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Abstract

Low-voltage ride-through is important for the operation stability of the system in balanced- and unbalanced-grid-fault-
connected doubly fed induction generator-based wind turbines. In this study, a new LVRT capability approach was devel-
oped using positive—negative sequences and natural and forcing components in DFIG. Besides, supercapacitor modeling
is enhanced depending on the voltage—capacity relation. Rotor electro-motor force is developed to improve low-voltage
ride-through capability against not only symmetrical but also asymmetrical faults of DFIG. The performances of the DFIG
with and without the novel active—passive compensator—supercapacitor were compared. Novel active—passive compensa-
tor—supercapacitor modeling in DFIG was carried out in MATLAB/SIMULINK environment. A comparison of the system
behaviors was made between three-phase faults, two-phase faults and a phase—ground fault with and without a novel active—
passive compensator—supercapacitor modeling. Parameters for the DFIG including terminal voltage, angular speed, electrical
torque variations and d—q axis rotor—stator current variations, in addition to a 34.5 kV bus voltage, were investigated. It was
found that the system became stable in a short time and oscillations were damped using novel active—passive compensa-
tor—supercapacitor modeling and rotor EMF.

Keywords Low-voltage ride-through - Novel active—passive compensator—supercapacitor modeling - DFIG-based wind
turbine

List of symbols TSO Transmission system operators
K Gain WT Wind turbine

P Active power (W) FACTS Flexible AC transmission system
0 Reactive power (W) STATCOM  Static synchronous compensator
% Voltage (V) ESS Energy storage system

i Current (A)

L Inductance (H)

w Angular speed (m/s) 1 Introduction

DC Direct current (A)

As wind power penetration levels are increased in the

Abbreviations : .
power systems of many parts of the world, certain technical

LVRT Low-voltage ride-through . . . .

. . requirements regarding connecting large wind farms need

DFIG Doubly fed induction generator . . . . .
to be clarified. This need is required by the grid codes of

EMF Electro-motor force . . .
. . transmission system operators (TSO), which mainly concern

NAPC Novel active—passive compensator . .
large wind farms that are connected to transmission systems.
These requirements typically concern large wind farms con-
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technology. Grid code requirements that allow the wind
farm to operate with the grid according to certain criteria
are used in countries such as Germany, Spain, Ireland, Can-
ada, England, Denmark, Scotland, UK, Sweden, Italy, USA
and Turkey. Countries applying grid code requirements do
comprehensive and detailed comparisons for the effects of
voltage drops according to different scenarios. As a result of
these comparisons, up-to-date innovations are made for grid
requirements in wind power plants and generators [1]. One
economical option for wind farms is doubly fed induction
generator (DFIG). This method presents a decrease in the
required costs and occurring power loss [2—4]. As its stator
is directly connected to the grid, the DFIG is sensitive to
grid disturbances and faults and makes it hard to meet the
low-voltage ride-through (LVRT) requirements. Therefore,
in the literature, different methods have been used for LVRT
capability in DFIG. Rotor-side converter circuit of the DFIG
has suffered from grid faults such as overcurrents and over-
voltage. In order to overcome these problems, a new flux
modeling and virtual resistance unit for LVRT capability
are developed [5, 6]. On the other hand, series of grid-side
converters and hybrid current control models are used to
protect against the overcurrent grid-side converter of the
DFIG [7, 8]. These models result in decreases in the adverse
effects of balanced and unbalanced voltage dips. Different
sliding mode control methods are used for the uncertainties
of parameters in grid faults. Generally, robust fractional-
order sliding mode and second-order sliding mode are used
as different sliding models for LVRT capability in DFIG [9,
10]. To ensure that the real power flow maintains the fast-
dynamic performance of the DFIG, different DC link models
are developed [11, 12]. These DC link models are important
to support LVRT capability during faults. In order to ensure
the validity and feasibility of the DFIG for LVRT capability,
d—q coupled and d—q flux control models are preferred. To
meet the grid code requirements, these developed models
are provided within a short-time stability of the system dur-
ing balanced and unbalanced voltage dips [13, 14]. In order
to improve the LVRT capability in DFIG during balanced
faults, feedforward current control has been used. Because
of this current control, the transient rotor currents and
crowbar interruptions that occur during balanced faults are
decreased. In addition, torque ripples are reduced by using
inner current loop and power loop with feedforward current
control [15-17]. Frequency response is not provided because
of the decoupling between the power and the grid frequency
during voltage dip in rotor-side and grid-side converters of
DFIG. Therefore, coordinated frequency regulations such as
primary and secondary frequency have been used [18, 19].
Dynamic voltage resistor is one of the most commonly used
devices in rotor-side converters and grid-side converters of
DFIG for LVRT capability. Series of damping and braking
resistors are also provided for the control of DFIG during
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various voltage dips [20, 21]. The use of the crowbar protec-
tion system is important for LVRT capability in terms of true
activation—deactivation time constants in DFIG. Without the
damping and braking resistors and the crowbar unit, a crow-
barless control strategy is developed for control in DFIG
[22]. All control strategies of DFIG during balanced and
unbalanced faults are used for LVRT capability including
flexible AC transmission system (FACTS) devices. Gener-
ally, static synchronous compensator (STATCOM) has been
provided for reactive power and voltage controls [23, 24].
Energy storage system (ESS) is used to enhance the LVRT
capability in DFIG not only during normal conditions but
also during transient conditions. ESS devices such as super-
capacitors and batteries are provided to control active power
generation of the DC link voltage with charge—discharge
time [25, 26]. New LVRT capability methods are developed
using active and passive compensators in DFIG. Active and
reactive compensator models called new LVRT capability
methods are successful in more reliable operations of rotor-
side converters and grid-side converters in DFIG [27, 28].

