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Fault ride through (FRT) capability in wind turbines to maintain the grid stability during faults has be-
come mandatory with the increasing grid penetration of wind energy. Doubly fed induction generator
based wind turbine (DFIG-WT) is the most popularly utilized type of generator but highly susceptible to
the voltage disturbances in grid. Dynamic voltage restorer (DVR) based external FRT capability im-
provement is considered. Since DVR is capable of providing fast voltage sag mitigation during faults and
can maintain the nominal operating conditions for DFIG-WT. The effectiveness of the DVR using Syn-
chronous reference frame (SRF) control is investigated for FRT capability in DFIG-WT during both ba-
lanced and unbalanced fault conditions. The operation of DVR is confirmed using time-domain simula-
tion in MATLAB/Simulink using 1.5 MW DFIG-WT.

& 2017 ISA. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The rise in level of wind penetration into the power grid is
transforming the way the wind farms are operated. The large pe-
netration of wind power has made it equivalent to conventional
power plants and therefore expected to present enhanced im-
munity characteristic during grid voltage disturbances [1]. They
are also expected to support the grid during system faults and
recover soon in order to maintain the grid stability. Comparing to
other requirements in wind power, Fault ride through (FRT) cap-
ability is the most demanding and is given major focus due to the
rising grid penetration of wind energy and the recent advances in
grid codes [2]. The wind farms connected to grid are mandatorily
required to stay connected even during balanced or unbalanced
voltage sags during system faults and support the grid through
reactive power generation during fault period. Failing to support
the grid or sudden disconnection of wind farms during faults may
lead to severe consequences in grid and will exacerbate the
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problem [3]. Hence, ride through capability of wind turbines is
being highlighted and the countries with largely growing wind
energy capacity have started to mandate the FRT capability in wind
farms which were installed without this FRT provision [4].

The FRT capability is imposed to maintain the wind turbine to
remain stable and connected to the grid during grid side faults [5].
The FRT grid codes will differ in each country based on the Trans-
mission system operator (TSO) requirements and therefore is
country specific based on its grid behavior [6]. The FRT grid codes of
some major countries are shown in Fig. 1. From this figure, it is clear
that each country has different values of minimum voltage which is
referred as the Vfault and the time up to which this voltage should be
sustained is denoted by Tfault and the voltage up to which it has to be
recovered is the Vrecovery within a time of Trecovery. For example in
Germany, according to E.ON grid codes the Vfault is up to 0 pu for a
Tfault of 150 ms and has to reach Vrecovery of 0.9 pu within a Trecovery
of 1500 ms. Therefore, one control cannot be applicable to all
countries and for all types of wind generators. In a country like India,
where grid is generally weak, it will require more reactive power
support during grid faults with the increasing wind energy pene-
tration [7]. The country has made the amendment for mandatory
changes in the recent times and therefore a wind turbine type
specific study becomes very essential for the current scenario [8].

Among the wind generators, Doubly fed induction generator
(DFIG) is popular for its partially rated converters which have the
ability to operate with decoupled active and reactive power control,
it's reduced cost, weight, size and losses compared to full power
converter based system [9]. But DFIG-WTs are very sensitive to dis-
turbances in grid voltages especially voltage sags [10]. Abrupt voltage
rough capability of DFIG based wind turbines using synchronous
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Nomenclature

Vfault Fault voltage
Vrecovery Recovery voltage
Tfault Fault time
Trecovery Recovery time
vds, vqs Stator dq voltages
vdr , vqr Rotor dq voltages
ids, iqs Stator dq currents
idr , iqr Rotor dq currents
Is Stator current
Ir Rotor current
ωe Supply angular frequency
ωr Rotor angular frequency
λds, λqs dq stator flux linkages
λdr , λqr dq rotor flux linkages
R R,s r Stator and rotor resistance
Ls, Lr Stator and rotor inductance
Lls, Llr Stator and rotor leakage inductance
Lm Magnetizing inductance
Ps Stator active power
Q s Stator reactive power
V V,1 2 Nominal and fault line voltage values

