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During faults, severe inrush current of magnitude 2–5 times reaches DFIG stator and rotor terminals
damaging its windings. Many control schemes are developed to limit to these inrush currents to 2 times
but face issues like over speeding of generator, dc voltage fluctuations etc. To overcome the issues and
limit the current within 2 times for faults, enhanced field oriented control technique (EFOC) was imple-
mented in the Rotor Side Control (RSC) of DFIG converter. This technique can control oscillations in tor-
que, speed and flux components of DFIG during and after faults. New equations and generator converter
control schemes are proposed. This converter topology uses a super capacitor energy storage system
(SCESS) in parallel to a normal capacitor for additional reactive power support to further to improve per-
formance of DFIG during the faults. The SCESS helps in maintaining nearly constant voltage profile across
the dc link capacitor. In EFOC technique, the reference value of rotor flux changes its value of super-
synchronous slip speed to a small value of zero during the fault with the injecting rotor current at the
rotor slip frequency during normal operation. In this process dc-offset component of flux is controlled
for decomposition during faults. The system performance with symmetrical and asymmetrical fault is
analyzed using simulation studies.
� 2016 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The doubly fed induction generator (DFIG) is having many
advantages compared to the same class of other generators. It’s
smaller in size of higher MVA ratings commercially available in
the market with low power ratings of converters. It can operate
in variable generator speed but with constant frequency, vigorous
four quadrant reactive power control and better performance dur-
ing the different types of faults. But, DFIG is sensitive to external
turbulences like voltage swell and sag. If grid voltage decreased
suddenly due to any faults, large surge currents reach the rotor ter-
minals and voltage decreases and speed of rotor increases signifi-
cantly, which makes the DFIG to lose synchronism. Hence, the
rotor side converter (RSC) will get damaged due to exceeding volt-
age or the current rating and speed. Also, huge electromagnetic
torque pulsation, rotor speed increases and large flux fluctuations
in both stator and rotor windings occur which may reduce gear
wheels of the wind turbine-generator lifetime. The DFIG must
remain in synchronism during any faults for certain period based
on the nation grid code is called low voltage ride through (LVRT).

The LVRT issues with DFIG during different faults and compara-
tive study using different control strategies is available in [1]. The
capability of RSC is studied in [2] to control fault current entering
into DFIG with desired reactive power compensation to improve
the stability during fault. The technique adopted in this paper is,
it is studied that the behavior of DFIG when the stator and rotor
voltages is dropped to a certain value during fault, how the DFIG
wind turbine system maintains synchronization and reaches its
pre-fault state. For LVRT improvement, Control strategy based on
flux trajectory [3], improved reactive power maintenance [4], DC
link current of RSC control so as to smoothen DC voltage fluctua-
tions during grid faults using stored Kinetic Energy [5] are used.
Additional energy storage devices are used to get support for addi-
tional real and reactive power during faults. The crowbar as passive
and active RSC strategy for LVRT improvement and reactive power
compensation [6], FFTC scheme with PIR [7] and PI [8] with sym-
metrical and asymmetrical faults is used. In these papers, instead
of the conventional PI controller, PI + Resonant controller is used
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Fig. 1. Block diagram of GSC controller design for Grid connected DFIG.
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to improve LVRT issue. Few intelligent control techniques like
Genetic Algorithm [9], PSO, ANN, fuzzy, bacterial search etc are also
used in control strategies for improving the performance during
LVRT. Some external passive elements and active energy sources
in coordination with normal capacitor are used for improving sta-
bility and better LVRT operation of DFIG during faults. Among
external devices, Single phase crowbar [11], Super-capacitor energy
storage system [12], Fault Current Limiter (FCL) [13], Superconduct-
ing FCL with Magnetic Energy storage devices [14] are becoming
famous now days. Using thesewith sophisticated control strategies,
conventional crowbar circuit can be avoided. Otherwise, it will dis-
able DFIG in providing reactive power support to the grid during
critical state. From these papers, active energy storage devices help
in rapid real and reactive power support for stator and rotor termi-
nals for better stability during any faults.

If a symmetrical fault occurs near grid, the DFIG stator and rotor
windings and thereby converters will get damaged due to the
inrush currents entering into the DFIG windings. It is due to the
surge currents which are almost dc in nature with high magnitude.
If this dc offset component of flux or current is controlled, lifetime
of DFIG can be improved and also performance during the fault can
be made better. Similarly asymmetric faults will produce negative
sequence components in flux resulting in high stator currents and
large torque and power oscillations. All these must be controlled
using a simple control scheme to withstand any type of fault and
with any severity for a given time period as per grid codes. There-
fore enhanced field oriented control (EFOC) scheme is proposed to
overcome all the issues.

