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Abstract: Improving transient voltage stability is one of the most important issues that
must be provided by doubly fed induction generator (DFIG)-based wind farms (WFs)
according to the grid code requirement. This paper proposes adjusted DC-link chopper
based passive voltage compensator and modified transient voltage controller (MTVC)
based active voltage compensator for improving transient voltage stability. MTVC is a
controller-based approach, in which by following a voltage dip (VD) condition, the voltage
stability for the WF can be improved. In this approach, a voltage dip index (VDI) is
proposed to activate/deactivate the control strategy, in which, two threshold values are
used. In the active mode, the active and reactive power are changed to decrease the rotor
current and boost the PCC voltage, respectively. Based on the control strategy, in a faulty
grid, DFIG not only will be able to smooth DC-link voltage fluctuations and reduces rotor
overcurrents but also it will increase the voltage of point of common coupling (PCC).
Therefore, it improves transient voltage stability. The simulation results show the
effectiveness of the proposed strategy for improving voltage stability in the DFIG.

Keywords: Doubly Fed Induction Generator (DFIG), Imperialist Competitive
Algorithm (ICA), Transient Voltage Stability, Voltage Dip.

1 Introduction WFs can affect on the voltage, frequency, stability and

ITH the wide integration of renewable energy security of the grid [4, 5]. Therefore, disconnecting of

sources, wind energy has gained popularity as an
electrical energy source in many countries. This wind
energy through the wind turbines and then WFs is
converted to electrical energy. As, 5.5% of the world's
electricity needs are supplied by wind power plants in
2018 [1] and at the end of 2018, WF capacity connected
to the grid in the world has reached 596.6GW [2]. In
WFs, DFIG are widely utilized due to their capability
for decoupled control of active and reactive powers,
high efficiency, lightweight, and good speed control [3].
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large WFs may cause system instability in the following
of a VD [6]. Hence, to achieve the efficient grid voltage
support in a faulty grid, transient voltage at the PCC
should satisfy the specified limit voltage-time curves.
WFs also require reactive power support as to meet grid
code requirements [7].

However, DFIG-WF is vulnerable to change the PCC
voltage causing DC-link overvoltage and rotor
overcurrent in VD conditions [8, 9]. These phenomena
can damage the rotor side converter (RSC) of the DFIG
and cause the WF to trip from the grid due to the lack of
transient voltage stability [10]. So, WF must remain
connected to the grid during a VD condition for
improving voltage stability [11]. In addition,
immediately after VD clearance, WFs must be able to
provide active power for maintaining grid stability. In
order to remain the DFIG-WF connected to the grid for
supporting the grid voltage in a VD conditions, various
strategies have been proposed which can be classified in
three categories:
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1. Device-based approaches: these approaches need
extra hardware such as energy storage devices,
FACTS devices, fault current limiter, and other
devices.

2. Controller-based approaches: by utilizing these
approaches, back to back converter are specially
controlled using advanced and classic methods in
which terms are added to controlling signal.

3. Device and controller-based approaches: in these
methods, extra hardware and special control of
back to back converter are simultaneously
applied.