VN Nominal grid voltage
ε Sag depth
VDVR DVR voltage rating
PDVR DVR power rating
Iload, ′Iload Load current before sag and after sag
Vgrid , ′Vgrid Grid voltage before sag and after sag

′V V,load load Load voltage before sag and after sag
ψ Phase angle difference between load current and grid

voltage
δ Phase jump

*vL Reference load voltage
v , v , vLa Lb Lc Load abc voltages

* * *v , v , vLa Lb Lc Reference abc load voltages
v , v , vLd Lq L0 Load dq voltages

* *v , vLd Lq Reference dq load voltages
v , vsd sq Supply voltages at PCC

* *v , vsd sq Reference supply voltages
vL0 Zero sequence component of load voltage
v , vDd Dq DVR voltages

* * *v , v , vDd Dq D0 DVR reference voltages
v , v , vdvra dvrb dvrc DVR abc voltages

* * *v , v , vdvra dvrb dvrc Reference DVR abc voltages
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sags can cause over-voltage and over-currents in the rotor windings
which is capable of destroying the rotor windings, if not provided with
proper protection devices. Conventionally crowbars were installed for
the protection of rotor windings to disconnect the rotor converters and
absorb the over-currents. But installation of crowbar leads to absorp-
tion of reactive power and also stalls the generation of active power
[11]. This further contributes to the grid collapse during voltage sag
conditions. The over-current in the rotor during voltage sag increases
the voltage in DC bus, oscillations in the stator and rotor currents, also
disturbances in active and reactive power of DFIG-WT. Also in any
active control based crowbar with DFIG-WT, the Grid side converter
(GSC) can be set to control the reactive power and voltage at Point of
common coupling (PCC) [12]. But the smaller rating of GSC, is not
sufficient to provide reactive power support for grid fault in case of a
weak grid. This can cause voltage instability in the grid. Therefore,
Static synchronous compensator (STATCOM) for FRT was proposed to
generate reactive power and to support DFIG-WT [13]. But STATCOM
cannot protect the Rotor side converter (RSC) and therefore it has to be
operated along with the crowbar to protect RSC from rotor over-cur-
rents during grid fault. Other solutions proposed include the Series
dynamic resistance (SDR) in the stator or rotor side or using Series grid
side converter (SGSC) topology [14].

Other methods include Fault current limiter (FCL) based FRT in
DFIG-WT have fast quenching time but have the disadvantage of high
construction cost [15]. Superconducting fault current limiter (SFCL) is
also receiving more attention for providing FRT capability in DFIG-WTs
as discussed in [16–18]. Advancements in DVR are widely discussed as
follows like the transformer less DVR by incorporating multilevel
cascaded H-bridge inverter is discussed in [19]. The quality of the
compensation voltage of a DVR improved by multilevel inverter con-
cept is discussed in [20], by providing wide correction range using
bidirectional energy control. Several DVR connected in series with a
common DC-link called as Interline dynamic voltage restorer (IDVR) is
discussed in [21]. The reactive power injection capability of DVR
considering the load voltage constraints is discussed in [22]. Recently,
these advancements in DVR are getting incorporated for improving
the FRT capability in DFIG-WT.

It is suggested that use of external power electronic device to
compensate the faulty grid voltage will eliminate the need for any
Please cite this article as: Rini Ann Jerin A, et al. Improved fault ride th
reference frame control based dynamic voltage restorer. ISA Transac
additional protection device for DFIG-WT. Dynamic Voltage re-
storer (DVR) is a series compensation device which injects the
appropriate compensating voltage to correct the faulty grid vol-
tage [23]. The Voltage source converter (VSC) plays a major role in
the operation of DVR is investigated using various control schemes
to verify the efficiency of the voltage restoration [24]. The mag-
nitude and phase angle of the injected voltage varies depending on
the sag parameters. The performance of the DVR can be improved
based on the control and compensation technique utilized. The
operation of DVR for FRT capability is normally tested for the
voltage sag and swell compensation of the wind turbine in dis-
tribution systems. But DVR is capable of sag, swell and harmonic
compensation and can be represented as a “multifunctional DVR”
[25,26]. It is found that the compensation of unbalanced voltage
sags using DVR is effective, only when the controller is able to
compensate the negative sequence component of the grid voltage.
Different DVR control strategies have been developed for im-
proving the operation and performance of the voltage compen-
sation [27]. DVR based FRT augmentation has been applied for
Squirrel cage induction generators [28]. The improvement in FRT
capability performance of DFIG-WTs with DVR requires further
investigation with change in DVR control adoption [29]. Effective
operation in mitigating sag, swell and harmonics using reduced
rating of DVR with Synchronous reference frame (SRF) control is
discussed only for non-linear load in [30]. The operation of DVR
using SRF control for improving the FRT capability in DFIG-WT has
not been discussed so far.

