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Abstract— Doubly Fed Induction Generator (DFIG) is popularly
used in Wind Energy Generation Systems. But, performance of
DFIG gets degraded during three phase grid fault due to flow of
high rotor current that exceeds the fault-ride through capability
of the power electronics converters used. In this paper, a new
control switching strategy, using a Series Dynamic Resistor
(SDR) protection scheme in series with DC Chopper, is proposed
to enhance the fault-ride through capability. The DC Chopper
converter and proposed SDR protection scheme is analyzed and
simulation results, carried out in MATLAB / Simulink
environment, have been presented along with discussions.
Simulation results show that the proposed method is effective in
providing protection to the DFIG under fault condition.

Index terms -Doubly Fed Induction Generator (DFIG), Rotor
Side Converter (RSC), Grid Side Converter (GSC), Pole Placement
Technique, WESC, DC-Chopper, Crowbar and Series dynamic
resistor etc.

. INTRODUCTION

Now-a-days, with the penetration level of wind power in
power system increasing, the control strategies of wind farm
during grid faults and the impacts on the reliable operation of
power system have become a hot research topic in the wind
power field. In more and more countries, the ability of low
voltage ride-through (LVRT) is required in the grid codes for
connecting wind farm into power grid [1]. For wind power
generation systems, the doubly-fed induction generator
(DFIG), with its variable wind speed tracking performance,
and relatively low cost compared to fully rated converter wind
power  generation  system, e.g., permanent-magnet
synchronous generator (PMSG), is a popular wind generation
concept. However, a significant disadvantage of the DFIG is
its vulnerability to grid disturbances because the stator
windings are connected directly to the grid through a
transformer and switchgear with only the rotor-side buffered
from the grid via a partially rated converter. Therefore, as to
protect the wind farm from interruptions due to onshore grid
faults and wind farm faults, crowbar protects the induction
generator and associated power electronics. This is widely
used in industrial applications. Doubly-fed induction generator
(DFIG) is mostly used in the commercial MW-class wind
power system, for the rated capacity of the convertor needed
in the wind generation system based on DFIG is just about 20-
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kinds of generators based wind energy systems, wind turbine
with DFIG is difficult to achieve LVRT for its weak ability to
withstand grid voltage disturbances [3-4]. In order to keep
DFIG connecting to power grid during faults, rotor side
crowbar protection as a simple but effective method against
surge current caused by sudden dip of grid voltage during
LVRT periods is commonly used. A major disadvantage of
crowbar protection is that the rotor side converter (RSC) has to
be disabled when using the crowbar and the generator
consumes reactive power leading to deterioration of grid
voltage. In line with developing fault ride-through (FRT)
requirements, an active crowbar control scheme is proposed
[5], [6] to shorten the time the crowbar is in operation but this
does not avoid the reactive power consumption. In such a
situation, one would have expected the grid side converter to
provide the required reactive power to support the grid.
Unfortunately however, the GSC is limited in the amount of
reactive power it can generate and may not generate adequate
reactive power needed. As a result, static and dynamic VAR
compensators or STATCOMSs are sometimes installed at the
DFIGs terminals to provide reactive power during the grid
faults [7-9]. In [10, 11, 12, 13] an additional series connected
converter and in [14, 15], a dynamic voltage restorer is
employed for improve the FRT capability of the DFIG.
However, all these make the control systems complex or
increase the issues with control coordination between normal
and fault operation. A series topology is proposed [16] to drop
rotor circuit voltage hence limiting the rotor current.

