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Abstract Low-voltage problem emerges in cases of
symmetrical and asymmetrical fault in power systems. This
problem can be solved out by ensuring low-voltage ride-
through capability of wind power plants, through a static
synchronous compensator (STATCOM). The purpose of
this study is to reveal that the system can be recovered well
by inserting a STATCOM with energy storage to a bus
where a double-fed induction generator (DFIG)-based wind
farm has been connected, so the bus voltage is maintained
within desired limits during a fault. Moreover, a superca-
pacitor is used as an energy storage element. Modeling of
the DFIG and STATCOM along with the nonlinear
supercapacitor was carried out in a MATLAB/Simulink
environment. The behaviors of the system under three- and
two-phase faults have been compared with and without
STATCOM-supercapacitor, by observing the parameters of
DFIG output voltage, active power, speed, electrical torque
variations, and d—q axis stator current variations. It was
found that the system became stable in a short time when
the STATCOM-supercapacitor was incorporated into the
full-order modeled DFIG.
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1 Introduction

Tendency toward renewable energy has increased recently
as a result of increase in price of fossil fuels and restriction
in their use. The most important one of them is wind
energy. Grid-connected operation of wind farms used in
converting wind energy into electrical energy has become
popular. Today, the innovative concepts of wind turbines
are provided with technologies for not only generators but
also power electronics. Modern wind farms have the dif-
ferent operation point and a grid connection by power
converters. Modern wind farms have a more widespread in
the market national or international. Modern wind farms
are known as the DFIG [1]. However, grid-connected wind
power plants can be exposed to some problems [2-4].
LVRT is the most important one and can be developed by
using in STATCOM.

In the literature, several studies on STATCOM have
been carried out. STATCOM is recommended for power
system voltage stability in [5, 6]. Modeling of STAT-
COM is given for power flow and voltage stability
analysis along with voltage and phase control. The
STATCOM-decoupled operation shows that a DFIG
works as an induction generator while the grid-/rotor-side
converter units work as a reactive power source in tran-
sient state. The power characteristics of the DFIG have
been enhanced by the maximum capability of the
STATCOM, based on different operating conditions
strategy [7-10]. The level of voltage dips besides the
over-currents in the DFIG are substantially reduced by
this operation during grid faults, thereby enhancing the
LVRT capability of the wind farm considerably. In
addition, this control unit develops as a different con-
troller method for the wind farm, in this way, provides of
the system by using the STATCOM during faults [11-13].
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The impact of a STATCOM on the connection of a large
wind farm to a power system was studied in [14, 15].
Particularly, the weak power systems which have two
large wind farms are presented. Issues of power quality
are stressed, and a central STATCOM was utilized to
solve such issues, in particular, the short-term voltage
flicker and fluctuations. The transient stability margin has
been defined in introducing of LVRT capability in DFIG.
A simple a new method based on moment-slip charac-
teristics can be used to measure the effect of the STAT-
COM during transient stability [16]. Multi-variable
controller has been proposed in enhancing the LVRT
capability of DFIG-based wind farms as given in [17, 18].
The designed multi-variable controller enables suit-
able post-fault performance for both small and large
perturbations. In Ref [19] there is a discussion on the use
of trajectory sensitivity analysis (TSA) in estimating the
transient stability point of a DFIG-based wind farm
compensated by a STATCOM device. The eligibility for
the optimal placement of the STATCOM for fault con-
ditions has also been observed in [20, 21] in which the
results of utilizing a STATCOM to improve damping
oscillation of an offshore-based wind farm are given. The
performance of the offshore-based wind farm in question
is simulated by an equivalent aggregated DFIG driven by
an equivalent aggregated wind turbine, and the DFIG
grid-/rotor-side converters have been studied for subsyn-
chronous resonance mitigation [22]. The issues of the
design of auxiliary subsynchronous resonance and deter-
mination of control input—output signals, and locus
approach have also been covered in the same study.
Besides, power oscillation damping (POD) is important
for regulation of voltage sags/swells apart from the over-
currents in the DFIG-based wind farm in grid faults and
hence significantly develops the LVRT capability of the
DFIG-based wind farm [23-25].