In this paper, improved FRT Capability of DFIG-WTs using SRF
control based DVR is presented. Generally, harmonic compensa-
tion capability of DVR is not focused based on SRF control opera-
tion during FRT capability improvement. The FRT capability of a
1.5 MW DFIG-WT using 1.5 MVA DVR is simulated and the results
are carried out for balanced and unbalanced voltage sag condi-
tions. Also, the harmonic compensation is also tested and the %
THD values using SRF and conventional Feed-forward control is
compared. The improvement in stator voltage, stator current, rotor
current and DC-link voltage using SRF control is discussed. The
contribution in active and reactive power support provided by
DFIG-WT and DVR during FRT is also focused.
rough capability of DFIG based wind turbines using synchronous
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The remaining section of this article is as follows: Section 2
deals with the modeling of DFIG-WT and DVR. The operation of
the two control techniques and its comparison is given in Section
3. The control is simulated and tested for balanced and unbalanced
sags and also for harmonic mitigation using MATLAB/Simulink and
is discussed in Section 4 and the Section 5 ends with conclusion.
2. Operation of DVR with DFIG-WT

DVR is a series interface scheme connected to the DFIG-WT to
address the voltage sag issue and to comply with the FRT cap-
ability of wind turbines. DVR is capable of voltage sag, swell and
harmonic compensation but very much concentrated for the vol-
tage sag compensation capability while installing for the ride
through capability of wind turbines. DFIG-WT is especially sensi-
tive to grid disturbances and hence FRT capability is essential to
allow it to operate without tripping and comply with grid codes.
DFIG-WT with series compensation of DVR to support the ride
through capability and improve the transient stability operation is
shown in Fig. 2. The DVR is installed at the PCC to inject voltage in
series to continue the operation of DFIG-WT through active power
and reactive power support to the grid for recovering from the
fault. The improvement in the performance of DVR while operat-
ing with conventional Feed-forward and SRF based control is
compared and also analyzed for harmonic compensation. This will
help to ensure the FRT capability and also to improve the power
quality of the grid operating with integrated wind generators.

2.1. Modeling of DFIG based wind turbine system

Understanding the transient changes in DFIG-WT operation
during grid faults is necessary in order to carry out further studies
Fig. 2. Schematic diagram of FRT

Fig. 1. Fault ride through grid codes of various countries.
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on how to overcome the voltage sag during fault [31]. The stator of
DFIG-WT is connected directly to the grid and rotor is connected
to the grid via slip rings through the RSC and GSC. The converter
connected to the rotor side is the RSC and connected to the grid
side is the GSC which together constitutes only up to 30–35% of
the total capacity of the machine. Therefore, popularly known as
partially rated converters and are responsible for the four quadrant
operation of the converter's Pulse width modulation (PWM) which
attributes to the controllable voltage and frequency. The con-
trollable voltage and frequency provides the variable speed op-
eration of the generator, thereby proving constant output from the
generator during fluctuating wind speeds. Whereas the stator re-
mains constant at fundamental frequency, even when the gen-
erator operates at different speeds. The advantage of harnessing
more power by employing the variable speed operation of DFIG-
WT is the reason for the popularity of this generator type. It can
extend the slip up to 70.3 pu and therefore can still generate
power without falling in the nonlinear part of its characteristic
curve [32]. Fig. 3 shows ‘T-form’ equivalent circuit of the DFIG-WT.
The DFIG-WT operates in the popular stator-flux-oriented-vector
control which is structured in a double-closed-loop strategy. The
outer power control can do the decoupled independent active and
reactive power control and the inner power control with feed-
forward decoupling parts can control the rotor current. The d-axis
of the synchronous frame is aligned with the stator-flux space
vector in the field oriented control which rotates at the speed of ωs

in anti-clockwise direction [33]. Since the stator- flux oriented
vector control is applied, the RSC controls the active and reactive
power of the DFIG-WT and the GSC maintains the DC-link voltage
as constant.