In Refs. [21, 27, 29-32], active—passive compensa-
tor, demagnetization control, stator damping resistor unit,
rotor current control, positive—negative sequence dynamic
modeling, ESS with supercapacitor and static synchronous
compensator (STATCOM)-supercapacitor modeling in the
DFIG-based wind turbine were developed for the LVRT
capability in a DFIG, because constant flux linkage causes
the stator flux not to follow the stator voltage instantane-
ous chances in Refs. [21, 27, 29-32]. Therefore, in this
study, a new model was developed for LVRT capability
in DFIG. Novel active—passive compensator (NAPC) and
rotor electro-motor force (EMF) were enhanced using sta-
tor—rotor EMF models, positive sequence model and nega-
tive sequence model, and natural flux model was promoted
using flux forcing for symmetrical and unsymmetrical faults.
Moreover, the supercapacitor circuit was mathematically
modeled in the grid-side converter circuit of a DFIG. DFIG
terminal voltage, 34.5 kV bus voltage, DFIG angular speed,
DFIG electrical torque and DFIG d—gq axis stator current
variations were investigated. As a result of this study, it was
found that the NAPC method yielded the efficient results
for LVRT. Through this method, it is aimed to eliminate the
negative conditions that may occur in the system. In the fol-
lowing segments, we examine modeling for DFIG, discuss
the development of active—passive compensator modeling,
investigate the modeling of supercapacitor for DFIG and
show the simulation results of a 2.3-MW DFIG to confirm
the efficacy of the suggested modeling for LVRT. The last
and sixth segment is the conclusion.



Electrical Engineering (2019) 101:1119-1132

121

2 Materials and methods

2.1 Modeling of the DFIG

As can be seen in Fig. 1, the circuit model of a DFIG is
made up of a grid-side converter, a rotor-side converter and
a crowbar unit.

Rotor-side and grid-side converters, shown in Egs. 1-14,
are the key components for the voltage and angle control
and the active and reactive power control of DFIG in both
steady-state and voltage dips.

d‘xl
E = Pref + F)S (])
iqr_ref = Kpl (Pref + Ps) + Kilxl (2)
o, i =K, (Py+P,)+K, ] 3
E = lgrref —lgr = pl( ref T s) + K% — lgr 3
dX3
E = vs_ref Vs (4‘)
idr_ref = Kp3 (Vs_ref - vs) + Ki3x3 (®)]
de, . . % . 6
E = lgr ref — lar = p3(vs_ref - vs) + i3%3 — Igr ( )
Var = p2(KplAP + K x, — iqr) + KipXy + sWLpyigs + swiLiig,
(7N
Var = pZ(KpSAv + Ki3x3 - idr) + Ki2x4 - SWsLmiqs - SWerridr
(3)
dX5
E = Vdc_ref - Vdc (9)
lgrid_ref = —KpdgriaAVac + KidgriaXs (10)
deg . kA I% .
& lderidref T ldgrid = ~RpdgriaAVae + KyggriaXs — ldgrid
(11D

Fig. 1 DFIG circuit model

Gear
Box

de; . .