In the present paper, a new control switching scheme has been
proposed to enhance the fault ride through capability of the
DFIG by extending the work described in [16]. A proposed
switching strategy is implemented by incorporating control of
duty cycle of the ON-OFF switch connected in parallel with a
fixed resistor; Schematic of the scheme is given in Fig-8. The
proposed scheme has been applied to a 1.5MW variable speed
wind turbine-DFIG system. The paper has been organized as
follows: Modelling & control of the DFIG wind turbine,
Vector Control of DFIG Wind turbine and Converter
protection schemes are presented in Sections Il, Il and IV
respectively. Simulation results, obtained using
MATLAB/Simulink (MATLAB-2013b), have been presented
in section V. Finally, conclusions are drawn in section V1.
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Il. MODELING AND CONTROL OF THE DFIG WIND TURBINE

Figurel shows the basic structure of a DFIG wind
turbine. The DFIG is a wound rotor induction machine which
is connected to the grid through both stator and rotor
terminals. The stator is directly connected to the grid, while
the rotor is connected via a PWM back-to-back converter,
which consists of rotor side converter (RSC) and a grid side
converter (GSC) [17].

Figure 1 Structure of the DFIG based wind system.
A. Modeling of the DFIG
A doubly fed induction generator is a wound-rotor
doubly-fed electric machine and has several advantages over a
conventional induction machine in wind power applications
[18]. The operating principle of a DFIM can be analyzed using
the classic theory of rotating fields and the well- known d-q
model, as well as both three-to-two and two-to-three phase
axes transformations [19]. The dynamic voltages and fluxes
equations in the arbitrary d-q reference frame [19]:

, d
Vsd = Rslsd + Ewsd - wsq)sq \

e

. d

Voq = Rsigq + EQ)SQ + 030
. d

Vrd = Rr 2%} + E@rd - ((Ds - (D)qu

. d
qu = errq + Emrq + ((Ds - (D)(Z)rd J
The flux linkages are given by:
Qsd = Ls isd + Lm ird
Dsg = L Isq + Linirg
Bra =Ly irg + Linisa
Drg =Ly byg + Linisg
The electromagnetic torque of the DFIG can be expressed as
follow:
3 P . .
Tom = > * 2 * (Ads *lgs — /1qs * lds) (3)
The active and reactive stator power can be expressed as [21]:
3 . .
P =2 (Vasias + Vgsigs) }
3 . .
Qs = 2 (Vqs Igs — Vds lqs)

I1l. VECTOR CONTROL OF THE DFIG WIND TURBINE

The Vector control of a DFIG wind turbine is
achieved by controlling the RSC and the GSC. RSC is
controlled in the aim to regulate independently the stator
active power Ps and reactive power Q.. The objectives of
Controlling the GSC are to keep constant the dc-link voltage
V¢, and to regulate the reactive power Qg which is exchanged
between the GSC and the grid [20].

A. Vector-Control scheme of the GSC
A grid voltage oriented vector-control approach is used to
enable independent control of the active and reactive power

@

(4)
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flow between the grid and the grid-side converter. The PWM
voltage source converter is current regulated, with the d-axis
current used to regulate the DC-link voltage and the g-axis
current used to regulate the reactive power. Fig.2 shows the
schematic of the grid-side PWM voltage source converter.
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Fig.2 Grid-side PWM voltage source converter
The voltage balance across the inductor

Via iga [ Vgca
ng = Rg igb + Lg E igb + Vgcb (5)
Ve lge Lgc Vyee

Using the abc-to-dq transformation matrix, the
corresponding equation in the dg-reference frame
rotating at we is

. diggq .

ng = Rglgd + Lg d_‘i — WeLglgq + Vng (6)
_p digq ;

Viq = Ryigq + 1L — + Welgiga + Vyeq @)

The active Ps and Qs power flow between the grid
and grid side converter are [21]

By =2 Vyalga + Vyaigy) ®)

Qg = E(qu lga — Vgalgq) 9)
The angular position 6, of grid voltage is calculated
as

6, = [w,dt = tan‘l‘;ﬂ (10)

ga

where Vg, and Vg are the stationary dg-axis grid
voltage components.

Fig. 3(a) Vector diagram for GSC
Aligning the d-axis of the reference frame along the grid
voltage position given by (10), as shown in fig. 3a, Vg, is zero,
and the amplitude of the grid voltage Vg is constant. The
active and reactive power flow between the grid and the grid-
side converter will be proportional to ig and igq respectively.
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Fig.4 shows the vector control scheme for grid side PWM
voltage control converter.