The most indispensable parameters for consideration during
sag condition in DFIG-WT are the stator voltage, rotor current and
the DC-link voltage [34]. During balanced fault, it causes a large
transient over-current regardless of the recovery type. This tran-
sient overshoot is due to the natural response of the stator flux
and decays within 0.1 s. The RSC regains control and regulates
back to pre-fault value. Whereas unbalanced fault causes steady-
state ripple during fault due to the negative sequence component.
Large over-currents will cause sudden increase of active power
from RSC which cannot be transferred by the GSC due to its partial
rating, therefore causes a rise in DC-link voltage up to 1.2 pu.
Further, the power transfer capacity through GSC reduces due to
the low voltage during fault. The over-currents in the rotor and the
sudden rise in DC-link voltage will be cleared after fault and this
clearance varies with respect to the recovery type. Transients that
occur during fault clearing instant are lesser than the fault oc-
curring instant due to the better capability of GSC with the avail-
ability of nominal voltage. These transients during fault clearance
can be controlled by taking the circuit breaker parameter con-
straints into account. Also, full voltage recovery in one step using a
capability in DFIG with DVR.

rough capability of DFIG based wind turbines using synchronous
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circuit breaker causes large change in stator-forced flux and which
will require a large natural flux component.

However, the response is different for unbalanced fault condi-
tion due to the negative sequence component. There is no tran-
sient overshoot during fault occurring instant but there is a large
current ripple in the rotor winding, double-frequency oscillations
in the DC-link voltage and negative sequence oscillations remain
unsuppressed during fault. Any phase jump in the supply voltage
during unbalanced voltage sag due to fault will cause excessive
transients due to the negative sequence components. Large phase
angle jumps can cause severe detrimental effects on the transient
response of DFIG-WT. Therefore, the modeling of DFIG-WT beha-
vior during grid faults is done using the ‘T-form’ equivalent circuit
of DFIG-WT as shown in Fig. 3.

The stator and the rotor voltage in the synchronous dq re-
ference frame are as given below. The expressions of flux, voltages
and currents are as in [15].

λ
ω λ= + − ( )v R i

d
dt 1ds s ds

ds
e qs

λ
ω λ= + + ( )v R i

d

dt 2qs s qs
qs

e ds

λ
ω ω λ= + − ( − ) ( )v R i

d
dt 3dr r dr

dr
e r qr

λ
ω ω λ= + + ( − ) ( )v R i

d

dt 4qr r qr
qr

e r dr

Here,vds, vqs are dq stator voltages and vdr , vqr are dq rotor voltages.
ids, iqs are dq stator currents and idr , iqr are dq rotor currents. ωe is
the supply angular frequency and ωr is the rotor angular frequency.
λds, λqs are the dq stator flux linkages and λdr , λqr is the dq rotor flux
linkages. Rs and Rr are the stator and rotor resistance respectively.

= + ( )L L L 5s ls m

= + ( )L L L 6r lr m

Here, Ls and Lr are the stator and rotor inductance respectively.
Lls and Llr are the stator and rotor leakage inductance respectively
and Lm is the magnetizing inductance.

λ = + ( )L i L i 7ds s ds m dr
Please cite this article as: Rini Ann Jerin A, et al. Improved fault ride th
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λ = + ( )L i L i 8qs s qs m qr

λ = + ( )L i L i 9dr m ds r dr

λ = + ( )L i L i 10qr m qs r qr

In stator flux-oriented control, q-axis rotor current component
controls the stator active power ( )Ps and rotor d-axis current
component controls the stator reactive power ( )Q s respectively.

