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Abstract— Due to the fast increase in energy of modern human
being the desire for the clean renewable energy is increasing
day by day. Electrical power generation from wind is
promising source. But due to the large combination of wind
forms in electrical power grid the stability and security are key
issues for the electrical power engineers. Amongst the required
grid codes for the power utilities LVRT is very important.
According to LVRT the wind form should act as conventional
power plant and connect to grid for some particular time to
provide stability to grid at normal and fault time. In this paper
we have developed a LVRT strategy for control of active,
reactive power and DC link voltage of the variable speed wind
turbine. The test bed system is 9 MW DFIG wind turbine
attached to 120KV grid system by 30KM long 25 KV
transmission line. The modelling and simulation is done by
using MATLAB/SIMULINK. The control system is
implemented by using Pl controller using vector or field
oriented control. The LVRT strategies implemented on test bed
model are (STFCL), DC chopper, Rotor Crowbar and Hybrid
strategy with using RSC control, GSC control and pitch control
mechanisms. The hybrid strategy provides excellent solution
for LVRT of DFIG wind turbine by controlling power (active
and reactive) and voltage of DC link. The results of hybrid
strategy during symmetrical fault is best and well suited to the
LVRT requirements as compared of STFCL, DC chopper and
crowbar.

Keywords— DFIG, LVRT, STFCL, DC chopper.

l. IINTRODUCTION

The usage of energy is growing due to the population
increase and industrialization of the modern world. The use of
traditional fossil fuel is increasing every day. This has created
the energy shortage, environmental pollution, and the alarming
situation of global warming. Due to these factors, todays the
renewable energy is very much attractive and demanding type
of energy. Amongst the renewable sources the wind power is
widely and easily available. Therefore, there is rapid growth of
using wind power technologies globally. The installations of

wind power in 2018 was higher than 52GW. The expectation
for wind power in 2019 is higher [1]. Due to the greater
number of wind power plants present in power system grid and
dynamic behavior of wind turbines there is serious issue of grid
stability, security and control. So many countries have
developed the new grid codes for the steady operation of grid
system. The new codes of grids demand that the wind turbine
well have to work like hydro and thermal plants during normal
operations and at a time of fault to provide sustenance to grid
system. In the latest grid codes, the main issue is (LVRT) or
(FRT) ability when fault occurs on grid and is very essential for
engineers in electrical power system [2], [3]. According to
LVRT the wind turbine should be attached to grid during faults
for a particular time after that it should be allowed to
disconnect. Furthermore, the wind turbine will have to work as
like the conventional power plants to provide back up to the

grid [2], [3].
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Fig. 1. DFIG based wind turbine configuration with partial

scale convertors.

Among various wind turbines (WT), DFIG-WT as in
Figure.l is very well known due to its favorable features, such
as (a) Greater efficiency , (b) greater speed variation, (c) active
and reactive power is controlled without the effect of each
other, (d) low Rating of Grid side converts (GSC)and Rotor
side convertor (RSC), (e) reduced mechanical force and (f)
better quality of power [4].However the dynamic behavior of
the DFIG based WT is serious problem at the time of voltage
dip because its stator is directly attached to grid [5], and due to
the reduced scale convertors that are attached to the rotor of
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DFIG. Therefore, when fault accrues at a far location from the
DFIG WT the voltage at grid connection point GCP is reduced
due to which the voltage of rotor, DC link and current
increased [6]- [9]. So if we did not use any protection and
control scheme these high voltage and currents would harm the
power electronics convertor and the Wind turbine speed is
increased to a danger level. This is also a great risk for the
turbine operation Until we designed it suitably [6]-
[12].Therefore the focus of this paper is to properly investigate
the capability of LVRT of DFIG at the time of faults on grid
and to give suitable control for LVRT solution that can provide
safety and security to the DFIG WT during faulty grid
condition. The proposed control strategy is Hybrid including
Stator Type Fault Current Limiter (STFCL), DC Chopper,
Rotor Side convertor (RSC) and Grid Side Convertor using Pl
controller.
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Fig. 2. The USA codes of grid for Low Voltage Ride Through
[13].