A conventional vector control methods in RSC do not afford low
magnitude rotor over currents. They activate the crowbar, forcing
wind energy system to demand reactive power. With the EFOC,
improved diminution in the rotor over currents is made promising
by considering the effect of direct axis stator flux /ds aligned with
rotating stator flux. Ultra capacitors or sometimes called as super
capacitors energy storage systems (SCESS) are recently used
[15–23] to improve the LVRT behavior of grid connected DFIG.
The SCESS is connected to the dc link between the back to back
converters of DFIG. It is used to supply additional real and reactive
power to the RSC and GSC to enhance the operation during faults.
Normal capacitor with low rating converters with sophisticated
ride through algorithms can improve much extent the performance
of DFIG during faults, but with external devices, the performance
can be much better was improved on the external energy storage
devices like SCESS. To the degree that storage technique is con-
cerned, battery storage is an alternative for its cost effectiveness
while Super Magnetic Energy Storage system is much expensive
and fly-wheel [24], [25] receive large time constant to give better
dynamic support to overall wind energy system [9]. The to and
fro energy flow directions in BESS is associated with real and reac-
tive flows to the grid. Different control strategies [26–29] are used
for fault ride through during symmetrical or asymmetrical faults or
harmonic environment for DFIG wind system. Using chopper cir-
cuit like Z-source inverter is used for fixed speed induction gener-
ator for wind power applications is given in [30] and application
and control strategy for super-capacitor energy storage is given
in [31] is used for dc-dc voltage boost application. The doubly
fed induction motor performance is studied in [32,33] for the
applications like pumped storage plant. In [32], voltage sag of types
A, B and C are considered and using the control strategy for RSC,
the performance is improved. A hybrid electric source of wind
and diesel are considered in [34] using computer simulation. A
technical review of different MPPT techniques for different
generators is studied in [35] and stating the advantages and disad-
vantages of particular application and rating. A thorough investiga-
tion into squirrel-cage induction generator of single stage power
converter is described in detail in [36].
This paper describes the LVRT behavior of DFIG during faults
without sacrificing dynamic stability and improved operation dur-
ing and after the faults. For this advanced EFOC technique and sup-
port of external energy storage system connected to bidirectional
switches to the dc link is useful. The performance of DFIG during
faults is improved when compared with conventional control
strategies. The external device helps to maintain voltage at the
dc link terminal and to get better dynamic stability during any grid
disturbances. This paper compares results for DFIG grid connected
system without and with SCESS to the DC link during low voltage
disturbances at the grid. It also explicates how well a rotor current
is controlled with flux oriented demagnetisation mechanism.

The rotor and stator flux variations must be controlled during
fault, along with electromagnetic torque, rotor speed and machine
currents for effective operation of DFIG. To achieve this, the first
step is, a new reference synchronous speed has to be chosen based
on change in speed during fault. Second step is, DC offset compo-
nent of flux must be eliminated, oscillations must be damped
and change in magnitude of q axis flux components must be con-
trolled. This methodology is termed as EFOC. The efficacy of EFOC
is analyzed for a standard DFIG system for improving voltage and
current profile of stator and rotor with stable torque, speed and
flux control mechanism.

In the Section 2, the mathematical modelling of RSC for EFOC
under steady and transient state is explained. Section 3 describes
the design of super-capacitor and its control circuit for dynamic
compensation. In Section 4, the MATLAB simulation results when
an asymmetrical and symmetrical fault occurs to PCC with 70%
decrease in the rated voltage. The conclusion is given in section 5
followed by appendix and references.

2. Mathematical analysis of RSC of DFIG during steady state and
transient state

The conventional demagnetization or field oriented control
(FOC) schemes against DFIG is adopted in a synchronously rotating
frame. It is to assist in decoupled active and reactive power man-
agement and to improve the system operation during transients
with better dynamic response. The DFIG equivalent circuit
[1,2,10,26], the dynamics of vectors is shown in GSC and RSC con-
trol schemes in Figs. 1 and 2. The external control loop for GSC
derives relation between wind speed and mechanical power is
done as per the Table 1.



Fig. 2. block diagram of the RSC controller with EFOC technique design for Grid
connected DFIG.

Table 1
Lookup table showing the relation of wind speed, rotor speed, mechanical power and
output torque for certain speeds.

Vwindðm=sÞ 7 8 9 10 11 12 18

wr (pu) 0.75 0.85 0.95 1.05 1.1 1.2 1.3
Pm (pu) 0.32 0.49 0.69 0.9 1 1.15 1.5
Tm¼Pm

wr
(pu) 0.48 0.58 0.73 0.85 0.9 0.95 1.15
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2.1. 2A. Rotor side converter control during steady state

RSC controller helps in maintaining reactive power demanded
by grid (Qgrid) also in extracting maximum power from the gener-
ator, making the rotor to run at optimal speed. The optimal rotor
speed is decided on machine real power and rotor speed character-
istic curves as shown in Table 1 for MPPT algorithm. The stator
active and reactive power management is possible with the RSC
control strategy using iqr and idr components controlling. The rotor
voltage in the stationary reference frame [11,29] is given by

Vs
r ¼ Vs

0r þ Rri
s
r þrLr

disr
dt

�x isr ð1aÞ

where, r ¼ 1� L2sm
LsLr

and x is the rotor speed, isr is the rotor current in
a stationary reference frame, Ls, Lr and Lm are the stator, rotor and
mutual inductance parameters in pu (per-unit) or in henry.

Vs
0r ¼

Lm
Ls

d
dt

þ j xs

� �
Us

s ð1bÞ

It is the voltage induced in the stator flux with

Us
s ¼ Lsi

s
s þ Lmi

s
r

Us
r ¼ Lri

s
r þ Lmi

s
s

(
ð2Þ

The d and q axis rotor voltage Eqs. (1a), (1b), and (2) in the syn-
chronous rotating reference frame are given by

Vdr ¼ dUdr
dt � ðxs �xÞUqr þ Rridr

Vqr ¼ dUqr
dt þ ðxs �xÞUdr þ Rriqr

(
ð3Þ

The stator and rotor two axis fluxes are

Udr ¼ ðLlr þ LmÞidr þ Lmids

Uqr ¼ ðLlr þ LmÞiqr þ Lmiqs

Uds ¼ ðLls þ LmÞids þ Lmidr

Uqs ¼ ðLls þ LmÞiqs þ Lmiqr

8>>>>><
>>>>>:

ð4Þ
where, Lr ¼ Llr þ Lm; Ls ¼ Lls þ Lm; xr ¼ xs �x
By substituting Eqs. (4) in (3) and by rearranging the terms,

then

Vdr ¼ Rr þ dL0r
dt

� �
idr � sxsL

0
riqr þ Lm

Ls
Vds

Vqr ¼ Rr þ dL0r
dt

� �
iqr þ sxsL

0
ridr þ Lm

Ls
ðVqs �xUdsÞ

8><
>: ð5Þ

From literature, the torque equation can be written as

Te ¼ KpðUqsUdr �UdsUqrÞ ð6Þ
wherex is rotor speed, xUs is speed of stator flux,xs is synchronous
speed. Kp is a constant of 1.5(np*Lm/(LsLr – Lm2 ).