= ( + ) ( )P v i v i
3
2 11s qs qs ds ds

= ( − ) ( )Q v i v i
3
2 12s qs ds ds qs

The threshold values of rotor current and DC-link voltage are
essential to ensure efficient FRT capability. The threshold value of
the rotor current during fault is 1.5 pu to 2 pu values. Also, the DC-
link voltage rating is 1150 V and its threshold value is 1.35 pu [35].
The DVR operation should maintain the values of rotor current and
DC-link voltage within these safety limits.

2.2. Modeling of dynamic voltage restorer (DVR)

The DVR is a VSC connected in series to the grid and DFIG-WT
at PCC to inject the appropriate compensating voltage to correct
the voltage sag, swell or harmonics and obtain the nominal stator
voltage. The switching signals to the VSC are given by the PWM
technique with the appropriate controller. The DVR compensates
the faulty line voltage to allow the DFIG-WT to continue its
nominal operation as demanded by the grid codes. Conventional
Phase locked loop (PLL) which is also in the synchronous dq re-
ference frame detects the grid phase angle and utilized for syn-
chronization. In-phase compensation method is utilized for both
Feed-forward and SRF control of DVR. Since, the grid codes de-
mand compensation of full voltage sag during fault conditions,
DVR is rated for the power of the wind turbine [23]. For voltage
sags with zero-phase angle jump, the active power requirement of
DVR is given by

⎛
⎝⎜

⎞
⎠⎟=

−
( )

P
V V

V
P

13
DVR load

1 2

1

V1 is the nominal line voltage and V2 is the fault line voltage
values.

Also, the DVR voltage rating ( VDVR) depends mainly on the
voltage sag depth which requires compensation. The required
rough capability of DFIG based wind turbines using synchronous
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V DVR
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Modified
voltage

δ

ψ

Fig. 4. Phasor diagram for in-phase compensation of voltage using DVR.
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voltage amplitude with in-phase compensation is given by

ε= ( )V V 14DVR 1

Here, V1 is the nominal line voltage, I1 is the nominal line current
and ε is the sag depth. The value of active power calculated based
on the vector diagram in Fig. 4. is given below.

ε= * * ψ ( )P V I3 cos 15DVR DVR 1

Here, ψ is the phase angle difference between load current ( )Iload
and grid voltage ( )Vgrid both before sag and difference between
( ′ )Iload and ( ′ )Vgrid after sag. δ is the phase jump between load voltage
before sag and after sag (between ′ )V V,load load and phase jump of the
load current before sag and after sag (between ′ )I I,load load as in
Fig. 4.

The injection transformer must be adequately designed and an
appropriate transformer ratio has to be chosen. Higher rating of
the transformer is essential to avoid the risk of high inrush cur-
rents and saturation which is discussed in [36,37].
3. Control techniques of DVR

3.1. Feed-forward control strategy

Generally, DVR can be controlled by either open-loop control
[24] or closed loop control. The operation of a conventional open-
loop controller of DVR in synchronous reference frame, which is
also called as a Feed-forward control is shown in Fig. 5. The

=V Vdref 0 is the reference controlled by the required magnitude of
the load bus voltage respectively. The primary control structure
depends on the supply voltage and its phase angle to calculate the
required modulation depth of the voltage to be injected. But this
control does not include the feedback which will take into account
Fig. 5. Block diagram of F
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the voltage drop across the filter inductor and transformer. The
operation of the control in the synchronous dq-reference frame
allows simpler clamping of the injection voltage. Therefore, en-
ables DVR to partially compensate deep voltage sags and to
maintain the sinusoidal injection voltage profile. The operation of
control is synchronized to the supply voltage through PLL which is
essential to maintain smooth output voltage even during phase
jump. The control generates the dq reference which is transformed
to three phase stationary frame value in order to generate the
PWM modulation signals [38,39].