In the meantime, crowbar resistance and DC-link
chopper are only used for protecting electronic devices
during severe VD conditions which cause to disconnect
the DFIG-WF to the grid. By connecting the crowbar
resistance, DFIG is converted to squirrel cage induction
generator causing the loose of controllability and
absorption more reactive power from the grid and thus,
more decrease of the PCC voltage happens [12]. DC-
chopper in parallel with the capacitor at the DC-link is
another device for protecting DC-link against
overvoltage [13].  There are other device-based
approaches trying to improve LVRT capability namely
STATCOM adopted as parallel reactive power source
connected between the grid and WF [14], dynamic
voltage restorer (DVR) in series with WF and grid as
series injecting reactive power [15, 16] normally
employed to compensate the reduced voltage at the PCC
but these devices increase the complexity and
unreliability of the WF systems. Super capacitor energy
storage system (ESS) connected to the WF bus proposed
in [17], limits fault current on the DFIG while the
transient voltage stability improvement might be
degraded on severe VDs. Series dynamic braking
resistors (SDBRs) in series with the rotor limits high
rotor current but it has not the ability to increase the grid
voltage. however, SDBRs are large and complex [18]
and need power electronic devices which are not safe.
SDBRs in series with the stator [19] can improve the
post-fault recovery and, hence, the transient stability of
the DFIG- WF. Therefore, eliminates the need for using
complicated reactive power compensator devices.
However, SDBR does not the ability to hold the voltage
profile £0.1 p.u. of nominal value, its ability to stabilize
the DC voltage is poor [20]. Also, it produces huge
amount of harmonics into the system. bridge type fault
current limiter connected to the DFIG-WF and grid
[21], DC-link switchable resistive-type fault current
limiter (SRFCL) [22], [23], and saturated core fault
current limiter [24] are proposed for decreasing the
harmful effects of the VD and increase the PCC voltage.
FCLs can improve transient voltage stability better than
the other approach [20] but they have adverse effects on
the system stability and LVRT performance during the
post-fault stage [25]. Also, a sole FCL cannot provide
any reactive power for efficient voltage support.
Moreover, SFCL is very costly due to its
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superconductivity nature. However, using device-based
strategies need extra hardware devices resulting in cost
increase and reliability reduction for DFIG. In order to
overcome the drawbacks of the device-based
approaches, researchers often propose controller and
device-based approaches. Controller-based approach
such as reverse current tracking in which the rotor
current references are determined based on the stator
currents [26], Modified feed-forward compensators [27]
hybrid method based on the multi-objective algorithm
of krill and the fuzzy controller [28], and GA-Based
Optimal LQR Controller [29] can only decrease rotor
overcurrent and DC-link overvoltage in the VD
conditions. one of the controller-based approach is the
control of the DFIG converters regulators to take part in
the transient voltage control (TVVC) [30] but its available
reactive power is inadequate to support the PCC voltage
due to severe VD conditions.

Therefore, a modified TVC is proposed in this paper
to support PCC voltage during severe VD condition. By
using the proposed method, the voltage stability in
DFIG-WF can be improved following a VD event. In
this approach, a voltage index as VDI is proposed to
activate/deactivate the control strategy, in which two
threshold values o and B are used. In the active mode,
the active and reactive power are changed to zero and
one p.u for decreasing the rotor current and boost the
PCC voltage, respectively. According to the grid
requirements, in the deactivate mode, they are changed
to one and zero p.u, respectively. Based on the proposed
control strategy, during a VD condition, DFIG will be
able to smooth DC link voltage fluctuations and
significantly reduces the of the stator and rotor
overcurrent.

Furthermore, the direct power control (DPC) method
is modified to adaptively change the rotor current
reference values based on the severity of VD. The
parameters of the Pl controllers are tuned by the
imperialist competitive algorithm (ICA) using the sum
of the sample values in the discrete Fourier transform
(SMVS-DFT) for evaluating the objective function. The
major novelties of the proposed approach are as follows.

1. Compared to the conventional controller-based
strategies, the suggested scheme can compensate
for the voltage of the PCC and improves
transient voltage stability compared to the
literature.

2. The simulation results of the proposed method
show that the approach is able to decrease rotor
overcurrent and DC-link overvoltage.

3. Contrary to the classical approaches, active and
reactive power sharing are maintained during
both steady state and transients. Finally, the
simulation results show the effectiveness of the
proposed control strategy for improving the
transient voltage stability of DFIG.

This paper is organized as follows. DFIG modeling
and transient behaviors of DFIG are analytically
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investigated in Section 2. In Section 3, the principle of
the proposed control strategy has been expressed. The
proposed strategy of DFIG is presented in Section 4.
The imperialist competition algorithm is presented in
Section 5. In Section 6, the feasibility and effectiveness
of the proposed control strategy are validated in
MATLAB/Simulink environment.