E = lggrid_ref ~ lqgrid (12)
6

AVigriq = Kpgrida + Kigria*e = Kpgria (13)

X (—KpagriaBVae + KiggriaXs = lagria) + KigriaXe

7 . .
Avqgrid = Kpgrid ds + Kigridx7 = Kpgrid(lqgrid_ref - lqgrid) + Klgridx7'

(14)

Xy, Xy, X3, X, are the control equations of the rotor-side
converter, respectively; K, and K;; are the proportional and
integrating gains of the power regulator, respectively; K,
and Kj, are the proportional and integrating gains of the
rotor-side converter current regulator, respectively; K ; and
K5 are the proportional and integrating gains of the grid
voltage regulator, respectively; iy, ¢ and iy, ¢ are the cur-
rent control references for the d and g axis components of
the rotor-side converter, respectively; v and v ¢ are the
specified terminal voltage and specified reference voltage,
respectively; P, and P, are the active power control refer-
ences, respectively; s is the slip, w is the angular speed of
the stator, L, is the magnetic inductance, L,, is the sum of
the rotor inductance and the magnetic inductance; Av and
AP are voltage and active power variation values, respec-
tively; vg, and v, are the d and ¢ axis voltages of the rotor,
respectively; iq, iy, Igs Igr are the d and g axis currents of
the stator and rotor, respectively; x5, x4, x5 are the control
equations of the grid-side converter, respectively; Kq,iq and
Kigeria are the proportional and integrating gains of the DC
bus voltage regulator, respectively; K,.iq and Kjgy,q are the
proportional and integrating gains of the grid-side converter
current regulator, respectively; Vy. and V. ¢ are the DC link
voltage and voltage reference of the DC link, respectively;
lgoria AN Iggriq rer are the d axis component of the grid-side
converter current and the control reference for the g axis
component of the grid-side converter current, respectively;

DFIG wind turbine

Rg+jXg

= V,

L
T

Rotor-side
Converter

Grid-side
Converter
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Iqerid AN igeriq rer are the g axis component of the grid-side
converter current and the control reference for the g axis
component of the grid-side converter current, respectively;
AVggrig and Avg,,q are the d and g axis of the grid-side con-
verter voltage variation values, respectively; and Avy, is the
DC link voltage variation value [33].

The calculations for the active and reactive powers used
by the DFIG from the rotor current and grid voltage can be
found in Egs. 15 and 16.

Lm .
Ps = VgridL_ldqr (15)

2

o —y L L (16)
= Verid 7 lagr — 7
s gri Ls qr WSLS

P stands for the active power of the DFIG, Q. stands
for the reactive power, and V4 stands for the grid voltage.
Taking into account the variables of the generator in the
d—q synchronous reference frame, the model of the DFIG is
explained in five equations. Equations 17-20 show the stator
and rotor windings voltage and include the flux equations.

. . d
Vags = Rsldqs i.]Wslldqs + a‘ﬂdqs (17
. d
Vdgr = erdqr +]swsﬂqr + &Adqr (18)
Adqs = (Ls + Lm)idqs + Lmidqr (19)
idqr = (Lr + Lm)idqr + Lmidqs' (20)

Vs Vdr Vgs» Vgr are the d and g axis voltages of the stator
and rotor, respectively; iy, i4. iqs, iqr are the d and ¢ axis cur-
rents of the stator and rotor, respectively; Ay, /lqs, Agrs Aqr are
the d and g axis fluxes of the stator and rotor, respectively;
wy is the angular speed of the stator; s is the slip; R, and R
are the stator and rotor resistances, respectively; L, and L,
are the stator and rotor inductances, respectively; and L, is
the magnetic inductance [34-36].