3.2. Synchronous reference frame (SRF) control

The Synchronous reference frame (SRF) control used for de-
tecting the sag and generating the appropriate reference for trig-
gering the IGBT is discussed in [30]. This control includes the
feedback control of the reference load voltage *vL which is derived
and converted to rotating reference frame using abc-dq0 by Park's
transformation using the θsin , θcos unit vectors from PLL. When
the rotating frame is aligned 90 degrees behind “a” axis, the fol-
lowing relations are as follows.

⎜
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= − ( )v v v 18Dq Sq Lq

* = * − ( )v v v 19Dd Sd Ld

* = * − ( )v v v 20Dq Sq Lq

The reference calculated by subtracting the load voltage from
supply voltage is used to regulate by using two PI controllers. The
load voltage in abc frame are ( )v , v , vLa Lb Lc and reference load voltage
in abc frame are ( )* * *v , v , vLa Lb Lc . The load voltages in dq frame are load

voltages ( )v , v , vLd Lq L0 and the reference load voltage in dq frame is

( )* *v , vLd Lq . The supply voltage at PCC in rotating dq frame is ( )v , vsd sq

and the reference supply voltage is ( )* *v , vsd sq . The parameter with
subscript zero denotes the zero sequence components.
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Fig. 6. Block diagram of SRF control.

Table 1
Comparison of DVR controller parameter and performance features.

Feed-forward control SRF control

Operating frame Synchronous frame (dq) Synchronous frame (dq)
Digital operation 2 dq operations 4 dq operations
Tuning – Kp, Ki

Stability Unstable for negative se-
quence components

Stable

Robustness Does not allow dynamics Robust to dynamic
changes

Number of
controllers

– 2 PI control

Control complexity Simple Relatively complex
(require PI gain values)
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DVR voltages in rotating dq frame are: DVR voltage ( )v , vDd Dq ,

DVR reference voltage ( )* * *v , v , vDd Dq D0 . DVR voltage in abc frame are

actual DVR voltage ( )v , v , vdvra dvrb dvrc , reference DVR voltage
Fig. 7. Results for balanced sag between 0.7 and 0.8 s using SRF control (from top to bott
Stator voltage in pu, (e). Rotor current in pu, (f). Active power of DFIG in MW, (g) react
respectively in pu.

Please cite this article as: Rini Ann Jerin A, et al. Improved fault ride th
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( )* * *v , v , vdvra dvrb dvrc . These are used to generate the PWM pulses to
the VSC which is operated at 10 kHz. The SRF control is as shown
in Fig. 6 and the error between the DVR reference and actual
voltage is minimized by two PI controls. Since this control adopts a
voltage feedback by including the load voltage value, it minimizes
the steady-state error in the fundamental component. The re-
sonances are damped by adding the LC filter components [7].

The general parameters of the Feed-forward and SRF control
are compared in Table 1.
4. Simulation Results with performance comparison and
discussion

The FRT capability is tested using simulation for a 1.5 MW wind
turbine with DFIG-WT which is connected to an infinite bus with a
DVR connected at PCC through circuit breaker in MATLAB/Simu-
link environment. For full compensation of full voltage sag, DVR
om) (a). Dc link voltage in Volts, (b). Rotor speed in pu, (c). Stator current in pu, (d).
ive power of DFIG in MVAR, (h) active and reactive power of DVR in blue and red
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Fig. 8. Results for voltage sag mitigation using DVR with SRF control for balanced sag between 0.7 and 0.8 s for 0.35 pu sag.

Fig. 9. Results for unbalanced sag using SRF control between 0.7 and 0.8 s (from top to bottom) (a). Dc link voltage in Volts, (b). Rotor speed in pu, (c). Stator current in pu,
(d). Stator voltage in pu, (e). Rotor current in pu, (f). Active power of DFIG in MW, (g) reactive power of DFIG in MVAR, (h) active and reactive power of DVR in blue and red
respectively in pu.

Fig. 10. Results for voltage sag mitigation using DVR with SRF control for unbalanced sag between 0.7 and 0.8 s for 0.35 pu sag.
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Table 2
Simulation parameters of DFIG.