3 .
E] = Eng lgd (11)
3 .
Qg = —Eng lgq (12)
w
Vi a-fy
d
q
-

Fig. 3(b) Vector diagram for RSC
B. Vector-Control scheme of the RSC
The RSC of Doubly fed induction generator is
controlled in a synchronously rotating dg-axis frame, with the
d-axis oriented along the stator-flux vector position. The
PWM voltage source converter is current regulated with the d-
axis current used to regulate the stator reactive power and g-
axis current used to regulate the stator active power.
The stator flux angular position 05 is calculated from [21]
Yos = f(Vas - Rsiocs) dt
Wss = [ (Vps — Ryigs)dt (13)
0, = [wedt = tan'l(zﬁ)
Aligning the d-axis of the reference frame along the stator-flux
vector position, as shown in fig. 3b, gives a result that g is
zero. With this consideration, the DFIG model may be written
as [21]:

Vds = 0; Vs = Vqs = Wsl‘Uds
digr

dt

Vdr =R, idr + oL, — Wslip oL, iqr

di
D qr . .
Vqr =R, Lgr + oL, “dt + Wslip (me Ips + 0Ly ldr) \

. . . (14)
Ve = Wy = s = Lglgs + Linigr
2
0 = Lyigs + Ly fgr, War = -2 ims + OLyig
Yy = 0L iy
where,
L% 12
Wy = We; Weipy = Wy —Wy;0 =1 — o and L,,,, = T
The stator-side active P, and reactive Qs power flow are
3 L vy
Ps = -3 ZVslqr) (15)
3 Vs Ly .
Qs = EVS(WSLS - Zldr) (16)

Due to constant stator voltage, the stator-side active power and
reactive power are controlled via iq and iq respectively. Fig. 5
shows the vector-control scheme for rotor-side PWM voltage
source converter.
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Fig. 4 Vector-control structures for GSC
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Fig.5 Vector-control structures for RSC

IV. CONVERTER PROTECTION SCHEMES FOR GRID
CONNECTED DFIG BASED WESC

A. Crowbar Protection Scheme

Crowbar protection scheme, as shown in fig.6, has been used
to prevent DFIG based wind power generation system under
grid fault. A crowbar is a set of resistors that are connected in
parallel with the rotor winding on occurrence of an
interruption, bypassing the RSC. When the crowbar is
triggered, the rotor side converter is disabled and bypassed,
and therefore, the independent controllability of active and
reactive power is lost. Generator magnetization in this case is
supplied from the stator instead of being supplied from the
rotor circuit. Since the grid side converter is not directly
connected to the rotor windings, when large transient currents
appear, this converter is not blocked for protection. Therefore,
the DFIG behaves as a conventional squirrel cage induction
generator (SCIG) with an increased rotor resistance. By
inserting the external resistance, i.e., crowbar resistance into
the rotor circuit during grid faults, the pull-out torque of the
SCIG is moved into the range of higher speeds [22]. The
dynamic stability of the SCIG is thus dramatically improved
by increasing the external resistance [23]. When the crowbar
protection scheme is removed, the rotor side converter is
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enabled again to control independently the active and reactive

power.

DFIG
rotor

Rcb

£l £14
Rotor

Crowbar
normally off

converter
Fig.6 Crowbar Circuit [28]

B. DC-Chopper Protection Scheme

A chopper or braking resistor (dumped load) is
connected in parallel with the dc-link capacitor to limit the
overcharge during low grid voltage. It protects the IGBTs
from overvoltage and can dissipate energy, but this has no
effect on the rotor current. The DC Chopper protection circuit
and switching strategy are shown in fig.8 and fig.7
respectively. The chopper facilitates a voltage-raising action
from the converter terminals during the fault ride through
(FRT), and thereby enabling a faster regain of the control of
the DC link voltage [24, 25 & 26]. A power converter which is
operated by pulse width modulation (PWM) technique is
almost a standard to drive an electric machine. When a
disturbance occurs in the grid, the DC voltage becomes very
high that goes beyond the rated value which may cause
damage to the semiconductor devices. The protective device in
this scheme is a simple chopper circuit. The pulse signal to
trigger the IGBT is activated when Vg4, exceeds Vge.max, and
thus, the chopper is turned on and the energy is dissipated by
the internal resistance. It is also used as protection for the dc-
link capacitor in full rated converter topologies, for example,
PMSGs [27].