The above Eq. (5) is rewritten in terms of decoupled parameters
and is designed for RSC controller as in Eq. (7).

Vdr ¼ rLr dIdr
dt þxsUqr þ Lm

Ls
ðVds � RsIds þ Ls

Lm
x1UqrÞ þ Rridr

Vqr ¼ rLr dIqr
dt �xsUdr � Lm

Ls
ðRsIqs � Ls

Lm
x1Uds � VqsÞ þ Rriqr

8<
: ð7Þ

In general the rotor speed is xr and the synchronous speed of
stator, xs. But this synchronous frequency has to be changed from
xs to a new synchronous speed value x0

s as it is represented com-
monly by x1. Under ideal conditions, reference stator d-axis flux
U�

d is zero and the q-axis stator flux U�
q is equal to the magnitude

of stator flux Us for given back emf and rotor speed.
The flux derivation method helps in considering the DFIG dur-

ing steady state and transient state operation. The accuracy of sys-
tem operation during steady state depends on precision of wind
speed measurement and action of pitch angle controller, quantity
of stator current, voltage, flux and other generator parameters.
The precise in determining these parameters, the more real power
extraction from generator- turbine set increases. The equations
from (5) to (7) are important to indulging the behavior of DFIG dur-
ing steady state. The accuracy of RSC control scheme depends on
control of d and q axis voltages by PWM controller.

2.2. 2B Three phase symmetrical faults

The stator voltage will become zero in value during three phase
symmetrical fault with low impedance. This makes the stator flux
Us value get reduced to zero magnitude gradually. The flux decay is
not rapid like voltage and is explained from the flux decay theo-
rem. Further explanation is, delay is due to inertial time lag
ss ¼ Ls

Rs
effecting the rotor induced electromotive force (emf) V0r.

The flux during fault is given by

Us
sf ¼ Us

se
�t=ss ð8Þ

and dUs
sf

dt is negative, indicating its decay. By substituting (8) in (1b)

Vs
0r ¼

Lm
Ls

ð� 1
ss

þ jxe�t=ssUs
sÞ ð9Þ

The above equation is converted into a rotor reference frame
and neglecting 1

ss

Vs
0r ¼

Lm
Ls

ðjxÞUs
se

�jxt ð10Þ

By substituting Us
s ¼ Vs

s
jxs

ej xst in (10)

Vr
0r ¼ � Lm

Ls
ð1� sÞVse�jtðx�xsÞ ð11Þ

jVr
0rj is proportional to (1�s)

The converting equation (1a) into the rotor reference frame

Vr
r ¼ Vr

0re
�jxt þ Rri

r
r þrLr

dirr
dt

ð12Þ
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A substantial decrease in pre-fault voltage at steady state Vr
0r to

a particular voltage during a three phase fault was explained from
the above analytics. Though, RSC converter is intended to meet Vr

r

to match Vr
0r for rotor current control and the design of converters

is for rating of only 35% of stator nominal voltage. The voltage dip
during fault is controlled independently or in coordination using
two techniques is explained as follows.

During fault, at first instant, the stator flux (UsÞ does not fall
instantly given by Eq. (8). The DFIG rotor speed is assumed to be
running at super synchronous speed with slip (s) around �0.2pu
at steady state. During fault, rotor speed advances to more speed
based on the term (1�s) given by (11). The above speed variation
is uncontrollable for a generator like DFIG which has higher
mechanical and electrical inertia constants. This makes large
inrush currents entering into the stator and rotor windings. To con-
trol the rotor current change in faults, the Vr

r value must be
increased accordingly.

From the first technique as explained above, a voltage VUs needs
to be injected into the feed forward path to compensating the rotor
voltage dip to regain to its steady state value of fault or immedi-
ately once fault is relieved. Converting the Eq. (7) into a syn-
chronous reference frame and in view of direct alignment of Uds

with Uswe get,

VUs ¼ � Lm
Ls

xUds ð13Þ

The second technique for rotor voltage increase necessity is, this
dip can be compensated by replacing sxs with (xUs �x) in the
cross coupling components terms s xsL

0
riqr and sxsL

0
ridr respec-

tively. The reduction in magnitude and frequency of stator flux
Us, and configuration of flux with the stator voltage without con-
siderable variations in the rate of change in flux angle hUs specifies
dc offset component in flux given by Eq. (14a).

dhUs

dt
¼ x/s ¼ 0 ¼ xf ð14aÞ

Here, xf is the speed of stator flux during fault and this value
can be made to zero as offset.

The voltage injection terms in Eqs. (12), (13) and compensating
components terms in Eq. (14a) as discussed are anticipated using
enhanced flux oriented control (EFOC) scheme for RSC circuit is
shown in Fig. 2 and the determined values are incorporated in
the RSC controller.

dH/s

dt
¼ x/s ¼

Vbs/as � Vas/bs

/2
as þ /2

bs

¼ xf ð14bÞ

For better dynamic stability of grid connected DFIG, proposed
method controls the decrease in the stator and rotor flux magni-
tude with control in decay in flux decomposition and damps power
and torque oscillations during fault instances. To get better opera-
tion during disturbances, this paper adopts a strategy for rotor fre-
quency reference to change from zero or other smaller value
depending on the type and severity of the disturbance. This makes
the phase locked loop of RSC to change its value of the fault, which
makes the synchronization to stator voltage accordingly. This
reduces the flux decay in stator and rotor windings effectively dur-
ing faults. This ensures the dc offset components entering into the
DFIG windings. Hence overall performance of grid connected DFIG
is technically improved. The precise measurement of stator and
rotor parameters like flux, voltage, speed, angle and current helps
in achieving better performance during disturbances. The reduc-
tion in dc offset stator current at transients and getting the two
axis flux and voltage trajectories circular will improve the efficacy
of the DFIG system during any faults. The Eqs. (4)–(8) helps to
understand the grid connected DFIG behavior during transient con-
ditions and accuracy of its working depends on measurement of
rotor current and flux parameters.