Rated power of DFIG 1.5 MW
Cut-in speed, cut-out speed 6 m/s, 30 m/s
Rated wind speed 11 m/s
Stator voltage/frequency 575 V/ 50 Hz
Stator resistance 0.023 pu
Rotor resistance 0.016 pu
Stator leakage inductance 0.18 pu
Rotor leakage inductance 0.16 pu
Generator inertia constant 0.685
Nominal DC bus voltage 1150 V
Gains of d-axis PI controller(Kp, Ki) Kp1 ¼ 0.5, Ki1 ¼ 0.35
Gains of q-axis PI controller(Kp, Ki) Kp2 ¼ 0.5, Ki2 ¼ 0.35

Table 3
Simulation parameters of DVR.

Capacity 1.5 MVA
Filter inductance 0.1 mH
Filter capacitance 1 mF
Switching frequency 10 kHz
Series transformer 1.5 MVA, 230/340 V

Table 4
Comparison of THD values for the Feed-forward and SRF control.

%THD values DVR with Feed-Forward control DVR with SRF control

Supply voltage 30% 30%
Supply current 5.18% 1.34%
Load voltage 5.24% 1.35%
Load current 5.18% 1.34%
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has to be rated for the power of the wind turbine, therefore
1.5 MVA power rating DVR is chosen. The DVR is connected
through a 1.5 MVA series transformer with 230/340 V rating
windings. The simulation is tested for a short-duration balanced
three-phase-to-ground fault and unbalanced single-phase-to
ground fault. The SRF control of DVR is used primarily to com-
pensate the voltage sags to augment the FRT capability of DFIG-WT
as per grid codes. The operation of DVR control is also verified for
harmonic compensation and to evaluate the efficiency based on
the harmonic order of the voltage. The system response for ba-
lanced and unbalanced three phase voltage sag is tested for
100 ms between 0.7 s and 0.8 s. The voltage sag is a reduction of
35% from the nominal value of voltage. The grid frequency is 50 Hz
and voltage is 120 kV which is connected through transformers
and has 575 V at PCC where DVR and DFIG-WT are connected. The
converter switching frequency is 10 kHz.

The performance of the DVR is investigated for SRF control in
order to achieve proper FRT operation. The SRF control utilizes PI
Fig. 11. Harmonic mitigation of DVR with Feed-forward control for

Please cite this article as: Rini Ann Jerin A, et al. Improved fault ride th
reference frame control based dynamic voltage restorer. ISA Transac
controllers with PLL for synchronization; therefore it has fast
transient response compared to the conventional Feed-forward
control under balanced and distorted conditions. The response of
control for constant wind speed at 11 m/s is maintained since the
effect of fault is for very short duration of 100 ms, which does not
allow noticeable speed variations. Fig. 7 clearly shows the per-
formance of DFIG-WT during balanced sag for 0.35 pu for 5 cycles
during 0.7 s to 0.8 s. The measured signal in Fig. 7(a) and (b) show
that the DC-link voltage does not exceed the threshold value and is
maintained constant at 1150 V and the rotor speed is maintained
constant at 1.2 pu respectively. Fig. 7(c), (d) and (e) show that the
stator current, stator voltage and rotor current are effectively mi-
tigated with very minimum disturbance respectively. Fig. 7
(f) shows that the nominal operation of DFIG-WT is maintained by
continuing the active power generation of DFIG-WT at 1.5 MW.
Fig. 7(g) shows that DVR provides the reactive power support to
DFIG-WT during fault condition and Fig. 7(h) shows both active
and reactive power of DVR. Fig. 8 shows the DVR operation during
the same balanced fault condition and the sub-figures shows the
mitigation capability of DVR. Fig. 9 clearly shows the performance
of DFIG-WT during unbalanced sag for 0.35 pu for 5 cycles during
0.7 s to 0.8 s. The FRT operation during unbalanced condition
shows similar performance improvement for all parameters as
explained briefly in Fig. 7. Single-phase unbalance in phase A is
shown in Fig. 10 during the fault condition. The operation of DVR
mitigation during the unbalanced fault condition is clearly shown.