Ve
— < DC-Chopper ON
—
Vlh dc
DC-Chopper OFF

Fig. 7. Switching strategy of DC Chopper protection circuit
C. Series Dynamic Resistor
Series dynamic resistor (SDR) is connected in series with the
rotor winding to limit the rotor overcurrent during low grid
voltage. It is controlled by IGBT based power electronic
switch as shown in fig.8. During normal operation of the
whole system, the power electronic switch is ON and the
resistor is bypassed where as during grid fault condition, the
switch is OFF and the resistor is connected in series to the
rotor winding. The crowbar and DC-link chopper are shunt-
connected and control the voltage whereas the SDR is series
connected and control the current magnitude directly.
Moreover, with the SDR, the high voltage will be shared by
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the resistance because of the series topology; therefore, the
induced overvoltage may not lead to the loss of converter
control. Therefore, it not only controls the rotor overvoltage
but also limits high rotor current. In addition, the limited
current can reduce the charging current to the dc-link
capacitor, hence avoiding dc-link overvoltage. Fig.9 shows the
switching strategy to turn OFF/ ON the power electronics
device of SDR.

D l —O—I Rr 4] Lr
v T Vr Variable Series Resistor (Rex) VlFo
. — /7
Bypass switch

s
DC-Chopper DC-Link Variable SDR h"

Fig.8 DFIG rotor equivalent circuit with DC- Chopper and VSDR

D. Proposed switching strategy for SDR
In the SDR, when S; is turn ON,

V=L# R+ () %0 %Ly + Vi, (17)
When S1 is turn OFF,
Vi =L R4S (1) % 0% Ly + Vi + 1 # Rege (18)

With combination of equations (17) & (18),
Vi =L R+ () 5 0% L+ Vi + (1 — )l *Rey (19)

lref
where, d=duty cycle= *— and I’ = rotor reference current
r

which is generated from equation (15) and I.= magnitude of
actual current. The detail control scheme is shown in fig.9.

(T—»
' H—}Bw_cm PL\E@

Saturaton Pulsz Generator

Fig.9. Control scheme of SDR

IV. SIMULATION RESULTS AND DISCUSSION

The model of the complete system has been prepared
using MATLAB/Simulink (Matlab-2013b) Power System
Blocksets (PSB) by combining the respective blocks for each
of the individual components systems and simulations has
been carried out for the said model. All relevant parameters
are given in the Appendix. Rated wind velocity (i.e. 12 m/s) is
considered to carry out this study. This study consists in
controlling both of RSC and GSC of a WECS based on the
DFIG under three phase grid fault condition. The time
responses of: (i) Reference & actual speed (wr), C, (power Co-
efficient) (ii) Reference & actual stator power (Ps), Reference
& actual reactive power (Qs) and mechanical & electrical
torque (T & Tey, (iii) d-axis rotor current(ly) and g-axis rotor
current (lg), (iv)d-axis stator voltage (Vgs), g-axis stator
voltage (V) and d-axis stator flux (psi_ds) (v) Reference &
actual DC-link voltage(Vqc), (vi)Rotor Power (P,), in response
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to the three phase grid fault, are shown respectively in Figures
10(a,b), 11(a,b,c), 12(a,b), 13(a,b,c),14,15 and figures 16(a,b),
17 (a,b,c), 18(a,b), 19(a, b,c), 20, 21 without and with
protection schemes respectively.
A. Effect of Three Phase Grid Short Circuit fault

without Protection scheme

To demonstrate the effects of three phase grid short circuit
fault, a DFIG based wind turbine together with a grid has been
simulated in Matlab/simulink platform using a detailed
circuitry time domain model. This example is aimed to show
the effects of a short circuit fault without any countermeasures
on the converter and generator side. As can be seen in figs.10-
15 the grid three phase fault can lead to considerable over
speed, under voltage, over currents and over-dc link voltage
putting the whole system under stress.