The grid side controller (GSC) circuit block diagram is shown in
Fig. 1 and RSC for enhancing performance for LVRT issues is shown
in Fig. 2. During normal conditions, the reactive power will be zero
or very low and hence stator power pumped to grid will be high.
This power control can do use the outer control loop of GSC. The
reference power is obtained from the characteristic lookup table
based on the DFIG adopted. This reference power is compared to
actual power and is maintained using the PI control of GSC as
shown in Fig. 1. During faults, the reference stator power changes
based on the reactive power demand, which will be supplied by
GSC through the capacitor at the back to back converters. As reac-
tive power demand increases, stator power changes accordingly,
and hence the terminal voltage at GSC change respectively and
thereby direct axis current injecting at the point of common cou-
pling (PCC) changes. Similarly, during normal conditions, stator
rms voltage is constant and also reactive power will remain con-
stant. But when fault occurs, the stator voltage changes, hence ref-
erence rms stator voltage changes. This will make the quadrature
component of GSC current to vary. This total mechanism is fast
and can work for symmetrical as well as asymmetrical faults.

EdR ¼ �Lm
Ls

ðVqS þ kdRxrÞandEqR ¼ Lm
Ls

VqS

For particular wind speed, reference or optimal mechanical
power from the turbine is estimated using a characteristic lookup
table. In detail, the stator real power (Pstator) is measured and
power error is the difference between these two powers (dP)
which have to be maintained to zero using a PI controller. The PI
output is then multiplied to the real power constant (Kp) gives
actual power to be controlled after disturbance. The change in
the square of the reference capacitor voltage DC link (Vdc

⁄ ) and
square of actual capacitor voltage (Vdc) is controlled by the PI con-
troller of reference controllable real power. The change in refer-
ence to actual controllable power is divided between 2/3Vsd to
get d-axis current near grid terminal (Igdref). Change in Igdref⁄ and
actual grid current Igdref is controlled by PI to get d-axis voltage.
For a better response during transient state, decoupled d-axis volt-
age is added as doing for separately excited DC motor control
methodology. The decoupling helps in improving steady state error
and tie up the transient response of DFIG during LVRT or when
sudden real or reactive power changes to or from the system.

In the same way generally stator voltage (Vs
⁄ = 1) or reference

reactive power (Qs
⁄ = 0), actual stator voltage Vs or reactive power

Qs is decreased by the PI controller and multiplied with the reac-
tive power constant (Kq) for actual reference reactive power rec-
ompense parameter. The actual reactive power is designed and
this difference and actual reactive power compensating terms
and dividing with 2/3Vsq, to get q-axis reference current (Iqref).
The difference in Iqref and Iq is controlled using PI to get reference
q-axis voltage. To improve the transient response quickly and to
minimize steady state error decoupled q-axis voltage to be added.
Both d and q axis voltage so obtained are converted to three axis
‘abc’ parameters with inverse Park’s transformation and this volt-
age is given to the PWM controller for grid side controller pulse
generation.

With the changes in wind speed, rotor speed will also change by
shifting the gears position in the wind turbine. If rotor speed is
made to operate on reference wind speed, maximum power can
be extracted from wind turbine generator set. This will happen to
normal state of operation, but during abnormal conditions like
faults, rotor speed increases which may damage gears of wind tur-
bine. Hence speed of DFIG rotor must be controlled. As explained in
Section 2A, if the RSC is operated, the performance of DFIG can be



Fig. 3b. Control strategy of SCESS to compensate for voltage mitigations during
faults and also for solving penetration issues.
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improved. With deviation in rotor speed, direct axis current of RSC
changes and with demand in reactive power during faults or so,
quadrature axis component of current changes. When a fault
occurs, speed of rotor changes and hence rotor frequency also
changes. If with this changed rotor frequency, current is injected
into the windings of stator terminal of DFIG, flux decay or oscilla-
tions in stator terminal can be reduced. This will further to reduce
the dc offset components of stator as explained from Eqs. (8)–(14b).

3. Control scheme for super capacitor to overcome LVRT for grid
connected DFIG

The general layout of DFIG grid connected system is shown in
Fig. 4. The design topology of UCESS system is shown in Fig. 3a
[21] with different approach for the control strategy. Thevenin’s
model is used to describe the energy storage in the capacitor.
The values of the UCESS parameters are given in the Appendix.
The super capacitor consists of multiple numbers of cells in series
(ns) and in parallel (np) to achieve desired voltage (Es) and current
(Isc) during normal and during the fault current control operation.
The equations for SCESS are given below. The maximum rated volt-
age for SCESS is given by the product of number of series cells and
voltage across each cell (Vcell). The total resistance drops across the
series cells is given by product of series cells and resistance of each
cell. The number of parallel cells gives the desired current given by
the relation between max desired super capacitor (SC) current (Isc_-
max) and current rating of each individual cell (Icell). The maximum
SC current can be estimated at SC power rating (Psc) and maximum
achievable SC voltage (Vsc_max). The total resistance of SC cells can
be obtained from series resistance and parallel combination of
cells. The total voltage output from SC is given by the product of
total combination of half of the series cell capacitance and square
of the voltage across SC. The capacitance required for SC during
steady state is given by relation between SC power (Psc) and max-
imum and minimum rating of SC voltage. The same capacitance
required during low voltage fault ride through is given by Psc,
rated SC value, energy stored in the capacitor (EST) and time up
to which compensation is to be made.

