INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
Z. Rafiee et al., Vol.9, No.4, December, 2019

A New Control Strategy Based on Reference Values
Changing for Enhancing LVRT Capability of DFIG
in Wind Farm

Zahra Rafiee*, Mansour Rafiee* and Mohammadreza Aghamohammadi*}

*Faculty of electrical engineering, Shahid Beheshti University, Velenjak, Shahid Shahriari Square, Daneshjou Boulevard,
Shahid Chamran Highway, Tehran, Iran, Tel: +98 912 104 1201, Fax: +982177310425

(z.rafiee@sbu.ac.ir, m_rafiee@sbu.ac.ir, m_aghamohammadi@sbu.ac.ir)

1 Corresponding Author; Mohammadreza Aghamohammadi, Shahid Beheshti University, Shahid Shahriari Square, Daneshjou
Boulevard, Shahid Chamran Highway, Tehran, Iran, Tel: +98 912 104 1201, Fax: +982177310425,
m_aghamohammadi@sbu.ac.ir

Received: 06.09.2019 Accepted:12.10.2019

Abstract- Low voltage ride through (LVRT) capability enables a doubly fed induction generator (DFIG) — based wind farm
(WF) to remain online supporting the electric grid during fault condition. This paper proposes a control-based strategy for
improving LVRT capability of DFIG, in which by changing active and reactive powers reference values following a voltage dip
(VD) condition. Moreover, the direct power control (DPC) method is modified to adaptively change the reference values based
on the severity of VD. In the proposed modified DPC (MDPC) method, the parameters of the PI controllers are tuned using the
imperialist competitive algorithm (ICA). For activating/deactivating the proposed strategy, a voltage dip index (VDI) is proposed
which is updated within a moving time window including samples measured by phasor measurement unit (PMU). In order to
evaluate rout mean square (RMS) value of the voltage from the measured values by PMU, the DFT technique is used. For
activating/deactivating the control strategy, two threshold values o and B are defined. In the active mode, the active and reactive
power are changed to zero and one p.u, while in the deactivate mode theses 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 the DC-link voltage fluctuations and
significantly reduces the oscillations of the stator and rotor currents. The simulation results show the effectiveness of the proposed
control strategy for improving LVRT capability of DFIG.

Keywords Doubly fed induction generator (DFIG); low voltage ride through (LVRT); direct power control (DPC); voltage dip,

imperialist competitive algorithm.

NOMENCLATURE

Ly Stator inductance @, Synchronous angular speed

L, Rotor inductance , Rotor angular speed

Ly, Rotor leakage inductance oy =w, —®, | Relative speed of rotor respect to stator
L Stator leakage inductance W Mechanical rotor angular speed

L, Mutual inductance P Number of machine paired poles

Ry Stator resistance P 0 Stator active and reactive power

R, Rotor resistance P..0, Active and reactive power rotor

ig Stator current vector P L0 Active and reactive power generator
isd »isq | d & g-axis stator current T Mechanical torque
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Tod —yef » . . .
ié d =1 ‘ff d & g-axis stator current reference a Coupling coefficient

sq —re)
i, Rotor current vector Ty Stator time constant
g sipyg d & g-axis rotor current s Slip
Lid —ref » . Induced electrical motive force in the rotor in the rotor
i’ﬂ ref | d & g-axis rotor current reference EMF,

rq —ref reference frame
;s Rotor current in the stator reference EMFS Induced electrical motive force in the rotor in the stator

r frame r reference frame
i Rotor current in the rotor reference frame | Ug Stator voltage magnitude
i dgr—ref | dq-axis rotor current reference P> & Q2 Active and reactive power at the receiving bus.
i dgs dg-axis stator current Uz and U Bus voltages
i gd Nl gq | d & g-axis GSC current 4 Power angle
Uyd sUyg | d & q-axis rotor voltage o Load angle

I Rotor voltage in the rotor reference .
u, f I line current

rame
. Rﬁlter > . .
Ugd sUgg | d & q-axis GSC voltage L Resistance and inductance filter
filter
. . RLine > . . . .
Aed » isq d & g-axis stator flux linkage I Resistance and inductance of transmission line
Line