The Table 2 gives the parameters of DFIG-WT and Table 3 gives the
parameters of DVR used in the simulation. Increased transient re-
sponse of FRT capability is necessary to comply with the grid codes.
The increased transient stability is important for the operation of
DFIG-WT during these sudden disturbances. The sudden disturbance
causes high stator currents Is and rotor currents Ir. Using DVR the
stator currents and rotor currents are maintained with distortions, but
still the RSC is kept in operation. Therefore, the RSC is able to control
the active and reactive power independently. Therefore, the speed is
kept constant and reactive power is generated as per grid codes using
DVR. Thus, the unacceptable high rotor currents during fault are mi-
tigated to avoid any damage to rotor and to continue its operation. The
other important measurements of the active power, reactive power,
DC-link voltage, rotor speed, stator voltage, stator current and rotor
current are shown in Fig. 7 and Fig. 9 for balanced and unbalanced
faults respectively. The fault mitigation and harmonic mitigation
shows the effective operation of DFIG-WT using DVRwith SRF control.
The SRF control reduces the %THD from 5.18% of Feed-forward control
to 1.34% which proves the enhanced performance of the control in
abiding with harmonic standards and maintains grid codes.

The comparison of the performance of the controllers in im-
proving the DVR operation is very essential. This will in turn help
in understanding the actual operation and stability improvement
in DFIG-WT during FRT operation using DVR. The harmonic
harmonics in the supply voltage sag between 0.06 s and 0.14 s.
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Fig. 12. Harmonic mitigation of DVR with SRF control for harmonics in the supply voltage sag between 0.06 s and 0.14 s.

Fig. 13. Harmonic spectrum of DVR Load voltage with Feed forward control.

Fig. 14. Harmonic spectrum of DVR Load voltage with SRF control within IEEE 519
standard.
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compensation ability of both controllers in terms of % THD value is
discussed as shown in Table 4. The harmonics are injected along
the source side in the simulation for the understanding of the DVR
controller ability in mitigating the lower order harmonics. The
Fig. 11 and Fig. 12 show the harmonic mitigation of DVR using
Feed-forward control and SRF control respectively for 30% of third
order harmonics in supply voltage between 0.06 s and 0.14 s. The
harmonic order comparison as per Fig. 13 and Fig. 14 shows that
SRF control of DVR is capable of mitigating harmonics and main-
tains the %THD within the IEEE 519 standard. From the results and
discussion, the following points are concluded.

) The improvement in stator voltage, stator current, rotor current
and DC-link voltage of DFIG-WT during fault conditions can be
easily observed from the results. (Fig. 7, Fig. 9)

) In the case of active power, effective active power evacuation of
1.5 MW generated by DFIG-WT during the fault conditions is
carried out with lesser oscillation.
Please cite this article as: Rini Ann Jerin A, et al. Improved fault ride th
reference frame control based dynamic voltage restorer. ISA Transact
) Reactive power support is a challenging grid code requirement
for FRT during voltage recovery. Using SRF controlled DVR
provides better reactive power injection.

) SRF control has shown performance improvement in the case
excellent reactive power compensation, load balancing and
good harmonic mitigation.

) The %THD values using SRF and conventional Feed-forward
control is compared and found to have better harmonic com-
pensation ability.
5. Conclusion

The FRT capability of wind turbines are essential with the
growing integration of wind power in the grid and contribute to
the reliable grid integration. There are several countries which
have recently imposed the mandatory guidelines for FRT capability
implementation in already installed and operating grid connected
wind turbines. Therefore this paper investigates the performance
of DVR with SRF control for the FRT capability of DFIG-WTs. The
control performance is compared with Feed-forward control
which is operated with the same synchronous reference frame.
The performance of the controllers is compared for the voltage sag
mitigation during balanced and unbalanced grid faults. The har-
monic mitigation capability of DVR is also discussed. The com-
parison of harmonic compensation of both controllers in terms of
% THD shows that SRF control provides better performance. The
performance comparison suggests that the operation of DVR is
suitable for FRT capability as per grid code standards imposed
globally. Simulation results show better performance of DVR with
SRF control for improving the FRT capability of DFIG-WT.
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