Vsc max ¼ ns � Vcell

Rs ¼ ns � Rcell

Cs ¼ Ccell
ns

np ¼ Isc max
Icell

Isc max ¼ Psc
Vsc max

Rsc ¼ Rs
np

Es ¼ 1
2Csc � V2

sc

CscESS ¼ 2Psctd

ðVsc max � Vsc minÞ2
CSCESS ¼ 2PscDtLVRT

Est�V2
sc rated

8>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>:

ð15Þ
Fig. 3a. Connection diagram of SCESS at the back to back connection of DFIG
converters.
The chopper circuit of SCESS is shown in Fig. 3a. Two IGBTs, an
inductor and a high capacitance rating capacitor is used. Voltage
and current sensors are used for measuring and for inputs to con-
trol circuit. Compared to battery, capacitors are faster in action,
more reliable with no maintenance and long life. However initial
cost of super-capacitor is high. The two IGBTs with anti-parallel
diode based chopper circuit act as bi-directional current with con-
stant polarity voltage source. This circuit acts as buck-boost based
on grid- GSC voltage potential. Under normal conditions, the
capacitor is charged and abnormal conditions like voltage sag at
grid, the capacitor discharges to give desired reactive power
respectively.

The control strategy for SCESS chopper circuit is shown in
Fig. 3b. Here under normal conditions without grid disturbances,
based on wind speed, desired power is estimated using the lookup
table. The difference in the reference and measured actual real
power is compared and the result is divided between SCESS voltage
to get desired current flows from/to the SC. Note that, in this circuit
diagram, the stator power is considered negative with respect to
mechanical power. Hence, measured power is added to reference
power. The difference in the reference and actual current measure-
ment is controlled using a tuned PI controller. The voltage refer-
ence output from PI controller is compared with a triangular or
saw tooth waveform to get pulses of the IGBTs. The overall control
action is fast and accurate. To find the efficacy of the chopper cir-
cuit as external energy sources and EFOC technique for LVRT sym-
metrical and asymmetrical faults, simulation studies are done.
4. Simulation result and discussion

The DFIG grid connected system under study is shown in Fig. 4.
The grid and rotor side converters are shown in Figs. 1 and 2. The
doubly-fed induction generator is driven by a wind turbine. As per
the RSC design, based on wind speed, rotor speed changes during
normal conditions. Under low voltage fault conditions, generally
rotor speed increases rapidly. With proposed EFOC technique, the
rotor speed is controlled by the inner control loop of RSC. It is done
by changing the reference speed of rotor position in a small value
based on fault conditions. During this process, the rotor and stator
Fig. 4. Grid connected DFIG with ultra capacitor and normal capacitor
configuration.
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flux decays oscillations are controlled using this improved demag-
netization control. A rapid and accurate control of reactive power
by GSC and stator voltage and current control also helps the DFIG
to have better performance during faults compared to the
literature.

The performance of grid connected DFIG with proposed control
circuits of a standard system shown in Fig. 4 is analyzed and com-
pared with the works in the literature [27,28]. The system is ana-
lyzed for three cases. First case is single line to ground (SLG)
fault with fault in A-phase. In the remaining two cases, double line
to ground (DLG) and triple line to ground (TLG) is considered. In all
the three cases, the fault is assumed to occur at point of common
coupling (PCC) near the grid terminal with fault resistance of
0.001 Ω. The parameters of DFIG, converters, super or ultra capac-
itor rating etc are given in the Appendix.

4.1. Case A: SLG fault

A single line to ground (SLG) fault is assumed to occur to PCC
during 0.1 to 0.3 s with phase A grounded with fault resistance
of 0.001 ohms and the DFIG parameters are shown in Fig. 5. In
the Fig. 5a, the results are taken from reference [28], Fig. 5b with
[27] and Fig. 5c is our proposed EFOC technique. The fault assumed
to occur at PCC near grid and as stator of DFIG is directly connected
to grid, the stator voltage is decreased to nearly 90% of nominal
value of 1pu (per-unit). In all three sub-figures stator voltage is
almost same before, during and after the fault. The stator and rotor
current during normal conditions is 1pu. Compared to
Fig. 5a and b, the stator current in Fig 5c is almost constant. The
current surge at the fault instant is less than 2 pu without any
oscillations. Similarly, the rotor current is also almost constant
without much change in magnitude or frequency in the waveform.
Fig. 5. The simulation results for a 90% single phase fault (a) The method in [28
During and after the fault behavior improvement of DFIG is
possible with coordinated control of RSC and GSC with fast acting
EFOC technique. The reactive power injection is done from both
GSC and RSC and voltage profile improvement with quadrature
component current control. Flux decay and oscillations control
during and after the fault with offset DC component control
scheme helps in achieving the performance. The electromagnetic
torque (EMT) oscillations are also low and not reaching zero value
during fault. The time for reaching its pre-fault value is quicker
with our method as it is observed when the fault is cleared at
00.3 s. In Fig. 5a, the oscillations in the torque are damped quickly,
but its magnitude is zero. However in Fig. 5b, it can be observed
that the EMT oscillations are high.

The super-capacitor (SC) is placed in parallel with nominal rat-
ing capacitor at the back to back converters with control circuit as
shown in Figs. 3a and 3b. The dc link voltage across the capacitor
and also across the SC with base value of 400V is shown in Fig. 5
for a SLG fault. In Fig. 5a, dc link voltage fluctuating from 1 to
1.1 pu during fault and in Fig. 5b, the oscillations damped slowly
but with peak value of 0.8 pu. With our proposed EFOC technique
and with SC, the dc link voltage is almost constant during and after
the fault. The voltage maintenance is not only with SC, but also
with fast and accurate control of GSC and with SC chopper control
scheme with enhanced current injection phenomenon.