Il. DFIG MODELLING

For the wind power industry, the improvement of LVRT of
DFIG is very important challenge. The mathematical model of
DFIG make us capable of analyzing the behavior during
generic conditions.so here we want to know about the DFIG
dynamic model. For the derivation of DFGIG model we use the
equation the magnetic flux linkages. The equation of motion
and voltages which are associated with stator and rotor of
DFIG machine is also very important.

A. Equation of Voltage for DFIG
The Figure 3 shows the model which is equivalent of DFIG.
This model is for synchronous speed.
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Fig. 3. DFIG space vector equivalent circuit model
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From the above figure it is clear that the stator and rotor
voltages are denoted as

Vs = R¢lg + dls/df_ + jwis

1)
- dA .
V. =R, + r/dr_ +j(w—w,)A,
In the above equation Vs,Vr are voltages.
The Rs,Rr represents the resistances. The Is,Ir are the

currents a. The As,Ar is for the Flux linkages(Wb).® is the

rotating speed of arbitrary reference frame (rad/s). “r is used
for angular speed in (rad/s).

In the above equations the subscript that have been used are

s for stator and r for rotor. The terms j&4s and J(¥s-%r)4r are
used to represents the voltage induced..

B. Equation of Flux linkages
The equation of the flux linkages can be represented as

A‘.{‘ = (LJTQ + L‘lﬂ)i.ﬂ‘ + L‘lﬂil' = LQI‘S‘ + L'Hli‘l'
/.{1‘ = (Lh + L'ﬂl)f‘f' + L'Hli.‘i‘ = Lm I"S + L:‘ir'

Ls = Lis + Ly,
Ly =Ly + Ly )
In the above equations As, Ar are used for the flux linkages of
stator and rotor side. Ls is used to represent the stator self-
induced flux in hennery (H). Lr is for Rotor self-induced flux
in hennery (H).Lm is representing the inductance in (H) of
magnetizing. The Lls, LlIr are the leakage Inductances (H).

Where

C. Motion equation

The Mechanical motion can be represented in terms of
electromagnetic and mechanical torque using the following
equation

d wﬂl

! dr 3P
Te = SRe(Asis)

=T, — Ty

2p (©)
Te = = Re(A,iy)

In the above equations of (3) J is used for moment of inertia
of rotor in the unit (Kgm=). Te represents the electromagnetic
torque.cs, is used to represent rotor speed, and ﬁdm:%- P is
used to denote the poles pairs of DFIG. Tm denotes the

Mechanical torque of generator shaft in the unit of Newton
meter (Nm)

If we combine all the above equation, we can obtain the
space vector model for the DFIG. The space vector model is
changed to synchronous reference frame. The synchronous
speed is given by
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w, = 2uf

(] = g — Gy (4)
Where ®s1 is speed of slip and the ®= is the synchronous

speed at the electrical frequency fi of stator. As the stationary

reference is static therefore the value of ® is set to zero.

D. dq Reference frame Model

For the DFIG model we can use stationary or dq reference
frames. In stationary reference frame the model parameters like
inductance capacitances and resistances changes with time. For
analyzing the performance of the DFIG we will have to use dq
reference frame in which the equivalent circuit parameters such
as inductance, resistances and voltages etc does not changes
with time and remain constant with time. Using the dq
reference frame the axes of d and q are separated at 90 degrees
and therefore we can use the decoupled control.

The equations for different circuit parameters such as
voltage, flux linkages and motion is derived if we divide
Equations in to real and imaginary parts. Thus the new
equation obtained in the form of

Vs = Vs +]Vqsr = lgs 'l'ﬁqs; As = Ags +j/]qs
()

Ve=Var + Vo5 b = lar +jlgrs A = Ay + g

E. Voltage equation using dq reference frame
By splitting the real and imaginary parts the dg components
of voltage will be

dA
Vsa = Rslsqg + Sd/dt_ — wAsq

dA

Veg = Rsisq + Sq/df + wAsa (6)