This paper differs from other papers in the literature by
the way of modeling of a supercapacitor-type ESS and a
wind turbine generator for LVRT applications. Nonlinear
modeling of a STATCOM-supercapacitor which is based
on a voltage—capacity relationship is conducted in this
study. Thanks to using lookup table in voltage—capacity
relationship, supercapacitor provides a better dynamic
response than various papers in the literature. Mathe-
matical equations for modeling are presented and imple-
mented on a test system using MATLAB/Simulink. A
comparison is drawn between the states having a DFIG
with/without a STATCOM-supercapacitor both in three-
phase fault analysis and two-phase fault. The study results
show that the system becomes stable in a short time, and
power oscillations decreases when a STATCOM-super-
capacitor ESS is coupled to a DFIG during transient
states.
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2 Modeling of wind farm

The DFIG consist of grid-side converter, rotor-side con-
verter, and crowbar units, in which the rotor-side converter
and grid-side converter are integrated to a DC bus. A rotor-
side converter and a grid-side converter along with their
controllers in both steady-state and transient conditions
have a controlling role in the operation of the DFIG. The
rotor voltage is controlled by those converters in magnitude
and phase angle, making them useful for power control
[26-28].

The mechanical power acquired from the wind speed,
which is generated due to the wind, the blade tip speed
ratio and the blade pitch angle, is expressed by the rotor
model, as demonstrated in the following equation.

1
PW::EpAu%%(LH) (1)
where P,, is the mechanical power acquired by the wind
turbine rotor, p is the air density, A is the area of the rotor
disk, u is the wind speed, and C,, is the power coefficient.
The power coefficient derivation from term tip speed ratio
A and the pitch angle of the rotor blades 0. The speed ratio
is described as the ratio not only the blade tip speed but the
wind speed, explained as,

R
L= 2)

u

where w; is the rotor speed and R is the radius of the wind
turbine rotor. The optimum power acquired is given in

Eq. (3).
Pop = KOPWrZ (3)

The drive trains of DFIG wind turbine with two masses are
defined in Egs. (4) and (5)

dw,
Ty —Tw=2H— (4)
Ty = Dy (ws — w) + Kn / (wy — w)dt (5)

where T, is the mechanical torque in rotor, T, is the
mechanical torque in generator, H is the rotor inertia, and
K., and D,, are the stiffness and damping of mechanical
[29].

The DFIG model is given by generator’s variables
equations in the d—q synchronous reference frame [30]. D—
q axes stator and rotor voltages, electrical torque, and d—q
axes linkage fluxes are shown in Eqs. (6) and (14).

. , d

Vas = Rgigs + wslgs + a)»ds (6)
. , d

Vgs = Rslqs — Wshgs + E)“qs (7)
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d Ligrid ref = —Kpdorid A Kigeri 24
Var = Rigr — swylgr + a)bdr (8) deridef pgrid AVae - Blggrats (24)
dxg
. d T Lagrid_ret — lagria = —KpdgriaAvae + KidgriaXs — lagria
Var = Relgr + sWlar + $)Lqr 9) 25)
M = Agsigs — Agsids (10) dx;
. . = qurid_ref - qurid (26)
;Lds = (Ls + Lm>lds + Lmldr (1 1) dt
; dxe
)»qs = ( lqs + Lmlqr (]2) Avdgnd = Kpgrld Q@ + Klgl‘ldx6
Adr = (Lm + Lm)igr + Linigs (13) perid (—Kpdgria Avde + KidgriaXs — lagrid)
e = (LT + L)igr + Lmigs (14) + Kigria¥e (27)
In these equations, vqs, Var, Vgs, Vr : d and g axis voltages of  Ayg,q = Kpgndcfj + Kigriax7
stator and rotor, igs, igr lqs, iqr - d and g axis of currents of serid (Tagria_ret — L) + Kigrias (28)

stator and rotor, Aqs, Aqs» Adars Aqre d and g axis magnetic
fluxes of stator and rotor, wg: angular speed of stator, s:
slip, Ry and R,: resistance of stator and rotor, L, and L:
inductance of stator and rotor, L,,: magnetic inductance and
M: torque [31, 32].