2 DFIG Under Grid Fault
2.1 DFIG Model

In this study, DFIG is modeled by the detailed
dynamic model using the following voltage equations
specified in the synchronous reference frame [31]:

The flux equations can be shown as:

d A

dt

dA L

dtr =u, —-R,i, - j(@, —® )4
By is and i, the state space equations can be derived as
(2). State space equations of the DFIG can be used to
check the DFIG behavior in the of various fault events
in the grid. Finally, the state space equations of the
DFIG in the synchronous reference can be expressed as

3).

2.2 The Transient Behaviors of DFIG

DFIG is highly sensitive to change the PCC voltage.
Generally, when a fault occurs in the grid causing a VD
at the PCC of the DFIG, if the necessary actions are not
taken, the following problems can arise:

« Stator flux oscillations;
« Increase of the electromagnetic force in the rotor
winding;
* Increase of the rotor current;
* Increase of the DC link voltage;
« Swing in torque and speed.
By reducing the PCC voltage of DFIG, the stator flux

=U _Rsis _ja)eﬂ’s
@
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varies and large electromagnetic force (about 3 to 4
times the nominal value) is induced in the rotor
winding [32]. This phenomenon can be explained as
follows:
Rotor voltage in stator reference frame can be expressed
as:

=R,i; d;L Ly d4 (R +olL, dj

dt L dt "d
=
EMFS
where (1-Ln?/(LsLy)) is rotor leakage coefficient (ov).
In (4), the first term refers to the induced voltage in the
rotor winding due to the stator flux fluctuations which is
denoted as EMF,* (induced electric magnetic force in
rotor in the stator reference frame). EMF® in rotor
reference frame can be expressed as in normal
condition:
L,d4 _L,
Ls dt Ls

where ws = swe = we - wr. Generally, at normal
conditions, slip (s) varies between -0.3 and +0.3
yielding a low value for EMF,". When the PCC voltage
decreases due to a symmetrical fault in the grid, EMF,f
in the rotor reference frame is expressed as
follow [32, 33]:
EMF/' i
L, dt

S

(4)
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where zs=Ls/Rs is the time constant of the stator
winding and g refers to the VD percentage. By

neglecting 1/z , (6) can be simplified as:
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From (7), it can be illustrated that at the initial moments
of the fault event (t = 0), the induced EMF," (0) is
relatively large due to the DC offset in the flux. For
example, for s=-0.2 and g = 1, the value of the
EMF," (0) becomes (1.2UsLn)/Ls in the initial moments,
which is 6 times the normal value.

3 Principle of the Proposed Control Method

In this section, the principle of the proposed
controller-based approach for enhancing transient
voltage stability is explained. Improving the transient
voltage stability along with the mitigation of rotor
overcurrent and increase of PCC voltage are achieved
by modified TVC, in which active and reactive power
reference values change by following VD.

Fig. 1 shows the conventional TVC. This method
determines the values of rotor voltage and GSC voltage
in synchronous reference frame. GSC voltage tunes
output reactive power of DFIG and DC-link voltage.
Rotor voltage also specifies the output active and
reactive power of DFIG-based wind turbine. In
conventional TVC method, in order to transient voltage
control, reactive power reference in RSC and GSC that
it is utilized the g-axis rotor voltage and GSC voltage is
determined by error between measured voltage and
voltage reference of the PCC and thus, this error
determines the g-axis rotor current and GSC current
references. In proposed modified TVC, active and
reactive power references change in the following of
VD. In this method active power reference also changes
under VD condition compare to the conventional TVC
in which active power doesn’t change. This change
causes not increase the rotor current due to the increase
of reactive power. Furthermore, under severe VD,
DFIG-based wind turbine injects the whole reactive
power that can generated to the grid. It causes that
DFIG acts similar to reactive compensator devices and

igd

Vdc_link ref +
troller] _
Vde link ugd
PWM » GSC
ugq
Uref + Pl -
Controller
URMS _”_‘
Cl
Pref + PI
Controller urd
Ps - PWM » RSC
PI Qref+ Pl urq
Controller 9 Controller
Qs
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thus, it prevents instability of grid and increases
transient voltage stability which threatened by VD. On
the other hand, adjusted DC-link chopper as passive
voltage compensator makes to generate reactive power
in VD condition and increase the transient voltage
stability.