The oscillations in both real and reactive powers in Fig. 5a and b
during faults is more compared to our proposed technique. This
can be achieved with fast acting GSC direct axis control scheme
and external reactive power support from SC. The reactive power
changed from �0.1 to +0.1 pu of reactive power during the fault.
The real power has sustained oscillations during fault with value
changing from 1 to 0.5 pu. Whereas with references [27,28], the
oscillations are very high exceeding two to three times the nominal
] (b) The method in [27] and right side figure (c) is our proposed method.



1748 V.N. Ananth Duggirala, V. Nagesh Kumar Gundavarapu / Engineering Science and Technology, an International Journal 19 (2016) 1742–1752
value. The rotor speed is almost constant with almost same speed
of rotation during and pre-fault with our EFOC technique. With lit-
erature, the rotor speed changed to 1.23 from 1.2 pu during the
fault. This is because of flux control scheme and rotor speed arbi-
trary reference change technique adopted in the paper. With this
scheme, the rate of change of flux decay is controlled, by which
the surge currents entering into the stator and rotor windings
are controlled. The dc offset components with sub-transients are
eliminated to a maximum extent during this most occurring SLG
fault. The performance is greatly improved with EFOC technique
when compared to the works in the literature.

4.2. Case B: DLG fault

In this case, another symmetrical fault called double lie to
ground fault occurring between phase A and B with ground during
0.1 to 0.3 s at PCC is shown in Fig. 6. The results of our work are
compared with [28] to observe the change in performance for same
working environment with similar grid connected system under
study. The fault is assumed to occur to phases A and B with ground
at PCC near grid. In Fig. 6a, stator two voltages decreased to 0.3 pu
from 1 pu and other healthy phase remained constant. For our sys-
tem, two fault phases’ stator voltages decreased to nearly 0.3 pu
and other phase to 0.8pu for 1pu during the fault is shown in
Fig. 5b. The stator current increased beyond 2 pu and nearly to
1.9 pu for the rotor during the fault can be observed from Fig. 6a.
With proposed EFOC method, only at fault instant surge stator cur-
rent reached 2 pu and decreased within a cycle and without any
distortions in the waveform but with decreased magnitude to
0.8 pu from 1 pu in faulty phases. The healthy phase current
remained almost constant. Similarly with EFOC, the rotor current
is almost behaving same as stator current with surge current at
fault instant reaching nearly 2 pu. There are some distortions in
Fig. 6. The simulation results for a 70% double phase faul
rotor current waveform but magnitude remained almost constant
during the fault. The post-fault behavior with proposed scheme
is very rapid than in the recently published paper [28]. This
improvement in current performances is because of the fact of con-
trolling dc offset components entering into the DFIG winding and
control in flux decay.

The rotor voltage with proposed EFOC is almost constant with
proposed technique as shown in Fig. 6b during and after the fault
than with the output shown in Fig. 6a of [28]. The EMT behavior
is almost same for both the methods, but damped very effectively
with the work in [28] than our proposed system. However, the
range of oscillations is from 0 to �0.5 pu for Fig. 6a, but with our
proposed technique, it is from 0 to �0.3 pu. the post-fault recovery
is very fast with our proposed system compared to Fig. 6a. The dc
link voltage in Fig. 6a oscillates from 1 to 1.15 pu during fault and
damped very quickly for [28]. With our proposed EFOC method,
the dc voltage speed variation is from 1 pu to 0.5 pu. this value
can be controlled and improved if SC capacitance is taken 0.02 F
instead of 0.01 F.

The stator real power is having large oscillations from 0 to 1 pu
and reactive from 1 to �1 pu for reference [28] as in Fig. 6a. With
our scheme, the real power oscillates from 0 to 0.5 pu, but reactive
power changed from �0.1 pu to 0.17 pu without oscillations with
proposed EFOC technique during the fault as shown in Fig. 6b.
the rotor speed is almost constant with small variation to 1.21
from 1.2 pu with EFOC in Fig. 6b, but the speed changed to 1.225
for work in [28]. The reason for the improvement holds equally
good for SLG and DLG as explained in the previous case. They
are, the decay in stator flux, arbitrary change in rotor frequency/
speed reference frames, control in dc offset components of inrush
current and large fluctuations in dc voltage across the capacitor.
Hence our system performance holds good for DLG fault also. There
is no need to calculate negative and zero sequence components
t (a) The method in [28] (b) proposed EFOC method.
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and control this with proposed EFOC technique. Therefore large
complications in control circuit and mathematical analysis is
eliminated.

4.3. Case C: TLG fault

In this case, three lines to ground (TLG) fault with 0.1 to 0.3 s
occurring at PCC are considered and the results are shown in
Fig. 7. The results from the literature [28] are shown in Fig. 7a is
compared with results of our proposed technique in Fig. 7b. The
stator three phase voltages decreased from 1pu to 0.3 pu during
0.1 to 0.3 s and the system is regained to normal once fault is
cleared at 0.3 s. This dip is voltage in stator is due to fault which
occurred near the grid. The stator is directly connected to grid
Fig. 7. The simulation results for a 70% three phases fault (a) The method in [28] (b) ou
for DFIG system and hence very much prone to grid disturbance.
It is observed that, the rotor current which is 1 pu during the nor-
mal operation, the current increased to nearly 1.8 pu with distor-
tions in the waveform with dc components as in Fig. 7a. The
surge in the rotor current at fault instant reached 1.8 pu and imme-
diately settled to 0.3 pu till the fault is cleared.