T

2.2 Enhancement of active-passive compensator
modeling in DFIG

We can use positive—negative sequence models in sta-
tor voltage at the time of faults to improve the new NAPC
modeling in DFIG. Equation 21 shows the d—¢g axis voltage
equation [37, 38].

Vags = Ve + Ve ™, 21
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w, stands for the angular speed of the reference frame, and
V,, and V, stand for the positive—negative sequence voltages.
Equation 22 shows the steady-state components of the stator
flux in the grid faults, disregarding the small voltage drop of
the stator resistance.

Vi Vi

sl jw, —jw,
Ag = Ay + Ao = j?e] s —— e, (22)

S _JWS

ss is the steady-state component. As the flux is a state vari-
able, it has to constantly differ between the initial state and the
steady state. Equations 23 and 24 show the stator and rotor
steady-state components and the natural- and enhanced-forcing
flux components.

/qus = isdql + j'sdq2 + A’sdqn + )'dqnf

Vsl w Vsl —jw, —t/1 (23)
- Mé’} o Twse P (Ao + Ano)e /s
Va V . .
/ldqr = ._Sle/s.wst + ._516_1(2—x)w5t + (isno + Anfo)e_l/Tse]Wt~
JWs —IWs
(24)

The rotor back EMF voltage component is triggered by the
stator flux. The voltage triggered by the EMF is:
E = If [sVi e + (2 = 5)Vipe @M 4 (1 — s)Ke™1/5H)].
(25)
K stands for the simplification coefficient. Equation 23
shows the positive and negative sequence and the natural—forc-
ing components of the stator flux. In normal conditions,
the first segment of Eq. 25 is led by the stator flux positive
sequence. Although not significant, the segment is a part of
the slip frequency. The first segment stays low in transient
conditions (2 —s), and the latter parts become high (1 —S). The
DFIG cannot provide support power and voltage to the system
because the lack of power support to the grid results in an
increase in the rotor speed along with excessive rotor currents
and oscillations in the stator. This increase leads to electromag-
netic torque oscillations, possibly causing the extermination of
the RSC. This lack of support power and grid voltage in DFIG
is provided through the active compensator, which is achieved
by controlling the rotor-side and grid-side converters, hence
decreasing the stator flux oscillations and providing reactive
power for the grid to support the grid voltage recovery. Equa-
tions 26 and 27 show the d—¢g synchronous stator voltage and
current equations.

. . d
Vags = Rsldqs i]Ws’1dq5 + a‘)’dqs (26)
. }'dqs L, .
ldqs = L_ - ?ldqr' (27)
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If we substitute Eq. 27 into 26, the stator flux n the d—q
synchronous reference frame in terms of stator voltage and
rotor current becomes:

Aq R R,L
qs . S s .
? = Vdgs _.]Ws/ldqs - _g}'dqs + =i

L L dqr* (28)

S

If we separate Eq. 28 into positive and negative sequences
and natural and forcing components, we get:

At:iq;l = Vagst ~/Wshags1 ~ %Adqsl + RSL_l:nidqu (29)
Azq:z = Vags2 ~IWsAags2 = i_:/lquZ + RZ—I;midqrz (30)
Aiftsn = Vdgsn _jwslldqsn - ILi:/ldqsn + R‘Z—I:midqm (31)
% = Vagst —JWsAdgst — L—:ﬂdqsf + %idqrf_ (32)

The variations in the stator flux according to the d—q syn-
chronous reference frame turn out to be zero, because its
positive sequence component rotates at the angular speed
of w, under grid voltage dips. Setting Eq. 30 to zero helps
decrease the oscillations of the negative sequence compo-
nent of the stator flux under grid voltage dips, and setting
Eqgs. 31 and 32 to zero helps do the same for the natural
and forcing components. The following equations show the
negative sequence component and the natural and forcing
components of the rotor current reference.

ok Ls . Rs

lige =~ RL. (‘qusz —JWsAagsr — L_S)’dq52> (33)
== = —jw A —&A 34
dgqrn RsLm TWs dgsn Ls dgsn ( )
- LS . Rs

lagr =~ RL, —JWsAdqst — L_S’ldqsf (35)

