þ Lmiqs ð9Þ
Reduced order DFIG models are employed to ease computation

for transient analyses. In this model, a stator is represented by a
transient voltage source behind a transient reactance where stator
fluxes derivation is neglected. The main idea is that the dc compo-
nent is omitted from the stator transient current [28,29]. Related
equations are given in (10)–(16) as follows:

vds ¼ Rsids � X 0iqs þ eds ð10Þ

vqs ¼ Rsiqs þ X 0ids � eqs ð11Þ

deds
dt

¼ � 1
T0

½eds � ðX � X0Þ � Iqs� þ s�ws � eqs �ws � Lm
Lm þ Ls

� vdr

ð12Þ

deqs
dt

¼ � 1
T0

½eqs þ ðX � X0Þ � Ids� � s�ws � eds þws � Lm
Lm þ Ls

� vqr

ð13Þ

vdr ¼ Rridr þ swskqr þ d
dt

kdr ð14Þ

vqr ¼ Rriqr � swskdr þ d
dt

kqr ð15Þ

M ¼ edsiqs þ eqsids ð16Þ
In these equations; vds, vdr, vqs, vqr: d and q axis voltages of stator

and rotor, ids, idr, iqs, iqr: d and q axis of currents of stator and rotor,
kds, kqs, kdr, kqr: d and q axis magnetic fluxes of stator and rotor, Eds
and Eqs: d axis and q axis source voltages of stator, ws: angular
speed of stator, s: slip Rs and Rr: resistance of stator and rotor, X:
stator reactance, X0 transient reactance, Ls and Lr: inductance of sta-
tor and rotor, Lm: magnetic inductance and M: torque. Transient
reactance of the model is expressed in (17), while transient open
circuit time constant is given in (18) [30].

X0 ¼ ws ðLm þ LsÞ � L2m
Lm þ Lr

 !
ð17Þ

T0 ¼ Lr þ Lm
Rr

ð18Þ

Wind energy and energy storage

The addition of storage to wind farm based on DFIG is applied in
various operations, but it is ignored in the industry owing to its
high cost. Energy storage system devices should be made more
commercially viable for the operation of the generator because
storage system is important both for grid and wind farm based
on DFIG during transient cases [22,31,32]. In addition, storage
should be preferred in power control as well as power dispatch,
energy management, and power quality.

Wind farm can be used in storage and suboptimal power points
for power dispatch. These two ways ensure a reliable operation of
DFIG. Whereas storage systems can influence any operation points,
suboptimal power point can influence only certain operation
points. While storage systems can increase efficiency, they can also
improve LVRT capability during transient cases.

Storage systems cannot be used in wind farm for some condi-
tions particularly when there is a difference between set power
point and the terminal generator. The operating point of DFIG
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