T
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Fig.11 active & reactive power & Torque without protection Scheme

Fig.12 Rotor Current without protection Scheme
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Three Phase Fault is applied for 1s to the infinite bus at
t=3s. The same grid fault can cause voltage sag at the
connection of the WECS as shown in fig.13.Such a voltage
sag results in mismatch between mechanical power and the
electrical power, which initiates the machine current
transients, the over dc-link voltage and a change in speed as
shown in figures 12,14, 10 respectively. Fig. 12 shows that the
rotor current exceeds its rated limiting value even after the
grids fault is cleared. Therefore, the RSC must be blocked to
avoid being destroyed from over current in the rotor circuit.
As a result, DFIG lost its controllability and WECS must be
disconnected from the grid to protect the system from over
stress. Therefore, protection scheme is necessary to protect the
converter of a DFIG based grid connected wind energy
conversion system during and after three phase grid fault
condition.

B. Effect of Three Phase Grid Short Circuit fault with
Protection Scheme
Fig.8 shows a DFIG rotor equivalent circuit for
improved fault ride through capability [16]. It contains two
protection circuits, DC-chopper and SDR, to avoid DC link

146




International Journal of Advanced Information Science and Technology (IJAIST

Vol.3, No.8, August 2014

over-voltages and limiting the rotor current during and after
grid faults. Immediately after the three phase short circuit fault
the DC- link voltage rises to about the threshold value of 1400
V and rotor current also rises above the rated rotor current as
shown in figs 10-15, despite the intervention by the protection
circuits. To avoid overload, the SDR and DC-chopper is active
during and after the grid fault. Figs. 16-21 show the behavior
of the DFIG system with both SDR and DC-link chopper
protection circuit. As can be seen from the results the RSC has
been successfully protected against the overload during the
grid fault.
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Fig.17 active & reactive power & Torque with protection Scheme

V. Conclusion

It is necessary to protect the converter of a DFIG based grid
connected wind energy conversion system during and after
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Fig. 21 DC-link voltage with protection Schemes

three phase grid fault condition. In this paper, a new switching
strategy based series dynamic resistor protection scheme is
used to protect the converter of the DFIG system during and
after the fault. The objective of an SDR is to avoid the
crowbar protection scheme, to maximize the operation time of
the RSC, and to reduce torque fluctuations during protection
operation. The rotor current during three phase grid fault
condition is presented and rotor voltage expressions, with and
without SDR, are given to instruct the switching controller
design of the SDR protection scheme. The dc-chopper is used
for dc-link overvoltage limitation. During this process,
simulation results show that the proposed method enhances
DFIG Fault Ride Through capability.
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Appendices

A. Specifications of Doubly fed induction generator
Rated Capacity = 1.5MW; Optimal (Rated) Rotor speed=2158
rpm(Electrical);Wm (rated)= 225.9 rad/sec (Mech.); No. of
poles=4; Frequency=60 Hz ;Ns (synchronous speed)=1800
rmp; Synchronous angular speed (Ws)= 188.5 rad/sec
(Mech.); Rated Voltage (Line to line) = 690V;Shaft
Inertia=18.7kg.m"2; Mutual inductance=2.88mH; Rotor
referred inductance=2.97mH; Stator inductance=2.93 mH;
Rotor referred resistance=2 m-ohm; Stator Resistance=2.3 m-
ohm

B. Specifications of Wind turbine:
Blade Radius=30.66m; Cut-in/cut-out wind speed=12 m/s;
Gear Box=71.28; Rated wind speed=12 m/s; Air
density=1.225 kg/m”3

C. Specification of converter
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DC-link Voltage=1400V; DC-link capacitor=60mF; Switching
frequency=5000 Hz; Sampling time=2e-5
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