Aa ,/qu d & g-axis rotor flux linkage Urms RMS value of the measured stator terminal voltage
A Stator flux in the stator reference frame AL Stator flux in the rotor reference frame

1. Introduction

With the growing use of renewable energy, wind power
has gained popularity as a source of electrical energy in many
countries, such that the global wind power cumulative
capacity reached 591 GW in 2018 [1]. Wind power plants like
other power plants can affect voltage, frequency, stability and
security of the network. DFIG-based wind turbines (DFIG-
WT) are widely utilized for wind farms due to their capability
for decoupled control of active and reactive powers, high
efficiency, light weight and good speed control [2], [3].
However, DFIG-WT is vulnerable to low voltage conditions.
The VD at the point of common coupling (PCC) of DFIG
results DC-link over voltage and rotor over current at the
beginning and end of the dip period [4]. These phenomenon
can damage the electronic power devices of the DFIG and
cause the WF to trip from the grid due to the lack of LVRT
capability [5], [6]. However, tripping of WF is not a suitable
strategy. Based on the LVRT requirements, WF must remain
connected to the grid during a VD condition [7].

Generally, during a voltage dip, WFs are supposed to
contribute to stability improvement and voltage recovery of
the network by generating the reactive power. In addition,
immediately after VD clearance, WFs must be able to provide
active power for maintaining network stability. For enhancing
the LVRT capability of the DFIG, various strategies have been
proposed which can be classified in three categories: 1)
device-based approaches, 2) control-based approaches, and 3)
device and control-based approaches. A widely used device
for LVRT is the crowbar resistor that is utilized in the rotor
circuit causing the rotor side converter (RSC) to be blocked.
This strategy is only used for protecting electronic devices
during severe VD conditions. By connecting the crowbar
resistor, DFIG is converted to squirrel cage induction

generator (SCIG) which loses its controllability and absorbs
more reactive power from the grid causing more decrease in
the PCC voltage [8]. DC-chopper in parallel with the
capacitor at the DC-link is another device for protecting DC-
link against overvoltage. There are other device-based
approaches trying to improve LVRT capability, namely stator
dynamic composite fault current limiter in the stator [9], DC-
chopper and series dynamic resistors for crowbar resistance
[10], energy storage integration in DFIG-based WF [11],
dynamic voltage restorer [12]-[15]. However, using device-
based strategies need extra hardware devices resulting in cost
increase and reliability reduction for DFIG. For these reasons,
researchers often adopt control-based approaches to overcome
the drawbacks of the device-based approaches.

In addition, control-based approaches for LVRT
enhancement such as setting the electrical reference torque of
DFIG to zero during VD condition [16], control of RSC by
tracking the stator flux linkage [17], control of RSC by
changing the rotor reference current [18], reverse current
tracking in which the rotor current is controlled to track stator
current reversely by a certain proportion [19], injecting
additional feed-forward transient compensation terms into the
outputs of the RSC current controller [20], instantaneous
power feedback scheme [21], and fuzzy second order integral
terminal sliding mode control which has been proposed and
used for both RSC and grid side converter (GSC) [22] can only
smooth rotor over current and DC-link over voltage
oscillations without increasing the voltage at the PCC. For VD
conditions, some of these approaches have not discussed the
proper strategies for GSC and DC-link voltage in detail. For
these reasons, some of the researchers have been proposed
device and control based approaches [23].
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In this paper, by changing reference values of active and
reactive powers and without using any additional device, a
new control-based approach is proposed for LVRT
enhancement using a MDPC strategy. In this approach, during
a VD condition, active and reactive powers reference values
are changed. This method suppresses the rotor over current
and decreases the DC-link voltage fluctuations and also
increases the voltage at the PCC during a VD condition. For
this purpose, a VDI calculated by received information from
PMU:s is proposed, by which reference values of powers can
be changed properly. The parameters of the PI controllers of
RSC and GSC in MDPC are optimized using the ICA in which
the sum of the sample values in the discrete Fourier transform
(SMVS-DFT) is used for evaluating the objective function. In
addition to numerical simulation, an analytical analysis of the
transient behaviour of the DFIG during VD condition is
carried out. The proposed control approach is validated by
using dynamic model of DFIG connected to the grid.