The rotor current references in the synchronous reference
frame in Eqgs. 33 and 35 are:

izqr2 + i:qm + i:;qrf
s . Rs
= _}T Vdgs2 _/Ws(jquZ + j'dqsn + j'dqsf) - L_(AquZ + Adqsn + Adqsf)
s™m S
(36)
Separating Eq. 36 into d—q axis components, we get:

.k ok .k
Lig F Laen T Laet

S

L R
= _m (VdSZ + w(Ager + Agsn + Aagst) — L_:(’ldSZ + Agsn + /ldsf)>
37

- ke -
lqr2 + lqm + lqrf
L

S

RS

=-z7 (vqsz = W(Ag + Agsn  Agst) — L—‘(/lqsz + Agen + Aqsf)>,
sTm s

(38)

As shown in Egs. 36-38, the needed rotor current refer-
ences for the suggested scheme under heavy voltage dips are
quite high, as the stator resistance is low. We used a stator
damping resistor to decrease the needed rotor current refer-
ences under the rotor-side converter maximum current limits,
as it cannot supply currents that high because of its limited
capacity.

digge Ly, d

_ . qr m

Vdgr = erdqr + GLr? Z a‘)’dqs (39)
The stator flux derivative is:

idqs . Rs’ldqs RsLm idqr

? = Vdgs _.]er'dqs - L L (40)

S S

If we substitute Eq. 40 into 39, the rotor voltage becomes:

L2 dig, L Ry Agqs
Vagr = | Re + =Ry Jigqr + 6L, +—mx<vd‘—jw‘— )
qr < T L? ) qr L Ls qs s Ls

(4D

So, the voltage in the rotor rotational reference frame is:

di, L R A
’. qr . s’dqgs
Vagr = erdqr + oL, + 2 x <qus —Jws — 7 )

dt L
S S (42)
The rotor transient resistance becomes:
L2
! m
Rr =R, + ERS' (43)
N

The stator resistance and the rotor transient resistance in
Eq. 43 are directly proportional. Thus, the stator flux damping
is expedited, as the rotor inrush currents are decreased.

2.3 Supercapacitor modeling in DFIG

Implementing a supercapacitor to a DC bus, the grid-side con-
verter works as an active power source. Connecting ESS to a
DC bus can be done either directly or via an interface. Use of
a supercapacitor modeling in DFIG is given in Fig. 2.

Here, the connection was done via a 2-quadrant DC/
DC converter. As ESS sets generator output power with
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Fig.2 Connection of the Pyria P
supercapacitor in the DC/DC
converter circuit
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the grid-side converter, DC voltage is set with DC chopper
circuit. Following this topology, ESS is able to set DC bus
voltage between a minimum of 0 and a maximum of 100%,
surpassing which causes ESS saturation. Based on the time,
the power needs to be divided into specific ratios; as the
grid in ESS provides 20% of the power, the input moment
of DFIG provides 80%. Equations 44 and 45 show stored
energy, and 46 shows the capacitance.

EESS = O'Q’Pnomina]t (44)
1 2 2
EESS = zcsupercapacitor(vmax - Vmin) (45)
C _ O'4Pn0minalt
supercapacitor — (VZ _ V2A ) (46)
max min

Ergg stands for the quantity of stored energy, P, minal
stands for the nominal power, ¢ for the active circuit time
of the supercapacitor, Cyypercapacitor fOr the capacity of the
supercapacitor, and V_,, and V_;, for the maximum and
minimum voltages. Energy storage power rating can alter-
nate between systems. One very important and cost-effective
method is to select small power wind farms for large power
systems. Hence, fewer ESS devices can be used, which
would make it easier to set the output power through ESS
by DFIG.

Power rating in energy storage may vary according to the
system. Using fewer ESS devices by choosing small power
wind farms for large power systems is crucial in terms of the
cost. Using smaller wind farms facilitates the adjustment of
output power by DFIG through ESS [32, 39].

Grid-side converter circuit is used to regulate the output
power of DFIG, which provides the reactive power required
by the system, along with the bus voltage of DC. For the
reference value, the reactive power reference and voltage
of the AC bus are selected. To achieve maximum reactive
power compensation values, we calculated the converter
limits. Figure 3 shows the modeling of DC/DC converter
and supercapacitor.