3.1Control of the Rotor Current by Active Power
Reference Value

Using space vector control, the stator voltage vector us
is orientated with the d-axis grid voltage. As a result, the
dg-axis grid voltage will be as follows [34]:

2 2
U, =0 = uy :Jus Uy, =U,

Applying vector control strategy for DFIG, the dg-axis
rotor currents can be evaluated as follows:

®)

. 2L R .

iy, =— *— |P, — — i 9
dr [a-ldsl—m] S (%Lm] qs ( )
. 2L R . 1

i = 5 + i, — u 10
* [a'lds Lm ]QS (a)e Lm J * (a)e Lm j “ ( )

By neglecting resistance of the stator winding in (9) and
(10), the following can be obtained:

i, = 2 |p
dr astLm s

. 2L 1
1 = S — u
* [a'lds Lm jQS (we Lm j ®

As can be seen in (11) and (12), the behavior of igr and
iqr are decoupled and igr is directly proportional to Ps
and iqr is directly related to Q.. Therefore, by changing

1)

(12)

Fig. 1 Conventional transient voltage control.
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the active and reactive power references, the dg-axis
rotor currents can be controlled. As a result of the
proposed control method, during a VD event when
active power reference value changes to a lower value,
idr will decrease causing reduction of the rotor current.

3.2Control of the PCC Voltage by Reactive Power
Reference Value

Using two-bus system shown in Fig. 2(a), the
relationship between voltage V2 and reactive power Q
can be derived. According to the corresponding phasor
diagram shown in Fig. 2(b), the following equations can
be obtained:

U1-U2?=AU?=AU} +AU}
= (RI cos@+ X1 sinp)? + (X1 cosp—RI singp)? (13)
Neglecting AUx compared to AUgr because AUx

influence on the phase more, the voltage drop can be
obtained with respect to P, and Q.

AU =Rl cosg+ Xl sing (14)

Since R << X, the voltage drop caused by the resistor
can be ignored, thus (14) can be written as follow:

AU =Xl sing (15)
So

7XIU23in(p7 XQ,
U U

AU or Q, :%AU (16)

2 2

where Q; is reactive power R and X, Uz and U; are
voltage buses, and I is current line. Equation (15) can be
rewritten as follows.

X
U, =— 17
2 AU Qz ( )

Therefore, it can be concluded that the voltage is
mainly dominated by the reactive power. Therefore,
during a VD event for increasing the voltage of the
PCC, it can be sufficient to increase the reactive power
reference value.

P1 R+JX p2
V1 Ql Q2 V2

(b)
Fig. 2 a) Two-bus system and b) voltage phasor diagram.
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3.3Decision Algorithm for Changing Reference
Values in Modified TVC

In the previous sections, it is shown that by changing
active and reactive power of DFIG, it is able to control
the rotor currentand the PCC voltage. According to this
fact, in the proposed modified TVC, during a VD event
in order to reduce rotor current and increase PCC
voltage, active and reactive powers of DFIG should be
decreased and increased respectively. For this purpose,
immediately following detection of a VD event, the
reactive and active power reference values should be set
to one and zero, respectively to support network voltage
and avoid rotor over current. Fig. 3 shows the decision
algorithm to activate and deactivate the control strategy
when a VD occurs. At each time instant, the measured
VRMS is compared with the voltage reference value (1
p.u.) from which voltage dip index (\VDI) is calculated.
According to the decision algorithm shown in Fig. 3, for
VDI(t) > a, active and reactive power reference values
are set to 0 and 1 respectively. Once VDI(t) gets smaller
than g, the reference values are returned to the normal
setting.