The rotor-side converter controls the output active
power the DFIG. The active power and voltage equations
are shown vy, and vg,, respectively. x;, x;, x3, x4 control
equations are shown between Eqs. (15) and (22)

dx

d_;:Pref+Ps (15)
Iqr_ref = Kpl (Pref + P%) + Kilxl (16)
dx
d_l‘z = Iqr_ref - Iqr = fQpl (Pref + Ps) + Kilxl - Iqr (17)
dx
d—l3 = Vs_ref — Vs (18)
Lar_ret = Kp3 (Vs_ref - VS) + Kizx3 (19)
dx.
d_t4 = lar_rer — lar = Kp3(Vs_rer — vs) + Kizxs —lar ~ (20)
Var = KpZ(KplAP + Kilxl - Iqr) + Ki2x2 + SWsLmIds

+ swsLilgr (21)
Vdar = Kp2 (KpSAV + Kizxz — Idr) + Kipx4 — SWsLmIqs

— WLy lg; (22)

where K, proportional power arrange, Kj, integrating
power arrange, K, proportional rotor-side converter cur-
rent arrange and K;, rotor-side converter current arrange,
K3 proportional grid-side voltage arrange, Kj3 integrating
grid-side voltage arrange, I4, ref1 d axis current reference,
Ior rer1 g axis current reference, v, ¢ specified terminal
voltage reference; P..s active power reference.

The grid-side converter provides control for both the DC
link unit and the terminal of reactive power. xs, X¢, and x;
control equations are shown Egs. (23) and (28)

dxs

E = Vchref - Vdc (23)

where Kp,qeria proportional the DC link Voltage arrange,
Kiggria integrating the DC link voltage arrange, Kpgria pro-
portional grid-side converter current arrange, K, integrat-
ing grid-side converter current arrange, Kigyig proportional
the grid-side converter current arrange, Vq. rer1 reference of
the DC link voltage, Igriq_ ¢ axis the grid-side converter
current reference [31].

3 Wind energy and energy storage

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 [33, 34]. 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
conditions particularly when there is a difference between
set power point and the terminal generator. The operating
point of DFIG can vary in different conditions. Regulating
the set power point and terminal of DFIG, storage system
devices provide energy management under various tran-
sient operations. Besides, they extend operation by tracking
the power reference in storage limitation [35].

The selection of grid configuration relies on the utility
distribution or transmission level. The selection of grid
configuration is performed both in strong grid and in weak
grid considering power quality issues [36].
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4 STATCOM-supercapacitor modeling

The STATCOM-supercapacitor integrated to the generator
terminals is shown in Fig. 1.

There are two tasks performed by the STATCOM,;
namely, keeping up with the short-term reactive power
require of the system and of the supercapacitor [37]. DC—
DC buck-boost converter was used in connecting the
supercapacitor to the STATCOM. In controlling the oper-
ation of the converters, the duty ratio is differentiated
through switches. Variable components I n DC-DC con-
verter circuit are calculated through Ry.. The STATCOM
current and voltage equations are given in Eq. (29).

Lo=Y L Rt = v — V.

st — d[ stdst — st S
where Vi = mVya 2 + O, Vs = VL0, Vg is the STAT-
COM DC link voltage; m and i are the modulation index
and the STATCOM phase angle. STATCOM d—q axes

currents are given in Egs. (30) and (31).