@ Springer

After taking the difference between DC voltage and DC
voltage reference into proportional integral control, we
calculate the signal’s proportional limit value based on the
maximum and minimum parameters. The output of the limit
value is calculated by the d-axis reference current. A super-
capacitor circuit is formed of four resistance banks and two
capacitor banks. The supercapacitor that is used to regu-
late the capacity also regulates the system based on voltage.
We find the capacity value by applying interpolation to the
capacity—voltage curve.

3 Proposed LVRT modeling in DFIG

If we reduce the oscillations of the positive—negative
sequences, we also reduce the natural and forcing compo-
nents of the stator flux, the peak values and oscillations of
the rotor voltage, the stator and rotor currents, electromag-
netic torque, active and reactive powers in the stator, active
power in the rotor and the DC link voltage. In our study, the
DC link capacitor, the mechanical parts and the RSC have
all remained safely under grid voltage dips. Figure 4 shows
the modeling of the NAPC-supercapacitor in DFIG that are
improved to meet the LVRT requirements.

Fault detection was used in the LVRT model as intended
in Fig. 4. The difference between the measured voltage and
the reference voltage was transferred to active power and
reactive power. The values obtained in fault detection were
summed up with the negative sequence component and the
natural and forcing components of the rotor current refer-
ence values. The general rotor d—q axis reference currents
of the system were calculated with the obtained value. After
obtaining the general rotor d—q axis reference current and
the d—q axis rotor currents, the d—q axis was converted to
the abc axis. The obtained abc conversion goes directly into
the rotor-side converter circuit. DC link reference value was
calculated with the DC link voltage, and the minimum and
maximum current values of the grid-side converter circuit
were calculated with reactive power and reference reactive
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Fig.3 Supercapacitor modeling

power values. These calculated values were transferred to
the GSC circuit by performing d—q/abc conversion.

To form the active and reactive powers in the stator,
we defined the rotor current references under normal grid
conditions. But to obtain a better LVRT capability, the
rotor current references of the suggested plan were put
on top of to the power controller outputs in grid voltage
dip conditions. To provide reactive power for the grid, the
reactive power reference in the stator was defined based
on the most recent grid code requirements. Figure 4 shows
the block diagram used to evaluate the positive and nega-
tive sequences and the natural and forcing components of
the stator voltage and flux for accurate calculations of the
rotor current references. In our study, we utilized a method
based on an algorithm decomposing the positive and nega-
tive sequences and the natural and forcing components to
determine grid voltage dips [6], as this determination plays
a significant role in quickly switching between normal and
LVRT controls. This method can be seen in Fig. 4. V,;
stands for the positive sequence component amplitude dip
used to determine the occurrence of voltage dip. V stands
for the normal stator voltage amplitude. Occurrence of a
voltage dip is presumed whenever V,; < 0.9V,. In this case,
the controls are switched to the suggested LVRT instantly.
If V;>0.9V,, however, the suggested LVRT control is

turned off. The grid-side converter control is mainly used
to provide a stable DC link voltage and secondarily to
adjust the injected reactive power to the grid. As men-
tioned before, DFIG converters have a capacity limit. In
normal operations, keeping the grid-side converter reac-
tive power reference at zero reduces the current and the
losses in the converters, and in voltage dip occurrence,
providing reactive power helps meet the most recent grid
code requirements. In case of grid voltage dips, the highest
feasible reactive power is needed to be injected into the
grid and that is what the grid-side converter is used for.
For the DFIG, the effect on the local bus should be limited
while helping the voltage recover to the nominal range fol-
lowing the isolation of the fault by the system protection.
Maintenance of the connection is needed during the fault.
To achieve this, we provide a constant reactive power or
constantly regulate the system voltage. In addition, the
generator provides energy following the clearance of the
disturbance, and one does not have to restart the system to
do this. Supercapacitor energy storage helps all of these
processes. It limits the acceleration of the machine and
maintains the DC voltage in disturbances.
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Fig.4 Enhanced LVRT capability modeling

4 Simulation study

Figure 5 shows the wind power system, utilized to observe
the transient behavior during the interaction of the 2.3-
MW DFIG-based wind turbine and grid.