) dA.
Via = Rylyq + Pd/dt - (w— wr)i{r‘q

) dA..
V;‘q = R?‘I?‘q + jH:?/dr_ + (w - w‘fr‘)’lrd

F. Equation for flux linkage in dq axis
The flux linkage equation for the dg components is given by

Asq = Lglgq + Liplyg

Asq = Lsisq + me'rq

Ava = Linlsqg + Lylrg )
Arq = Lipisq + Lyl

G. Equation of motion in the dq axis
The torque (electromagnetic) is achieved in different ways.
The mostly used expression in literature are below
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3P
=R qu’lds - Ids/]qs)
3PLm
Te = A qu'[‘dw Ids[qr)
3PLm
ZL qufla‘r Idsflqr) (8)
The equivalent dq model of the DFIG is given below.
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(b) g-axis model
Fig. 4. dq axis model for DFIG
H. Relation for speed, active power and torque

If we neglect the resistive losses, then the power of stator
and rotor is

F-= sk ©)
And the mechanical power is also expressed as

R}nf PS_S‘PS = Rs(l_s) (10)

As we know that

(1—=5) = wn/ws (11)
— w'}ﬂ —_

P.Pﬂ = P TE’HI (‘U?N /P

Wg (12)
From the above Equation the relation between Ps and
electromagnetig tarque is given by

Py = Topmws/P (13)

Similarly, the rotor power can be expressed as
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P]" E TF."]HO)I'XP (14)

From the above equations it is clear that the DFIG can be
operated in many ways. That is the DFIG can be operated in
different modes. These are very important relation

I11. PROPOSED LVRT STRATEGIES

As mentioned earlier that (DFIG) attached to grid must
have to work as stated by the condition of (LVRT) when fault
occurs. The LVRT condition required that the DFIG be
attached to the grid system at faulty condition and provide
assistance by providing active and reactive power to grid.
Therefore, different LVRT strategies are discussed in literature.
Amongst various hard ware strategies, the DC Chopper and
(STFCL) are very effective.so our proposed LVRT strategy is
the hybrid of these two strategies.

A. DC Chopper Circuit

This circuit is actually a combination of resistor, switch and
freewheeling diode. These elements are attached in parallel of
the capacitor of DC- link to supress the high voltage peaks of
convertor DC bus as in shown in figure.5. At the time fault
occurs on grid the high power flows to convertors and voltage
level at DC bus increased [14]. In [15] the authors have also
used the chopper control for over voltage protection.
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Fig. 5. DFIG Chopper circuitry [16]

At normal operation the switch is open when fault take place
then the switch become closed and resistor is placed in circuit,
this resistor dissipate the high extra energy and voltage peaks is
filtered. The purpose of using Freewheeling diode is that it
blocks the stress when the switch is off [17].

B. Stator type fault current limiter switch (STFCL)
STFCL as shown below worked for the improvement of the
LVRT of DFIG. The purpose of using the STFCL is that it
provides protection to the DFIG power electronics circuitry.it
also provide safety to the grid system during fault when the
torque is increased. From the figure below it is clear that it has

a transformer for isolation purposes.it has a switch (Sd) which
is a semiconductor type. This switch is normally closed switch.
When the fault occurs at grid this switch detects the fault and
the switch is opend.by opening this switch the fault current
limiting circuitry is introduced to the fault. The STFCL circuit
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has also a bridge circuit consists of diodes. In parallel of the
bridge it has a capacitor called snubber capacitor (Cf) and a
resistor (Ra) and capacitor (Ca) which are in series to each
other and parallel to snubber capacitor for the purposes of
limiting the fault current as shown in Fig. 5.2.
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Fig. 6. DFIG Stator type fault current limiter switch [18]

At the time when there is not any fault, the switch is
normally closed and the inductor L is not inserted in in the
circuit. But when the fault occurs the switch is opened. At
initial stage the current at fault is controlled by the L1, the (Ra)
and the (Ca). At last time when the capacitor reaches to it full
capacity the current flowing to bridge is stopped. At that time
the inductor is fully placed in the stator for controlling current
and the EMF is also weakens [19], [20],[21]

C. Hybrid strategy

This hybrid strategy is the combination of both the above
strategies (DC Chopper + STFCL). This is our proposed
strategy that is implemented in this paper as shown in the
below figure.