This paper is organized as follows. Section 2 presents the
general overview of the proposed strategy. Section 3 discusses
about the steady-state model of the DFIG. In Section 4, the
transient behaviour of the DFIG is examined during VD event.
Section 5 explains the principle of the proposed strategy. The
proposed control strategy is introduced in Section 6 in detail.
Then, simulation results are presented in Section 7. Finally,
some conclusions are reached in Section 8.

2. General overview of the proposed strategy

In this paper, for improving LVRT capability of DFIG
against VD conditions, a new technique of the control based
strategy is proposed. The proposed control strategy works
continuously within a moving time window in which voltage
is measured by PMU from which VDI is evaluated for
activating the control strategy. The length of the moving time
window is 20 ms including 400 samples provided by PMU.
The moving time window is updated continuously by one
sample. In the proposed approach, following occurrence of a
VD at the PCC, active and reactive power reference values are
changed causing mitigation of rotor over current, decreasing
DC-link voltage fluctuations and increasing voltage at the
PCC. In this approach, a modified DPC is used for fast
regulation of DFIG output powers. The proposed MDPC
method is a hybrid mix of direct power and vector control
methods. The DFIG connected to the electric network is
equipped with six PI controllers, two controllers for RSC,
three for GSC, and one for controlling rotor speed using pitch
control. PI controllers’ parameters are optimized with ICA in
which PI parameters are tuned by changing active and reactive
power reference values at the steady-state and transient
behaviour. In order to evaluate the performance of the PI
controllers, in steady state condition, by changing active and
reactive power reference values using a look-up table, proper
simulations of DFIG are carried out. Finally, in order to
evaluate the ability of the proposed control approach for
enhancing LVRT capability during a VD condition, the
performance of the proposed control approach is examined for
various VD percentages. All calculations and simulation
studies are carried out by MATLAB/Simulink®.

3. DFIG Modelling

In this study, DFIG is modelled by the detailed dynamic
model using the following voltage equations specified in the
synchronous reference frame [24]:

ug =Rgiy +d A, /dt + ja, A ()
u, =R,i, +dA./dt + j(@w, —w,)A,

So, the flux equations can be shown as:

{dﬁ“s fdt =ug —Rgig — ja, A (2)
dA, ldt =u, —R,i, — j(@ — @),

In order to investigate the behaviour of the DFIG, the flux
and current equations of the stator and the rotor have been
expressed as:

{is =(L, A Ly )/ (Lg.L,.o,) 3)
iy =(—LyA +LgA. )(Lg L, .0))

By substituting Eq. (36) and Eq. (37) into Eq. (35) the
following state space equations can be derived:

/is =u; — R X(Lr’?“s _Lmﬂ“r)/(Ls -Lr-ar)_jweﬁ“s

(4)

R .
p Uy _L Lr ><(_Lmj“s +ler)_-] (@, —0.) 4,

A I’"O-V

4. The transient behaviours of the DFIG under VD
condition

4

DFIG is highly sensitive to changes in its terminal
voltage. Generally, when a disturbance occurs in the network
causing a VD at the DFIG terminal, if the necessary actions
are not taken, the following problems can arise:

» Stator flux fluctuations

» Increase in the electromotive force in the rotor
winding

» Increase in the rotor current

» Increase in the DC link voltage

» Swing in torque and speed

When the voltage at the PCC decreases due to a
symmetrical fault in the network, the induced electromotive

force in the rotor reference frame EMFrr is expressed as [25]:

j -0, )t
EMF! =Ly, I L, U [s(1- g)e! %00 -
1 ot —
g(—+jo) e U gy ©
N

where 7, =L /R is the time constant of the stator winding

and g refers to the VD percentage. By neglecting 1/7, , Eq.
(5) can be simplified as:
jlo, -,
EMF) =L, | L Us(1-g)’ "€ " ©
—g(l—s)e_Jw”te_t It ]
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From Eq. (6), it can be seen that at the initial moments of
the fault (t = 0), the induced EMFrr (0) is relatively large due
to the DC offset in the flux. For example, fors =-0.2 and g=
1, the value of the EMFrr (0) becomes 12U, L, /Lg in the

initial moments, which is 6 times the normal value.