4 Proposed Control Strategy

In this paper, based on the changing active and
reactive power reference values and using MDPC, a
new control strategy is proposed to increase the PCC
voltage and suppress the DC-link voltage and rotor
current resulting in LVRT capability enhancement. The
key issue in the proposed control approach is the
increase of the PCC voltage using a controller-based
approach during a VD event. MDPC is used for fast
regulation of DFIG output powers. The proposed
MDPC is a hybrid mix of direct power and vector
control methods, in which based on the vector control
theory, the generator terminal voltage aligns with the d-
axis of the synchronous reference frame. Fig. 4 shows
the structure of the proposed control strategy. As it can
be seen, the on-off hysteresis controllers of DPC are
replaced with PI controllers. Similar to the DPC
strategy, the input signals of the PI controllers are the
stator output powers error vectors, used to build rotor
voltage. The built rotor voltage is given to pulse width
modulation unit (PWM) to create switching signals for
RSC. By the proposed approach, following a VD, the
following capabilities for LVRT of DFIG could be
provided:

1. Ensuring that DFIG can stay connected to the
grid during a VD event by effectively decreasing
the stator and rotor currents as well as reducing
the DC-link voltage.

2. Contributing to network voltage support by
providing a reactive power in response to a VD
at the PCC depending on the VD level of the
PCC (e.g. 4% reactive power for 1% VD [35]).

3. Participating in the network frequency control by
generating sufficient active power after the fault
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clearance (e.g. larger or equal to 95% of the pre-
fault active power in 100ms after fault
clearance [27]).

In order to apply the proposed control strategy, first, it
is necessary to tune PI controllers’ parameters of DFIG
as shown in Fig. 4. For this purpose, DFIG is modeled
in the state space with six-controlled current sources and
by using ICA optimization algorithm, the Pl control
parameters are tuned optimally. The ICA and SMVS-
DFT as objective function is utilized to design PI
controllers to control steady-state and transient behavior
of DFIG. Then, by setting optimal PI controllers’
parameters for DFIG (by tracking active and reactive
power reference values) its steady state condition is
evaluated.

The proposed control approach (modified TVC) is
continuously performed within a moving time window
with the length of 16/7ms (sample frequency/system
frequency) including 34 samples which are gathered by
a sampling rate of 20kHz using PMU. It is worth noting
that the moving window is continuously updated for
each sample (50us). Fig. 5 shows the real time process
of the proposed control strategy consisting of the
following steps:

Step.1: At each moving time window for 34 samples
provided by PMU by using discrete Fourier
transform (DFT) the RMS value of the voltage
magnitude at the terminal of DFIG is obtained.

Step.2:  Using measured URMS, the VD index (VDI)
is evaluated for activating/deactivating the proposed
control strategy.

VDI (t) =1.0-U ¢ (t) (18)
12

31 - -

e

g8 2 .

s06 © £

s 2 A4S

“q;, 0/4 § =
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~ 1 - >
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% g 2 >

Q — —

£ or g4 1§
S04 3 3
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Fig. 3 Decision algorithm for changing active and reactive
power references; a) reactive power and b) active power.
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Step.3: The VD index (VDI) is compared to the
threshold value « for activating the proposed control
strategy.

If VDI (t) >a — Active Control Strategy

Step.4: The VDI(t) is compared to the threshold

value g for deactivating the proposed control strategy.
Step.5:

If VDI (t) < 8 — Deactive Control Strategy

As long as the VDI(t) remains between two threshold
values (a > VDI(t) > ) the control strategy remains
active.

It is worth noting that choosing proper values for o
and S depend on the sensitivity of the voltage magnitude
to reactive power compensation which is related to the
short circuit capacity of the terminal of DFIG.