DC- Chopper

Fig. 7. DFIG Hybrid strategy

IV. CONTROL SYSTEM FOR DFIG

The control system makes us capable to regulate the flow of
current of rotor. If we regulate current flow to rotor, then its
output power is controlled and it is also possible to get
maximum efficiency. We will use the Vector control system. It
is very better control method and is widely used. In this method
the real power is independently control without the effect of
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reactive control and vice versa. The generator and convertor in
DFIG based WECS acts like a current regulated voltage source
invertor.

In DFIG based WECS there are two power convertors (a)
the rotor side convertor (RSC) and (b) the Grid side convertor
(GSC). These convertors are attached by a capacitor called DC
link capacitor. This DC link capacitor works for the storing the
excessive energy and filters the voltage peaks. The purpose of
RSC is to control the speed, torque and power. The GSC
maintains the value of the voltage of DC link constant. It keeps
control of reactive power as well [12].

A. Rotor side convertor (RSC) control system block diagram
The control system block diagram for RSC is shown in

figure 8. The stator voltage oriented control (SVOC) is used for

the RSC control. The Qs calculator calculate the stator position

angle 8 and & is find out by the using of an encoder. The
rotor slip angle 1 is
B = & -6
Different variable can be transform by (abc to dq ) block and
similarly from the dq reference frame can be transform to abc

by (dq to abc) block[22],[23]. The stator angle 8: is find out by
v

6, =tan 'L

Va

And the stator dq voltage will be given by

(15)

[Va]_g 2 2
Vel ™ 3 3 V3l
; 0 V3 3 .

2 2 ' (16)
The Vas, Vbs and VVcs a re the three phase stator voltages.
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Fig. 8. (RSC) control system block diagram

The MPPT method (that is an optimum method) for torque
production is utilized to find out reference torque

(electromagnetic) Te. The tzr is generated by the second block
by tacking the reference torque Te as input. The dq axis
reference voltage Vér and Var is transformed from the dq axis

International Journal of Engineering Works

to (abc) reference frame Ya V&, ¥, These Ya Vb, Vr actas a
modulator signal for the PWM invertor. After that modulating
signal is matched with carrier signal and the error signal
worked as gating signal for the invertor device. Thus (RSC)
control perform the two main functions. Controlling of power
of the DFIG independently.

B.  Grid side convertor (GSC) control for DFIG

This control system which is voltage oriented is one of the
common scheme used for (GSC) control is shown in Fig. 9
below. In this control scheme the changing from the (abc) to
(dq) reference is used [24], [25].

4 A
{\
)_-’// \ .7_/ L
Box \ / . &/
Rotor Grid GRID

side VSC side VSC

Ing|iag b Vg

Vae

6

|
Detector

RSC
Controller

Ve

Vi o
Fig. 9. (GSC) control system for DFIG

g, is needed for transferring (abc) to dq reference. For voltage

angle &, calculation various methods are used but here we
have used Phase locked loop (PLL) method. For the
transformation from stationary (abc) reference to dq reference
we need to measure the balance values for the three phase
voltages v ,17%, 1 [29].

We can find &; with following formula.

|
6y = tan™! £
o 17
Where ¥, and ¥;  can be find by the following transformation
1 1
N 1
Va] 2/t T2 73 v
= — =1-1¥bg
Vel 3| V3 VB[,
— | |V
2 2 (18)

For the balance three phase voltages system we will
have V5 + ¥4 + ¥y = 0. So we have
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1 1
(n 2( Vag =7 Vbg ~ 7V Vag
V ) ~3| V3 V3 BRE
g Tng - TVCQ 3 (Vag + Zng)

(19)

From the above equation (19) it is clear that for VOC only two
voltages ¥, and V3, are enough. Practically the voltage

signals from the grid are in distorted form having harmonics.
So we use PLL practically to calculate the angle &, .

InVOC i, iy, and i, are calculated and transformed to dq
components currents iz, andi.,. Then By using i, we
control Ps and by using i, we control the Qs.

As we know that the in VOC ¥, is equal to zero.

V.= fVZ—VZ =0
qg g dg (20)

And the power is

3 3
ko= E(-Vdg‘rdg T Vagleg) = EdeIdg

—B[V;’ Vaglag) = i
Qs_i agldg ~ Vdglag) = 73 dglag 21

Equation (21) clearly indicates that the Ps is controlled with
izg and the Qs with i_,. And the reference current of the g-

axis is

PP
W 1.5V, 22)

@5 in the above equation represents the reference value of the

grid reactive power. Its value is positive, negative or unity.
The PI controller produce the signal of i, according to the

operating condition. That i ;. is used for the controlling of the

active power Ps.