5. Principle of the proposed method

In this section, the principle of the proposed control
method for enhancing LVRT capability is explained. The
enhancement of LVRT capability is based on the mitigation of
rotor current and increase of PCC voltage, which are achieved
by changing active and reactive power reference values

2.1. Control of the rotor current by active power reference
value

Using vector control theory, the stator voltage vector ug

is orientated with the d-axis grid voltage as shown in Fig. 1,
the dg-axis grid voltage will be as follows [26]—[28]:

2 2
gy =0, Ugg =\[Ulg —Ugg = @)
So,
Ids :(/19 _Lmidr)/LS > iqs :_Lmiqr /Ly ®)

Py =Buggiyg 12, Of =3uyigs /2 )

Substituting Eq (8) into (9), the dg-axis rotor currents can
be evaluated as follows:

2L R

idr B _[ ! ]PS _[ 3 ]iqs

3uds Lm weLm ( 10)
. 2L Ry . 1
1 = .+ 1 — u
" [3”dsLm ]Qs (weLmj & [a’e[‘m] @

. o 2.

ﬁ;‘ﬁ—»
Py
> —>

reference frame
aligned with
the stator flux

Fig 1. Vector control strategy [28].

By neglecting resistance of the stator winding in Eq. (9)
and Eq. (24), the following can be obtained:

igr =—2LgP; | (3uggLy, )
iqr =2L,0 /(3udsLm )_uds /(a)eLm )
As it can be seen in Eq. (10) and Eq. (11), the behaviour

of idr and iqr are decoupled and idr is directly proportional to
Ps and iqr is directly related to Qs. Therefore, by changing the

(11)

active and reactive power reference values, the dq-axis rotor
currents can be controlled.

2.2. Control of the PCC voltage by reactive power reference
value

Using two-bus system shown in Fig.2, the relationship
between voltage Uz and reactive power Q can be derived.

Using corresponding phasor diagram shown in Fig.3, the
following equations can be obtained:

U1-U2? =AU? =AU} +AU} =
(RI cosp + X1 sin(p)2 +(XI cosp—RI sin(p)2

(12)
Neglecting AU y compared toAUp, the VD can be
obtained with respect to P2 and Q2:

AU =RI cosp+XI sing (13)

_RIU,cosp+XIU,sing  RP, +X0,
U2 UZ

AU

(14)

where P> and Q2 are active and reactive power R and X, Uy

and U are voltage buses, and I is current line. Eq. (12) can be
rewritten as follows:

Since R< X, the term R /X P, is smaller than Q2, so 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 is sufficient to increase the reactive
power reference value.

6. Proposed method

In the previous sections, it is shown that by changing
active and reactive power of DFIG, it is possible to control
rotor current and PCC voltage. According to this fact, in the
proposed control strategy, 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. In Eq. (15), Uz is calculated in terms of X, Q,
and Ui. So, Q2 is in terms of Uz, X, and Ui (Q, =U,AU /X).

Since the capacity of the majority of the DFIG-based WF unit
is low and it is about 50 -100 MW special in Iran country [29]
and the VD caused the blackout is big about 20% -0%, the
DFIG must inject the maximum of its reactive power during
VD conditions. Therefore, the active power must decrease to
Zero.

These changes support network voltage and avoid rotor
over current. Figure 4 shows the decision algorithm for
activating and deactivating the control strategy when a VD
occurs. At each time instant, the measured VRMS is compared
with the voltage reference value (Ip.u) from which VDI is
calculated. According to the decision algorithm shown in
Figure 8, for VDI(t) >a, active and reactive power reference
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values are set to 0 and 1 respectively. Once VDI(t) gets smaller
than g, the reference values are returned to the normal setting.

p1 R+HX P2

vl | @ Q2

Fig 2. Two-bus system

U

Yy

U, AU

Fig 3. Voltage phasor diagram

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
method is to increase the PCC voltage using a control-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 [30] 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. Figure 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:

=  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.