5 Imperialist Competition Algorithm

The Imperialist competition algorithm (ICA) has been
chose for parameters optimization of PI controllers. This
evolutionary optimization strategy has shown great
performance in both convergence rate and better global
optima achievement compared to particle swarm
optimization and genetic algorithm. Nevertheless, its
effectiveness, limitations and applicability in various
domains are currently being extensively
investigated [36]. Like other optimization algorithms,
ICA starts with an initial population. Every population
is a country which has two types: imperialists and
colonies with together compose some empires.
Imperialistic

GRID

Transformer
N @

GSC o + RSC

Rotor
winding
effecty

Rotor |
winding |
effects

Filter
effects

Qref Vde_ref Dicision section

I

Uref URMS

Modified TVC approach

Fig. 4 Control diagram of proposed modified TVC.
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competition among these empires forms the basis of the
evolutionary algorithm. During the competition,
powerful empires take possession of their colonies and
weak empires collapse. Imperialistic competition
hopefully converges to a state in which there exists only
one empire and its colonies have the same cost as the
imperialist and colonies are in the same
position [36-38].

The objective function used in this approach is
denoted as SMVS-DFT [37-39] which is composed of
the deviation of active and reactive powers, DC link
voltage, generator speed, and stator current with respect
to their reference values. The weighting coefficients by
which each variable can contribute in the objective
function can be determined based on the empirical
analysis of the variables deviation with respect to their
reference values.

Initial number of countries is set at 100, 10 of which
are chosen as the initial imperialists in the ICA. The
maximum number of iterations (number of decades) of
the ICA is set at 120 in which the objective function
(SMVS-DFT) value using as follows:

(tstopxf ) o
OF = ) amplitude (Z(ZSAU e [n]
k=1 n=1

+10(AP[n]+AQ[n]) +8Aa, [n]
+30(Aidr[n]+Aiqr[n]))e’jk”<2”f)) (19)

The optimized parameters are given in Table 1.

Power system

>

PMU
DFT

‘ Evaluating
Vs ()

VDI(t)=1.0-V pazs ()

VDI() > Y&

Activating Strategy
Pref=0, Qref=1

Decision Algorithm

t=t+tA T < VDI(t)<B

chs

Deactivating Strategy
Pref=1, Qref=0

Fig. 5 Real time process of the proposed control strategy.
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6 Simulation Results

In order to peruse the transient behavior of the DFIG
during a VD condition, the following assumptions are
considered:

1. DFIG operates in super-synchronous speed
(slip =-0.2) with the potential of generating
maximum rotor over current.

2. Wind speed variation is negligible, due to short
duration of fault.

3. DFIG is operating at the steady state before VD
condition.

The simulations were carried out using
MATLAB/Simulink environment. A  Three-phase
voltage dip (3-phase Line to Ground) is applied on the
grid as shown in Fig 6. Fig. 6 shows a grid-connected
DFIG-WF system formed by 6 DFIG-based wind
turbines 1.5MW with a superconducting fault current
limiter (SFCL) installed between the Transformer T1
and Bus 690. The VD is applied at t = 1s. After 150ms,
the VD is clear. For the analysis of transient voltage
stability analysis, the wind speed is assumed constant at
15m/s. In order to show the effectiveness of the
proposed modified TVC, the simulations are carried out
for three following scenarios:

Scenario.A: Using conventional TVC approach for
DFIG-based WF in a faulty grid,

Scenario.B: Using proposed modified TVC approach
for DFIG-based WF.

Scenario.C: DFIG-based WF uses conventional TVC
and superconducting fault current limiter (SFCL) [7].

Only using proposed SFCL approach for DFIG-based
WF [7].

SFCL that used in Scenario C and D acts as follow:
The symmetrical VD also causes serious stator
overcurrent. When the stator overcurrent exceeds the
critical current of the series connected SFCL, a self-
acting SFCL impedance will boost suddenly to form a
relatively large forward voltage drop across the SFCL
and thus increase the stator voltage. This means that the
SFCL is served as a passive stator voltage
compensator [7].