If we consider the ideal switch, then the DC active side
power is equal to the invertor AC side power and
mathematically it is represented as

Pg = Evdgfdg = Vdc‘rdc

(23)

V. Simulation Results and Performance Evaluation

The results and behavior of the different LVRT strategies is
tested using MATLAB SIMULINK software. The testing
model is 9IMW DFIG WT attached with grid. Which transmit
electrical power to 120 KV power grid by 25 KV long
transmission line. The wind is flowing with 11m/s. The fault
(short circuit) is enforced at 30 KM transmission line. The
duration of fault is 300ms.

International Journal of Engineering Works

Four LVRT strategies (1) Hybrid (2) (STFCL) (3) DC
Chopper and (4) Crowbar are critically compared with (RSC)
control, (GSC) control and pitch control is also implemented.
The results are tested for symmetrical (three line to ground)
(LLL-G) occurred on the transmission line and the voltage of
DC Link is controlled using PI Controller.

A. Symmetrical faults

The figures (10) -(18) clearly gives the results of different
LVRT strategies for the voltage of power Grid and current,
voltage of DC link, active and reactive power, electromagnetic
torque rotor current and voltage and the electromagnetic torque
for the Symmetrical (three line to ground) fault of the grid
interfaced DFIG. The fault occurs from 1 to 1.3 seconds
(300ms) on 30 Km long transmission line.

Grid Volatge
12 /K\ T T ]
- —Hybrid
A =S I Sy vy
5 “ ‘ DC Chopper|
008 Crowbar |1
2
8, 06 | il
3
E 04 n ‘ 1
02 kﬂ““ 1
I
0 | | | | |

=y
o=
>
o
o
o
o
w

35
Time(s)

Fig 10. Grid Voltage

Figure 10 gives the grid voltage response of different
strategies for the grid interfaced DFIG during symmetrical
(LLL_G) fault. Sever voltage dip is for the STFCL.it is the
lowest and has high oscillations. The hybrid strategy has lowest
voltage dip of all and is smoother. The response of the DC
chopper and Crowbar is in between hybrid and STFCL.

1 Grid Current
T T

i
— Hybrid
—STFCL
| DC Chopper

WA
U N

. Time(S)
Fig 11: Grid current

=3
=
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=3
>
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Current(l) (A) pu
b
=

=)
)~

o

0 05

=)

The figures 11 shows the grid current response of different
strategies for the grid interfaced DFIG during symmetrical
(three line to ground) (LLL-G) fault. STFCL strategy has very
high oscillations and peaks. The 2nd highest response is of the
Crowbar and 3rd highest is of DC chopper strategy. The hybrid
strategy has lowest current oscillations and peaks.so the hybrid
is better of all the strategies.
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T

T
— Hybid

\
' - —STFCL
0 Av/‘\ | \‘\\/ /\\J =S|~ 0C Chopper

Crowbar
5

Power (P) (MW)

mt l l 1 l
0 05 1 15 2 25 3 35
Time()
Fig 12: Active power

Figure 12 gives the Active power performance of different
strategies for the grid interfaced DFIG during symmetrical
(LLL-G) fault. It clearly shows the Hybrid strategy provide
excellent results, the reaction of the STFCL is that it has below
0 MW power during grid fault. The crowbar and DC Chopper
have approximately same active power response that is
between the hybrid and STFCL.

Reactive Power(Q)
107 T T I
—Hybrid
—STFCL
2 5t ‘ I\ DC Chopper/|
~ Crowbar
[ H
Com s PN
0, v
Aot I | | I I
0 05 1 15 2 25 3 35

Time(S)
Fig 13: Reactive Power

Figure 13 shows the reactive power response of different
strategies of grid interfaced DFIG during symmetrical (LLL-G)
fault. The response of the Hybrid is again very good. It
provides better MVVAR as compared to the other strategies. The
response of the STFCL is poor, it injects 0 MVAR to the grid
during fault and after fault it has very great spikes. The DC

chopper and Crowbar have better results than STFCL but poor
than hybrid.