=  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 [16]).

= Participating in the network frequency control by
generating sufficient active power after the fault clearance
(e.g. larger or equal to 95% of the pre-fault active power
in 100 ms after fault clearance [31]).

1.2
3 i -
i

0.8 o
g £ .
& 0.6 g E
< ) AZ
é 0.4 5 é
L 02 2 <

0 —» >

0o B 01 @ o2 0.3 0.4 0.5
VDI (p.u.)
(@)

1.2
Z 1> >
=

=

g% g 2
2 0.6 :‘ | .
) =] >
= 51 g~}
E 0.4 ; é
o2

0 - - >

0 B 01 a 02 0.3 0.4 05
VDI (p.u.)
(b)

Fig 4. Decision algorithm for changing active and reactive
power references: (a) reactive power, (b) active power.

In order to apply the proposed control strategy, first, it is
necessary to tune PI controllers’ parameters of DFIG as shown
in Fig. 5. For this purpose, DFIG is modelled in the state space
with six-controlled current sources and by using ICA
optimization algorithm [32]-[34], the PI control parameters
are tuned optimally. The ICA and SMVS-DFT as objective
function [33]-[35]. is utilized to design PI controllers to
control steady-state and transient behaviour 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 is continuously performed
within a moving time window with the length of 20 ms
including 400 samples which are gathered by a sampling rate
of 20 kHz using PMU. It is worth noting that the moving
window is updated for each sample (50 ps). Figure 5 shows
the real time process of the proposed control strategy
consisting of the following steps:

Step 1- At each moving time window for 400 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—URMs(t) (16)

Step 3- The VD index (VDI) is compared to the threshold
value o for activating the proposed control strategy.

If VDI(t)>a — Active Control Strategy

Step 4- The VDI(t) is compared to the threshold value f
for deactivating the proposed control strategy
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If VDI(t)< [ — Deactive Control Strategy

As long as the VDI(t) remains between two threshold
values (a>VDI (t) > 3) the control strategy remains active.
Figure 6 shows the decision flow for activating/deactivating
the proposed control strategy. It is worth noting that choosing
proper values for o and B 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.

7. Simulation results
In order to demonstrate the effectiveness of the proposed

control strategy, it is applied on a DFIG connected to the main
grid through a transmission line as shown in Fig. 7.

2.3. Optimization of the PI controllers’ parameters

The parameters of the PI controllers are tuned by the ICA,
using the following objective function (SMVS-DFT):

OF =25AU p¢ +10AP, +10AQ

, , (17)
+8Aw, +30Aiy. +30Ai,

Usqd +Lfilter

-R fiter 1‘ gd

Usq — Lﬁh‘er a)elgd

Ieq _R fiter 1 29

Proposed
control Ps
method

Qs

The weighting coefficients of the variables consisting OF
have been selected based on the empirical analysis of the
variables behaviour with respect to their reference values. The
optimized parameters are given in Table 1.

Table 1. Parameters of PI controllers.

Element Variable KP K1
control
Active power 0.1 10
RSC Reactive 0.1 10
power
DC-link 0.01 0.01
GSC voltage 100 0.01
Reactive 99.155 77.776
power
Rotor speed 50 1
To Grid
Ol gy ...

—

SCPWM ——> GSC

HH

c1

Pref —o + PI
Pref_new —o Controller urd

SCPWM —> RSC

Qref __o + 9 o urq
Qref_ new —o Controller

Fig 5. The proposed control strategy consisting of decision algorithm and MDPC.
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[ Power system )

DFT
Vrams @)

VDI(@)=1.0-Vpass (@)

VDI(t) > a Yes

o

Activating Strategy
Pref=0, Qref=1

No —vpiw)<p

Yes

Deactivating Strategy
Pref=1, Qref=0

Fig 6. The real time process of the proposed control strategy.

|
PCC [

i B
GRIl /(X)\ ) RHX {() | DFIG =
NV \/ I 5 |

120kV/25kV 25kV/690V Gearbox

Fig 7. System under study.

The weighting coefficients of the variables consisting OF
have been selected based on the empirical analysis of the
variables behaviour with respect to their reference values. The
optimized parameters are given in Table 1.