Here, we used the NAPC modeling of the DFIG model,
along with positive and negative sequences and natural

and forcing components. We connected the wind power
plant to a 34.5-kV system via two transformers that were
50 MVA, 154 Y/34.5 kV Y and 2.6 MVA, 34.5 A/0.69 kV
Y. The length of the connection was 10 km, and the wind
speed was stable at an 8 m/s. We chose the 34.5-kV grid-
side short circuit power as 2500 MVA. The X/R rate was
determined at 6. The generator parameters for the DFIG
were as follows: stator and rotor resistances at 0.00706 Q

Fault
Grid B 154 kV B 34.5kV B 0.69 kV .
| hl .
O @ ), ]
154 kV/34.5 kV
34.5 kV/0.69 kV R.+iX
50 MVA 26 MVA : gt g
r
vi= T v
<— Rotor-side Grid-side
Crowbar -
<« Converter Converter

Fig.5 Test system
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and 0.005 Q, respectively; stator, rotor and magnetization
inductances were at 0.171, 0.156 and 2.9 Henry, respec-
tively. In the simulation, fault and snubber resistances
were 0.001 and 10,000 Q. Depending on grid code require-
ment in Turkey, in this study, three-phase fault, two-phase
fault and a phase—ground fault times were determined as
150 ms [40].

Observing the time representation of the system and the
approximation decomposition levels for the inrush current
collision defect, we see that the fault voltage drop may be
ejected. A clear fault was detected at 0.1 s.

5 Simulation results

We identified the effect of the positive and negative
sequences and the natural and forcing components on the
system values at three transient events. We observed the first
one to be a three-phase fault, which occurred in B34.5 kV
bus in 0.55-0.7 s. Figure 6 shows the variations in 34.5 kV
bus voltage, terminal voltage, angular speed, electrical
torque and d—q axis stator current with and without the
NAPC-supercapacitor modeling.

As shown in Fig. 6, the peak values of the 34.5 kV bus
voltage of the test system and the output voltage of DFIG
have risen. A shorter stabilization time was achieved with
the NAPC-supercapacitor modeling and rotor EMF. In
LVRT, the bus voltage of the test system with the positive
and negative sequences, natural and forcing components and
rotor EMF was at O p.u., and it was at 0.1 without them.
With the intended LVRT model, the 34.5 kV bus bar voltage
increased to 0.2 p.u., and the terminal voltage increased to
0.15 p.u. in case of a fault. When the NAPC-supercapacitor
model is not used, the 34.5 kV bus bar voltage and terminal
voltage became stable at 1.08 and 1.8 s, respectively, while
with the intended LVRT model, the 34.5 kV bus bar volt-
age and terminal voltage became stable at 0.75 and 0.73 s,
respectively. Using the NAPC-supercapacitor modeling and
rotor EMF also reduced the oscillations in the angular speed,
electrical torque and d—q axis stator currents, where in DFIG
after a three-phase fault, they were stabilized using the posi-
tive and negative sequences, natural and forcing components
and rotor EMF, at 2.5, 2.5, 6 and 5.35 s. Not using those,
they were stabilized at about 6, 6, 6.5 and 6.5 s.

The oscillations during the three-phase fault were high
when the NAPC-supercapacitor was not used. With the
usage of the NAPC-supercapacitor, the oscillations in all
parameters used in the three-phase fault occurring between
0.55 and 0.7 s were found to become stable in a short time.
Examining the state of the oscillations occurring in the
parameters in the three-phase fault, when the minimum
and maximum intervals of the oscillations are examined,

terminal voltage was the most affected parameter, while the
least affected one was angular speed.

Two-phase fault occurred in B 34.5 kV bus at 0.55-0.7 s.
Figure 7 shows the comparison of the parameters with and
without using the NAPC-supercapacitor modeling and rotor
EMF on bus voltages.