Table 1 Parameters of Pl controllers.

Element Variable control KP Kl
Active power 0.6 3
RSC Reactive power 0.6 3
DC-link voltage > 200
0.83 5
GSC
Reactive power 0.5 30
P 0.83 30

GRID PCC Bus 690

\ @_/+R1+m () Hsver _
“avr LVTL

120kV/25kV ~25kVI6o0V
T
C==
Crowbar
o¢ b resistance

DC link
Chopper

Fig. 6 System under study.
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Figs. 7 and 8 show the DFIG-based WF behaviors for
0.7 p.u. VD and 0.9 p.u. VD as a severe VD event.
Figs. 7(a) and 8(a) indicate the voltage profile at the
PCC bus of the WF for Scenarios A and B. As depicted
in these figures, in 0.9 VD event, using modified TVC,
the increase of the PCC voltage is equal to 0.66 p.u
while with applying the conventional TVC, this increase
is equal to 0.33 p.u.. So, according to the results, the
modified TVC has better performance in comparison
with conventional TVC with lower voltage dip during
fault compared with scenario A in both of VD
conditions. So, in scenario B, the voltage recovery
process is considerably short, which improves transient
voltage as well in spite of this reality that the WF just
injects 8MVar to the grid which leads to satisfy the grid
code requirements. Figs. 7(b) and 8(b) represent the
injected reactive power to the grid by the WF. As shown
in Fig. 7(b), the injected reactive power to the grid is
2.53MVar during VD and 5.27MVar in the moment of
VD event in scenario A, while these amounts are
8.01MVar during VD and 5.27MVar in the moment of
VD event in scenario B. Also, in 0.9 p.u. VD event, the
injected reactive power is 2.4 and 8MVar for using
conventional and modified TVC approaches,
respectively. It is clear that during VD event, the
injected reactive power to the grid in the scenario B is
higher than that in comparison with scenario A which
effectively supports voltage profile at the PCC.
Figs. 7(c) and 8(c) show the generated produced active
power by the WF. In scenario B, the active power
generated by the WF reaches to zero during fault,
approximately causing the reduction of rotor over
current during VD condition (the boost improvement of
g-axis and the reduction of d-axis rotor current for the
sake of the increase of the injected reactive power and
decrease of the generated active power of the WF,
respectively). Figs. 7(d) and 8(d) represent the DC link
voltage of the DFIG for scenarios A and B. It is obvious
that both conventional and modified TVC approaches
effectively decrease the DC link over voltage. But, the
modified TVC approach is more appropriate to decrease
the oscillations than the conventional TVC, because it
gives lower oscillation in 0.9 p.u. VD event as shown in
Fig. 8(d). Figs. 7(e) and 8(e) display the DFIG rotor
current for Scenarios A and B. As depicted in these
figures, the rotor transient spike current is significantly
limited and is lowest at the beginning and end of VD
period in scenario B. Also, there is a remarkable
decrease of the rotor current oscillations in scenario B
particularly in 0.9 p.u. VD event. But, the modified
TVC is more competent to do this than the conventional
TVC because it gives lower oscillations and faster
stabilization. As shown in Figs. 7(f) and 8(f), as a
sequence of a decrease in active power, rotor speed is
increased while it is significantly within the permissible
range for two scenarios .The rate of rising of the DFIG
speed is limited in both A and B scenarios, which
guarantees better stability.
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Figs. 9 and 10 show the injected reactive power and
the PCC voltage behaviors, respectively under 0.99 VD
conditions. If only conventional TVC is used, the WF
can supply ~0.07 p.u. reactive power to meet the grid
code requirements strictly, which results in a very small
voltage enhancement from ~0.01 p.u. to ~0.081 p.u..
With the SFCL only, of course the stator voltage can
achieve to ~0.12 p.u., but there is no reactive power
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Fig. 2 a) PCC voltage, b) reactive power, c) active power,
d) DC link voltage, €) rotor current, and f) rotor speed of
DFIG-based WF during 70% VD.
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Fig. 11 a) Active and b) reactive rotor current of DFIG to 0.99 p.u. VD for scenarios A and B.