2.4. Transient behaviour of DFIG during VD conditions

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

A. DFIG operates in super-synchronous speed with the
potential for generating maximum rotor over current.

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

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

In order to validate the effectiveness of the proposed
control strategy for both steady state behaviour of DFIG and
LVRT capability during transient behaviour of DFIG, five
scenarios have been simulated and analyzed. Also, switching
frequency and sampling time in PWM are considered 1 kHz
and 50 ps, respectively.

Scenario 1-Tracking the active power reference:

In this scenario, the performance of the proposed control
strategy for active power tracking in a normal condition is
studied. The active power reference was stepped according to
the vector [0.8,0.6,0.2,.8, 1] p.uat time vector [0, 1,2, 3
, 4 ]s, while the reactive power is kept constant at 0.065 p.u..
Figure 8 shows the simulation results. As it can be seen, the
active power has tracked the active power reference vector
quickly with a small overshoot. The d-axis stator current has
changed proportional to the active power reference vector.
Rotor speed has absorbed the additional kinetic energy during
change of active power reference which has caused a reverse
change in the rotor speed

Scenario 2-Tracking the reactive power

In this scenario, the performance of the proposed control
strategy for reactive power tracking in a normal condition is
studied. The reactive power reference was stepped by the
vector [0, 1,0.5,0, 0.6] p.uat time vector [0, 1,2,3,4]s,
while at each step, the corresponding active power reference

is calculated using \/1—Q2 as upper limit (P gall—Qz ).

Figure 9 shows the simulation results. As it can be seen, the
reactive power has tracked the reactive power reference vector
very well and quickly with a small overshoot. The g-axis stator
current has changed proportional to the reference reactive
power vector. The DFIG terminal voltage has changed
proportional to the reactive power which causes the increase
of generator terminal voltage.

In the next three scenarios, the LVRT capability of DFIG
during transient period following a three-phase fault at t=3s
with duration of 300ms in the network which causes different
VD conditions for DFIG is investigated. Decision block
detects the fault after 20ms because discrete Fourier transform
is used for phasor measurement. The rotor current limit is 2p.u
and DC-link voltage limit is 1.2p.u of rated value [36].

Scenario 3- Transient behavior of DFIG for 20% VD

Figure 10 shows the results of the simulation for the 20% VD
in the network. It is worth noting that each figure includes 6
sub-figures which have two identical variables. Because of
the shortage of space for sub-figures, the legend, which is
identical for all sub-figures, is placed on the upper right corner
of only one sub-figure as reprehensive for all sub-figures. In
this set of results, the reactive and active powers injected into
the network, the rotor speed, the stator current components in
the synchronous reference frame, the DC link voltage, and
finally the voltage at generator terminal are shown. As it can
be seen, reactive and active powers are well suited at the
normal conditions to their reference values. When the VD
occurs at the generator terminals, the values of the active and
reactive power reference values are immediately changed
based on the decision strategy after detection of the VD. As a
result, active and reactive powers are greatly decreased and
increased respectively and stator currents (idq) are also well
changed. Due to injection of 2.5 MV AR reactive power to the
grid, the terminal voltage is increased by about 0.1 p.u. Also,
due to the reduction of active power generation, the stator and
rotor currents during the fault are decreased compared to the
condition that the power reference has not changed. As it can
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be seen in Fig. 10e for 20% VD, the DC link voltage
fluctuation is low.

3 1+ I\______;*.—-‘-
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P
S 2051 z
2 g ----- active power reference
-9 —— measured active power
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Fig 8. Variation of DFIG variables during tracking of active power reference: (a) Active power, (b) Generator terminal voltage,
(c) udq rotor, (d) Reactive power, (¢) Generator speed, (f) idq stator.
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Fig 9. Variation of DFIG variables during tracking of reactive power reference: (a) Active power, (b) Generator terminal
voltage, (c) udq rotor, (d) Reactive power, (¢) Generator speed, (f) idq stator.