For the two-phase fault, the bus voltage of 34.5 kV of the
test system and the output voltage of DFIG were at about
0.3 p.u without using the NAPC-supercapacitor modeling
and rotor EMF 0.5 p.u. while using them. With the LVRT
model developed in the two-phase fault, the 34.5 kV bus
bar voltage increased to 0.65 p.u. and the terminal voltage
increased to 0.5 p.u. Not using the NAPC-supercapacitor
model, the 34.5 kV bus bar voltage and terminal voltage
became stable at 2.1 and 2.3 s, respectively, while with the
developed LVRT model, the 34.5 kV bus bar voltage and
terminal voltage became stable at 0.75 and 0.73 s, respec-
tively. Same with the three-phase fault, using the positive
and negative sequences, natural and forcing components
and rotor EMF decreased the oscillations in the variations
in angular speed, electrical torque and d—q axis stator cur-
rent. The stabilization times of the variations following the
two-phase fault in 34.5 kV bus with and without using the
NAPC-supercapacitor modeling and rotor EMF were at 2.5,
2.5,4.8,4.8sand 6, 6, 6.5, 6.5 s, respectively.

The oscillations during the two-phase fault were high
when the NAPC-supercapacitor was not used. Using the
NAPC-supercapacitor, the oscillations in all parameters
used in the two-phase fault occurring between 0.55 and 0.7 s
in the simulations were found to become stable in a short
time. Examining the state of the oscillations occurring in
the parameters in the two-phase fault, when the minimum
and maximum intervals of the oscillations are examined,
terminal voltage was the most affected parameter, while the
least affected one was angular speed.

A one phase—ground fault was formed in B 34.5 kV bus at
0.55-0.7 s. Figure 8 shows the comparison of the parameters
with and without using the NAPC-supercapacitor modeling
and rotor EMF on bus voltages.

For this fault, the bus voltage of 34.5 kV of the test sys-
tem and the output voltage of DFIG were at about 0.24 p.u
without using the NAPC-supercapacitor modeling and rotor
EMF and at 0.55 p.u. while using them. With the intended
LVRT model, the 34.5 kV bus bar voltage increased to
34.5 p.u. and the terminal voltage increased to 0.55 p.u. in
the phase—ground fault. Not using the NAPC-supercapacitor
model, the 34.5 kV bus bar voltage and terminal voltage
became stable at 1.3 and 1.4 s, respectively, while with the
intended LVRT model, the 34.5 kV bus bar voltage and
terminal voltage became stable at 0.75 and 0.73 s, respec-
tively. Same with the three-phase fault, using the positive
and negative sequences, natural and forcing components and
rotor EMF decreased the oscillations in the variations in
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Fig.6 System simulation results during three-phase fault

angular speed, electrical torque and d—q axis stator cur-
rent. The stabilization times of the variations follow-
ing the fault in 34.5 kV bus with and without using the
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2.5,6.5,6.5sand 7.5, 7.5, 8, 8 s, respectively.

The oscillations in the phase—ground fault were high
when the NAPC-supercapacitor was not used. Using the
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Fig.7 System simulation results during two-phase fault
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NAPC-supercapacitor, the oscillations in all parameters
used in the phase—ground fault occurring between 0.55 and
0.7 s in the system were found to become stable in a short
time. Examining the state of the oscillations occurring in the
parameters in the phase—ground fault, when the minimum
and maximum intervals of the oscillations are examined,
terminal voltage was the most affected parameter, while the
least affected one was ¢ axis stator current.

6 Conclusion

For DFIG, there are theoretical methods for rotor-side con-
verter and grid-side converter control against overvoltage
and inrush current during balanced and unbalanced faults.
In this study, we proposed an improved LVRT plan for DFIG
consisting of a NAPC-supercapacitor modeling and a rotor
EMF for balanced and unbalanced grid voltage dips. NAPC-
supercapacitor modeling was successfully applied to solve
the instability problems. We tested and compared the tran-
sient behaviors of the system in three-phase and two-phase
faults with and without our proposed plan. In the three-phase
fault in B 34.5 kV bus, decreases were observed in oscilla-
tions along with improved positive and negative sequences,
natural and forcing components and rotor EMF in our pro-
posed plan. In variation faults, we observed an increase in
the terminal voltage of the DFIG. Examining the findings of
the simulation exhibited that the post-transient fault oscil-
lation damping occurred quite shortly with our proposed
plan implemented to the wind turbine. The findings from
the simulation system approve that the suggested LVRT plan
is efficient in symmetrical and unsymmetrical grid voltage
dips.
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