(29)

WR 7

W,
Iga = L—StIStd + ;elstq + Lsthdc COS(lﬁ + 0) — Vsd (30)
w; WR w .
Istq = — ;Istd — L_S[IStq —+ L_Sthdc sm(lﬁ —+ 9) — Vsq

(31)
Given that the converter is not loss, the power regulate
equation gives rise to the capacitor voltage equation,
Vdcs _ Isc
dr Cacs
(32)

- % (Iga cos (i + 0) + Iyq sin(yy + 0)) —

where I and Cy are the supercapacitor current and the DC
link capacitance, respectively. The supercapacitor current is
involved in the supercapacitor voltage V. through,

Vsc = Esc + Rsclsc (33)
dEsc
Isc = scd—l; (34)

The grid-side converter circuit is utilized in adjusting the
output power of DFIG and regulating DC bus voltage.
Grid-side converter controls the terminal power of the

Fig. 1 DFIG and STATCOM-
supercapacitor system

Generator

\

generator that supplies the reactive power the system
requires. Reactive power reference is chosen as the refer-
ence value together with the AC bus voltage. Converter
limits are counted in order to reach maximum reactive
power compensation values. DC/DC converter and super-
capacitor modeling in DFIG are shown in Fig. 2.

The difference between DC voltage and DC voltage
reference enters proportional integral control, and the
proportional limit value of the resulting signal is calculated
based on minimum and maximum values. Limit value
output is counted with d axis reference current. The
supercapacitor circuit consists of four resistors and two
capacitors. The capacitors that are used in capacity regu-
lation control the system based on voltage. This capacity
value is obtained based on the voltage equation superca-
pacitor capacity and applying interpolation to capacity—
voltage curve in Fig. 3, both given in EPCOS catalogue
[38, 39].

Voltage and voltage derivation of this curve are shown
in Eqgs. 35 and 36. As can be seen from the curve, the
capacitance and voltage are proportional.

uppp = 7.1138 x 10787 +1.1657 x 10737

+6.43917 — 11945 (35)

upup = 2.13414 x 10772 4+ 2.3314 x 10731 + 6.4391
(36)

A buck-boost converter circuit is needed so that the volt-
age value produced in the supercapacitor equals to DC
voltage value. Using the above curve, a capacity was
determined based on the output voltage of the converters
consisting of resistors, a coil, and a capacitor. Resistance
value was determined based on the charge level of the
supercapacitor in simulation.

The dynamics of output voltage () and coil current (i;)
in voltage boost converter circuit are defined as given in
Egs. 37 and 38, respectively.
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Fig. 3 Capacity—voltage curve of supercapacitor

5 Decoupled STATCOM-supercapacitor control

The supercapacitor-STATCOM system can be thought to
float without having effects on any power flow to and from
the supercapacitor when in steady state [40]. Figure 4
shows decoupled STATCOM-supercapacitor control.

The STATCOM operation is initiated by a variation
through the steady condition, which can be detected
through a change in generator output voltage magnitude
and generator output voltage angle. STATCOM active and
reactive power flows are given in Eqs. (39) and (40).

Py = Vylgq cos Os + Vstlstq sin Os
Ost = Vitlga sin 0s — Vstlstq cos 0

(39)
(40)

The STATCOM current transforming is given in Egs. (41)
and (42).

153" = Iga cos 05 + Igq sin O

(41)
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Fig. 4 Decoupled STATCOM-supercapacitor control
I;ZW = g sin O — Igq cos O (42)

Substituting Eqgs. (41) in (42), the STATCOM active and
reactive power can be achieved as Eqgs. (43) and (44).
Pst = Vst ::iw (43)

Qst = Vstlsntzw (44)

With the STATCOM currents being transformed from (41)

and (42), Egs. (30) and (31) can be achieved as Eqgs. (45)
and (46).

. _R
L= (45)
S
S
ey = L:‘ e 4, (46)
S
Here;
mVyc Vs exq Vs
— IV _ B ey S By
no=why top sy m syt @)
1%
ry = =l + T Giny = e 2 (48)
LSI L.S‘t

stqw) + vs, exq = La(r> + wigg") (49)

exq = Ly(ry — wl
2 2
exd + €x
VR (o) »

m =
Ve exd

In Egs. (45) and (46), transformed currents /g and Iy are
excited by ry and r,, respectively.