Scenario 4- Transient behavior of DFIG for 40% VD

Figure 11 shows the results of the simulation for the 40%
VD in the network. Comparing to scenario 3, no significant
difference can be seen in the results and this is because the
amount of VD is not much severe. The improvement in
terminal voltage is the same as in scenario 3. The generator
terminal voltage increased about 0.1p.u, which is proportional
to the network's short circuit level and reactive power injection
into the network. DC-link voltage fluctuation is low.

Scenario 5- Transient behavior of DFIG for 60% VD

Figure 12 shows the results of the simulation for the 60%
VD in the network. Comparing to the previous scenarios, the
improvement achieved by the proposed control strategy is
significant. DC-link voltage which is increased up to 1600 V
is reduced to 1300 V. Increase in the terminal voltage is the
same as the previous scenarios. Also, the stator currents are
relatively improved.

1633



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

Z. Rafiee et al., Vol.9, No.4, December, 2019

Figure 13a) comparatively shows the rotor speed for three
scenarios in which following a decrease in active power, rotor
speed is increased within its limit by relatively equal amount
for three scenarios.

Figure 13b shows the rotor current variation for three
scenarios in which for the case of 60% VD the current is
increased more than 2 p.u. which is controlled by the proposed
approach.

It is worth noting that in the previous control-based
methods [37]-[41] only the rotor current and DC link voltage
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have been improved for enhancing LVRT capability however
and the PCC voltage has not been considered for
improvement. In this paper, in addition to controlling rotor and
stator currents and DC link voltage, the proposed method
considers the behavior of PCC voltage and improve it.
Comparing the previous works, since all efforts of the
controller is employed for rotor and stator currents and DC
link voltage, the their performance for these variables is better
than the proposed method while their performance for PCC
voltage is poor.
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Fig 10. The simulation results for a three-phase fault in the network causing 20% VD.
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Fig 11. The simulation results for a three-phase fault in the network casuing 40% VD.
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Fig 12. The simulation results for a three-phase fault in the network causing 60% VD.
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Fig 13. (a) The rotor speed for three types of VD event, (b) the rotor current (RMS values) for three types of VD event.

8. Conclusion

In this paper, for mitigating the side effects of a severe VD
condition and improving LVRT capability of DFIG, a new
control-based strategy is proposed in which by changing
active and reactive power reference values, DC-link over
voltage, rotor over current and terminal voltage can be
properly controlled. In the proposed control strategy, the VDI
is proposed as a detection index for activating and deactivating
the proposed control strategy. 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 current increase. In
the proposed MDPC method, the parameters of the PI
controllers are tuned using the ICA. The main advantage of
the proposed control method is its control-based nature which
makes it easy for implementation into the network without
need for any additional devices. The simulation results show
that for a severe VD condition, the proposed control strategy

is able to decrease DC-link voltage and rotor current while
increasing terminal voltage. 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 60% VD condition, the improvement in DC-
link voltage and rotor current are relatively good which
demonstrates the ability of the proposed control strategy for
improving LVRT capability.

Appendix

Table Al. Induction machine parameters.

Rated power DFIG 2.5 MW Rotor voltage 1975
Stator voltage 690 V Rotor rated current 731 A
Rotor leaka;
Stator rated current 2092 A ,0 orfeakage 0.1 p.u.
inductance
M tizati
. agnetization Spu. Rotor resistance 0.02 p.u.
inductance generator
St'ator leakage 0.1p.u. Number of pair of 3
inductance poles
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Conversion ratio from

0/1975
stator to rotor 9

Stator resistance 0.01p.u.

Table A2. Line and grid parameters.

Grid High voltage Line Medium voltage
transformer transformer
S=500MVA Pn=47 MW Rine = 0.1153 Ph=3MW
Va=120kV | Va=120kV, ohm/km. Va1 =25kV,
Ruu=0.1pu | RI=0.0830pu., | Xtme— L1053 | g 002530 pu.,
ohm/km.
Xmu= 1.0 p.u. X1=0.08 p.u. X1=0.025p.u.,
Line length = 10
Vn2=25kV, . V=690V,
R2=0.08/30 p.u., R2=0.025/30 p.u.,
X2=0.08 p.u. X2=0.025 p.u..
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