support. When the cooperative operation of the SFCL
and TVC is applied, the DFIGs can output 0.147 p.u.
reactive power and the minimum stator voltage is also
improved to 0.27 p.u. for satisfying the Sweden grid
code [2]. But, with employing the proposed modified
TVC, the WF can inject 0.8 p.u. reactive power and the
minimum stator voltage is also boosted to 0.582 p.u. to

meet grid code requirement in many countries. Thus, the
proposed approach improves the transient voltage
stability. Moreover, as indicated in Figs. 11(a) and
11(b), it can be seen that the oscillations of the both
rotor active and reactive currents (d-axis and g-axis,
respectively) are significantly reduce when the modified
TVC is applied. As illustrated and shown in these
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figures, rotor reactive current rises to increase the
reactive power during fault, while for decreasing the
total rotor current, rotor active current decreases causing
the reduction of the active power with using of the
proposed approach. Depending on the results, it reveals
that the transient voltage stability is well improved in
the overall entire system by the use of modified TVC.

7 Conclusion

In this paper, a new controller-based strategy based on
TVC is proposed for attenuating the side effects of a
severe VD condition and improving transient voltage
stability of grid-connected DFIG-based WF. In the
proposed approach by changing both active and reactive
power reference values, not only DC-link overvoltage
and rotor overcurrent but also the PCC voltage can be
properly controlled. In this proposed control strategy, a
voltage dip index (VDI) is proposed suggested as a
detection index to activate and deactivate the proposed
control strategy (modified TVC). In this approach, by
using vector control theory, the direct power control
method is modified to adaptively change the reference
values based on the severity of VD while avoiding rotor
overcurrent increase. In the proposed modified TVC
approach, the parameters of the Pl controllers are tuned
using the imperialist competitive algorithm (ICA). The
main advantage of the proposed control method is its
control-based nature which makes it easy for
implementation into the grid without requirement for
any additional extra devices, so the cost of
implementation of extra device reduces and WF do not
need ancillary devices. The simulation results show that
for a severe VD condition, the modified TVC is able to
decrease DC link overvoltage and rotor overcurrent
while increasing transient voltage stability during severe
VD condition in comparison with only the conventional
TVC applies. The voltage improvement depends on the
fault level of the terminal point and the amount of
reactive power which can be injected into the grid by
DFIG. For the case of 0.99% VD condition, the
reduction of the DC link overvoltage and rotor
overcurrent are good compared with the other method
which demonstrates the ability of the modified TVC for
improving transient voltage stability.
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Table A2 Line and grid parameters.

Grid Line

S =2500 MVA Riine = 0.1153 O/km
Vn =120 kV XLine = 1.05e-3 (/km
Rmu=0.1p.u.,, Xmu =1.0 p.u.  Line length = 50 km.

High voltage transformer Medium voltage transformer

Pn =47 MW Pn =10 MW
V=120 KV, V2 = 25 kV Vit = 25KV, Vnz = 690 V
R1 = 0.08/30 p.u. R1 = 0.025/30 p.u.

Appendix

Table Al Induction machine parameters.
Rated power WF 9 MVA Rotor voltage 1975
Stator voltage 575V Rotor leakage 0.16 p.u.

inductance

Magnetization 29 p.u. Rotor resistance  0.016 p.u.
inductance generator
Stator leakage 0.18 p.u. Number of pair 3
inductance of poles

Stator resistance 0.023 p.u. Slip -0.2

X1=0.08 p.u. X1=0.025 p.u.,
R2=10.08/30 p.u. R2 =0.025/30 p.u.
X2 =0.08 p.u. X2=0.025 p.u..
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