6 Simulation study

System circuit modeling done simulation wind turbine—
grid connection is given as detail in Fig. 5.

The wind turbine was a enhanced DFIG model with a
STATCOM-supercapacitor, as explained in the previous
Sect. 2 MVA power-rated STATCOM was connected to B

@ Springer

0.69-kV bus. The wind turbine was connected to a 34.5-kV
system through a 0.85-MW, 0.69-kV Y/34.5-kV A trans-
former. There was a distance of 1 km between the plant
and the 34.5 kV grid. A 0.69 kV Y/34.5 kV A transformer
connected the transmission grid. The wind speed was
considered as 8 m/s. The 34.5 kV grid-side short-circuit-
powers was chosen as 2500 MVA, while the reactance/
resistance rate was chosen as 7. In the DFIG, a stator
resistance of 0.00706 ohm, rotor resistance of 0.005 ohm,
stator inductance of 0.171 Henry, rotor inductance of 0.156
Henry and inertia constant of 3.5 s were chosen as the
generator parameters.

7 Simulation study results

The impact of the STATCOM-supercapacitor on the sys-
tem parameters was examined against two transient events.
A 3-phase fault was considered as the first transient event.
The fault was created in the middle of the transmission line
in the time interval between 0.55 and 0.6 s. The variations
in DFIG output voltage, active power, angular speed,
electrical torque, and d—q axis stator current were observed
for with and without STATCOM-supercapacitor. The
comparisons of DFIG are shown in Fig. 6a—f.

As can be seen from Fig. 6a, peak values of DFIG ter-
minal voltage decreased and the system was stabilized in a
shorter time, when STATCOM-supercapacitor is used.
DFIG output voltage was around 0.32 p.u. with the use of
supercapacitor in STATCOM, while it was 0.2 p.u. without
supercapacitor in STATCOM. Moreover, oscillations in
active power, angular speed, electrical torque, and d—q axes
stator currents decreased very well with the use of the
STATCOM-supercapacitor.

A two-phase fault was considered as the second tran-
sient event. The fault was created in the middle of the
transmission line in the time interval between 0.55 and
0.6 s. The variations in DFIG output voltage, active power,
angular speed, electrical torque, and d—q axes stator current
were observed for the DFIG with and without the STAT-
COM-supercapacitor. The comparisons of DFIG are shown
in Fig. 7a—f.

The results obtained from two-phase fault were shown
on the same axes values as those of three-phase fault. DFIG
terminal voltage is similar to the results obtained from
three-phase fault; however, it was observed that oscilla-
tions were less. It was found that oscillation frequency was
lower in two-phase fault in DFIG active power, DFIG
angular speed, DFIG electrical torque, and d—q axes stator
currents.

STATCOM reactive power variations during three-
phase and two-phase fault are given in Fig. 8.
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Fig. 7 a DFIG output voltage (two-phase fault), b DFIG active
power (two-phase fault), ¢ DFIG angular speed (two-phase fault),
d DFIG electrical torque (two-phase fault), e DFIG d axis stator

8 Conclusion
This study presents an implementation of a STATCOM-

supercapacitor energy storage system for a grid-integrated,
DFIG-based wind farm. Modeling of the DFIG,
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STATCOM-supercapacitor, and voltage buck—boost con-
verter was carried out. The capacitance of the superca-
pacitor was determined by interpolation technique based on
voltage—capacity relationship. The transient behaviors of
the system with/without STATCOM-supercapacitor were
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STATCOM reactive power (MW)

Fig.

““““““““““““ 3 phase fault
2 phase fault

o
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T
L
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Time(s)
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8 STATCOM reactive power variations

compared in terms of LVRT capability. Three-phase faults
and two-phase fault for a short period of time were con-
sidered as transient events that may cause low voltage at

the

grid. Analysis results showed that oscillations observed

after transient events were damped in a very short period of
time with the use of supercapacitor energy storage system
coupled to the STATCOM.
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