DC Link Volatge
20001 T T I
=Hybrid
—STFCL
1500 - DC Chopperf
S Crobar
3 e b
21000
g
0
>
500 -
0! | | | | | |
0 05 1 15 2 25 3 35
Time(S)

Fig 14: DC Link voltage
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The figure 14 clearly indicates the voltage for the DC link
response of different strategies of the grid interfaced DFIG
during symmetrical (LLL-G) fault. The Hybrid strategy reduce
the DC link voltage very effectively and have low oscillations.
The STFCL voltage during grid faults falls to OV and has
spikes of above 1500 V. The voltage spikes of the crowbar and
DC chopper have voltage spikes nearer to 1250V. The Hybrid
have good response have lowest voltage spikes.

Rotor Speed
125 T | T I | 1
A - = Hybrid
'.‘ A —3TFoL
3 || - / ‘~.}\ I\ 0C Chopper
L\ Vo ~Cuia F
sl \N/dJ |/ \ A
\ - ) 7
E " I‘. }'.'/ N/ pu
\ \ // -
815 L \‘Zf X
0 U/
v/
11 1 | 1 | | 1
0 05 1 15 2 25 3 35
Time(S)

Fig 15: Rotor speed

Figure 15 clearly indicates the rotor speed reaction of
different strategies for the grid interfaced DFIG during
symmetrical (LLL-G) fault. The figure clearly indicates that
hybrid has rotor speed nearer to per unit (pu) value and having
low oscillations. The STFCL have very high and oscillatory
rotor speed. The response of the DC chopper and crowbar is
nearly same to the hybrid.

1 Electromagnetic Torque(Tem)
T T T

T T
—Hybrid
—STFCL
DC Chopper|
Crowbar [

Torqu(Nm) pu
: =)
. 1

TN
;‘j}
§

0 05 1 15 2 25 3 35
Time(S)
Fig 16: Electromagnetic Torque

Figure 16 shows the electromagnetic toque response during
symmetrical (LLL-G) grid fault for the different strategies of
grid interfaced DFIG. From the figure it is clear that the
response of the STFCL is oscillatory and after fault it takes
large time to stabilize. The response of hybrid is smoother and
stabilize very soon after fault. DC chopper and crowbar have
nearly same response as hybrid.

Vol 6, Issue 12, PP 534-342 December 2010

WWW.1jew.i0



Rotor Volatge
T T I
| —Hybrid
01 —STFCL [
3 | DC Chopper
2008 Crowbar
2
Q0061 | Voo, 1
%0.04 i \/.“' ' A‘u /"‘\,\ 1
> " “M
0.02] | 1
I 1
0! | | | | |
0 05 1 15 2 25 3 35
Time(S)

Fig 17: Rotor Voltage

Figure 17 shows the rotor voltage performance of different
strategies for the grid interfaced DFIG during symmetrical
(LLL-G) fault. STFCL has very high oscillations and peaks.
The hybrid has lowest oscillation and smoother response of all
strategies. The dc chopper and crowbar have response between
the STFCL and hybrid.

Rottor Current

—Hybrid
—STFCL

DC Chopper
Crowbar

Current(I)(A) pu

35

Time(S)
Fig 18: Rotor current

Figure 18 shows the rotor current response of different
strategies for the grid interfaced DFIG during symmetrical
(LLL-G) fault. The STFCL, DC chopper and Crowbar have
very high oscillations and peaks but the Hybrid strategy has
smooth and low oscillation and its current value is nearer to per
unit (pu) value.

CONCLUSION

The LVRT strategies implemented on test bed model are
(STFCL), DC chopper, Rotor Crowbar and Hybrid strategy
with using RSC control, GSC control and pitch control
mechanisms. The hybrid strategy provides excellent solution to
the LVRT of DFIG based WT by controlling the active,
reactive power and voltage of DC link. The results for the
voltage of Grid and current, voltage of rotor and current, DC
link voltage, active and reactive power, electromagnetic torque
and rotor speed of hybrid strategy during symmetrical (three
line to ground) (LLL-G) fault is best and well suited to the
LVRT requirements as compared of STFCL, DC chopper and
crowbar.
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