Once the fault is cleared, the current in the rotor is restored to
normal in much less than a cycle time. The part of fault inrush cur-
rent is allowed to pass through the DFIG windings and the remain-
ing inrush current is allowed through the GSC converter and is
stored in the capacitor and super-capacitor. Because of fast acting
GSC, the current is returned to the grid through the IGBT convert-
ers of GSC. The current absorption by GSC depend on the converter
rating, capacitor storage, reactive power supply requirement by
r proposed system. (c) detailed waveforms for TLG fault with proposed technique.
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grid and fast acting control strategy. In our case, capacitor storage
is high as SC is used and GSC action is fast and accurate. This logic
helps in controlling inrush currents entering the DFIG windings
and also makes system continues to operate effectively in fault
but with small decrease in performance.

The rotor voltage decreased in magnitude, has change in fre-
quency and has distortions in the waveform for [28] as in Fig. 7a,
but is constant for the proposed system in Fig. 7b. It is due to the
fact that the dc link voltage across the capacitor is nearly constant.
It is maintained nearly constant because of fast acting GSC control
scheme and capacitor rating is high. The stator active powers in
Fig. 7a with oscillations decreased to zero average value and in
Fig. 7b decreased from the nominal value to 0.15 pu during the
fault. With our proposed scheme, there are no oscillations in the
real power. The reactive power has oscillations from 0 pu to
�1 pu during the fault with control in [28], whereas with our
scheme, the reactive power without oscillations changed from
�0.05 pu to 0.1 pu during the fault. Once fault is cleared, the real
and reactive stator powers regained to normal value. The voltage
and current waveforms of super-capacitor (SC) are shown in
Fig. 7b. The voltage is nearly constant at 1.05 pu (with base
400 V, actual 415 V). The dc current through the super-capacitor
is changing its value of the fault occurring and relieving instants
with different injections and polarity values.

The detailed waveforms with stator current, electromagnetic
torque and rotor speed with proposed control scheme are shown
in Fig. 7c. It is observed that stator current surge is observed at
fault instant and cleared immediately. In this, the inrush currents
are controlled, thereby stator current rapid increase and fluctua-
tions are limited. Also dc components produced by sub-transient
and transient components of currents are also limited and thereby
stator current waveform is nearly sinusoidal during the fault per-
iod. The electromagnetic torque naturally reached zero during
the fault without any oscillations. The dc link voltage across the
capacitor is having small surges at fault instant as there is a sudden
change in grid terminal voltage and inrush currents entering into
the GSC. In the earlier Fig. 7b, the voltage is across super-
capacitor and a chopper circuit is present. Therefore, these two
voltages are not similar even though they are in parallel between
the dc terminals. The rotor speed is also nearly constant at 1.2 pu
during and pre-fault with small deviation of 0.02 pu.

The proposed EFOC control scheme works effectively for sym-
metrical faults also. There are no power oscillations, torque pulsa-
tion, no rapid change in speed and stator and rotor currents are
also sinusoidal without much change in its voltage magnitude
and frequency. The same working law for asymmetrical faults
holds good for symmetrical faults without any necessity to mea-
sure negative and zero sequence components. Hence, proposed
control circuit design is simple and robust with effective working
for any type of fault and with large dip in the grid voltage. GSC
helps in maintaining constant dc voltage across capacitor. The
super-capacitor helps in supplying desired reactive power to the
grid to overcome the severe inrush currents entering into the DFIG
windings. The RSC control scheme helps in maintaining rotor speed
constant by decaying the flux in stator and rotor during the faults.
Also, the direct and quadrature axis current control scheme,
thereby voltage references to PWM are quick enough to adopt for
any type of fault with severity. Hence proposed scheme is very effi-
cient in operating during and after fault with good stability margin.
5. Conclusion

The wind energy conversion system (WECS) with good LVRT
technique will ensure dynamic stability by complying with mod-
ern wind grid codes. A DFIG wind turbine system to limit transient
over currents in rotor circuit is achieved by using proposed EFOC
algorithmic technique. This is advanced demagnetization method
of advances in the inner and external control circuit of RSc and
GSC. Using proposed technique, application of crowbar circuit
can be removed. A comparison is made with already existing sim-
ulation results from proposed method to show the efficacy of pro-
posed control scheme. An external super-capacitor energy storage
system (SCESS) is placed in parallel with a normal capacitor across
the back to back converters for additional reactive power support.
This method of DFIG system equally holds good for symmetrical as
well as asymmetrical faults occurring at grid. With proposed tech-
nique, the overall dynamic response to the system is improved by
suppressing not only fault transient but also post fault transients.
This scheme improves the lethargic system to reach its steady state
at an improved rate compared to the work in the literature. Thus, it
provides good quality as well as reliable power with the aid of
SCESS. Fast acting GSC controller can maintain dc voltage across
capacitor nearly constant without ripples. It can further help in
diverting fault inrush currents entering into the generator wind-
ings, hence protecting the DFIG without the use of external passive
protective circuits like the crowbar etc. the RSC helps in controlling
sub-transient dc off set currents entering into the rotor windings. It
does by controlling the flux decay with appropriate change in ref-
erence rotor speed. By doing this, the phase locked loop (PLL) syn-
chronizing with stator changes, which changes the current flow
rate from/to the stator winding. Also faster control action of direct
and quadrature rotor current also helps in compensating stator and
rotor current waveforms. Hence overall performance is improved
theoretically and analytically compared to the work in the
literature.

In contrast, with work in literature, our method will control
deviation in the dc link capacitor voltage with rotor speed is main-
tained constant and electromagnetic torque oscillations are
damped effectively during and after the faults effectively. It is
observed that when grid voltage dropped to 70%, the rotor voltage
is still maintained constant during the fault with the aid of GSC and
SCESS. The stator and rotor current waveforms preserved seamless
during the fault with small change in its magnitude without much
deviation from the operating natural frequency. The surge currents
are also eliminated in less than a cycle time period. There is a dip in
the generator winding currents during the fault and reached steady
state immediately after the fault was cleared, thereby stability
margin is improved. The capacitor voltage is also maintained
nearly constant in magnitude during the fault. The ripples in
EMT are reduced compared to the work in the literature. The over-
all system performance during the severe symmetrical and asym-
metrical fault are improved using EFOC technique and further
improvement is made with SCESS is incorporated in the DC link
of the converters. The proposed method follows basic conventional
law for grid connected DFIG with advanced performance compared
to previous works.
Appendix

The parameters of DFIG used in simulation are:
Rated Power = 1.5 MW, Rated Voltage = 690 V, Stator Resistance

Rs = 0.0049 pu, rotor Resistance Rr = 0.0049 pu, Stator Leakage
Inductance Lls = 0.093 pu, Rotor Leakage inductance Llr1 = 0.1 pu,
Inertia constant = 4.54 pu, Number of poles = 4, Mutual Inductance
Lm = 3.39 pu, DC link Voltage = 415 V, Dc link capacitance = 0.02 F,
Wind speed = 14 m/s.

Grid Voltage = 25 kV, Grid frequency = 60 Hz, Grid side Filter:
Rfg = 0.3 Ω, Lfg = 0.6 nH, Rotor side filter: Rfr = 0.3 mΩ, Lfr = 0.6 nH,
ultra- capacitor rating 0.001 F with 415 V with base voltage of
400 V is considered. Super capacitor Specifications:



Fig. A1. Flowchart showing the procedure of EFOC method development in steps.

Fig. A3. Voltage and flux trajectories for a symmetric fault.
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Cb = 180,000 uF, Rb = 10 kX, Rin = 0.2X, Vocmax = 620 V, Voc-
min = 500 V, Storage = 600 kW � h, L = 1 mH.

When dynamic stability has to be improved, proposed tech-
nique controls the decrease in stator and rotor flux magnitude
and also damps oscillations at the fault instances. To achieve better
performance during transients, this paper proposes a strategy for
stator frequency reference to change to zero or other value
depending type and severity of disturbance. The accurate measure-
ment of stator and rotor parameters like flux, current helps in
achieving better performance during transients. The DC offset sta-
tor current reduction during transients and making the two axis
flux and voltage trajectories circular also improves the efficacy of
the system performance during any faults. The Eqs. (8)–(12) help
in understanding DFIG behavior during transient conditions and
accuracy of its working depends on measurement of rotor current
and flux parameters.

The Fig. A2 shows scheme of enhanced flux oriented control
where, DCOC = DC offset component of flux, RUs = radius of flux
trajectory.

The voltage injection components (9), (10) and compensating
components as discussed above are estimated using enhanced flux
oriented control (EFOC scheme whose flow chart is shown here and
Fig. A2. EFOC control loop design with DC
the determined values are incorporated in the RSC controller
shown in Fig. 2.

In general the rotor speed is xr and the synchronous speed of
stator, xs. But this synchronous frequency has to be changed from
to a new synchronous speed value as described in flowchart x0

s as
it is represented commonly byx1orxf . Under ideal conditions, ref-
erence stator d-axis flux U�

d is zero and q-axis flux U�
q is equal to the

magnitude of stator flux Us for given back emf and rotor speed. xs

The variation of stator and rotor flux trajectories before, during
and after the fault is shown below in Fig. A3. The compensating
components are estimated using enhanced flux oriented control
(EFOC) scheme with a flow chart is shown in Fig. A1 and the deter-
mined values are incorporated in the RSC controller shown in
Fig. 2.

The EFOC method of improving field flux oriented control tech-
nique helps in improving the performance of the RSC controller of
DFIG during fault conditions is described in Fig. A1. The DCOC
observer does two actions. The change in flux values of stationary
frame stator references (Uas;Ubs) for tracking radius of the trajec-
tory and the DCOC for offset change in stationary fluxes
(Udcas;Udcbs) during fault conditions and controlling them is as
shown in Fig. A3.

The first action helps in not losing the trajectory from a circle
point, and to reach its pre-fault state with the same radius and cen-
tre of the circle and hence improving the same rate of flux compen-
sation even during fault without losing stability. The second action
helps in controlling and maintaining to nearly zero magnitude
using the DCOC technique.

Based on above two actions, if former one is greater with
change in trajectory which generally happens during disturbances
from an external grid, stator synchronous frequency flux speed
(xUs) changes to synchronous grid frequency flux (xs) otherwise
OC and rotor flux trajectory control.
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xUs changes to fault angular frequency value and is injected to RSC
voltage control loop as error compensator.

The stator three phase voltages and current are used as inputs
for extracting a new arbitrary reference frame for RSC during dif-
ferent fault levels. Here ‘z’ is the internal resistance of the stator
winding. The voltage and current with impedance multiplication
are subtracted to get reference voltage as shown in Fig. A2. Under
normal conditions, the difference will be nearly zero. During fault
conditions, the voltage decreases and current increases, which
make the difference between these two parameters to the picture.
Now the reference three phase voltages are converted to stationary
alpha, beta (Vas, Vbs) voltages using Clark’s transformation. This
voltage is integrated and manipulated to get stator flux Uas, Ubs.
The angle between these two fluxes is flux angle reference hk. This
angle is used to convert Uas, Ubs to Uds, Uqs and also the two sta-
tionary voltages Vas, Vbs are also converted to rotating voltages Vds,
Vqs using parks transformation. The magnitude of these two volt-
ages is V2. The reference voltage magnitude of stator is V1. During
normal conditions, V1 and V2 are same. But during voltage dips,
there exists a difference between the two voltages V1 and V2. Dur-
ing faults, if V1 is greater than V2, RSC inner control loop and speed
reference changes from Wks to W1s. else in another case, with V2

greater than V1, the speed reference varies from Wks to 0 or W1.
Under severe fault, where voltage dip will go beyond the rating
of converters, the Wks will be zero. Else it will have certain value
specified by flowchart and controller as shown in Figs. A1 and A2.
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