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Abstract: With the increase in electric power demand, raise at oil
prices, transmission lines were forced to operate near to its full load and
due to the drastic change in weather conditions, the thermal limit is
increasing and the system is operating with less security margin. To meet
increased power demand, DFIG based wind generation system is a better
alternative. For improving power flow capability and to increase security
STATCOM can be adopted. As per modern grid rules, DFIG needs to
operate without losing synchronism called Low Voltage Ride Through
(LVRT) during severe grid faults. Hence for this, enhanced field oriented
control technique (EFOC) was adopted in Rotor Side Control (RSC) of
DFIG converter to improve power flow transfer and to improve dynamic
and transient stability. The paper has an objective to damp pulsations in
electromagnetic oscillations, improve voltage mitigation and limit surge
currents and to enhance the operation of DFIG during symmetrical and
asymmetrical faults. A three level STATCOM is coordinated to the
system for obtaining much better stability and enhanced operation
during the grid fault. The STATCOM DC capacitor bank and DFIG
converters are connected to a common DC point has advantages like
improved real and reactive power flow control in STATCOM, better
reactive power support from RSC and GSC with nearly constant DC link
voltage maintenance and faster dynamic and transient operation during
severe grid faults. For EFOC technique, rotor flux reference changes its
value from synchronous speed to zero during fault for injecting current
at the rotor slip frequency. In this process DC-Offset component of flux is
controlled, decomposition during symmetric and asymmetric faults. The
offset decomposition of flux will be oscillatory in a conventional FOC,
whereas in EFOC it was aimed to damp quickly. The system performance
with different phases to ground faults like SLG, DLG and TLG were
applied and compared without and with a three level STATCOM, with
fault occurring at the point of common coupling with the fault resistance
of very small value at 0.001 ohms.
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1. INTRODUCTION

The doubly fed induction generator (DFIG) is
having a better preference due to its low power ratings of
converters, small size with higher MVVA ratings available in
the market, variable generator speed and constant frequency
operation, robust four quadrant reactive power control and
much better performance during the low voltage ride
through (LVRT). However, such DFIG is sensitive to
external disturbances like the voltage sag. If grid voltage
falls suddenly due to any reason, large surge currents enter
rotor terminals and voltage induces drastically. Hence, the

rotor side converter (RSC) will get damaged due to
exceeding voltage or the current rating. Apart from this,
there will be huge electromagnetic torque pulsations and
increase in rotor speed which may reduce gears of the wind
turbine-generator lifetime.

The status of research on the LVRT issue for DFIG
for symmetrical and asymmetrical faults and comparison of
different control strategies is given in [1]. Understanding
the capability of RSC to deliver desired reactive power and
withstanding capability during the fault in [2]. LVRT
enhancement based on flux trajectory [3], enhanced reactive
power support [4], controlling DC link current of RSC to
smoothen DC voltage fluctuations due to grid faults by
using stored Kinetic Energy [5], crowbar as passive and
RSC strategy as active compensation for LVRT Q
compensation [6], FFTC scheme with PIR [7] and PI [8]
with symmetrical and asymmetrical faults for improving
uninterrupted P, Q supply from WT to grid. Few intelligent
control techniques like Genetic Algorithm [9] and bacterial
search etc were used in control strategies for improving the
performance during LVRT.

Some external passive elements and active sources
are used in coordination for improving stability and thereby
providing a better LVRT operation of DFIG during
symmetrical and asymmetrical faults. Among external
devices which were connected in coordination with DFIG
system to enhance system LVRT behavior during severe
faults is Single phase crowbar [11], Supercapacitor energy
storage system [12], Fault Current Limiter (FCL) [13],
Superconducting FCL with Magnetic Energy storage
devices [14] were used recently.

Among FACTS family, STATCOM [15-22] is used
to overcome the system to lose synchronism because of
external disturbances like large variations in wind speed,
symmetrical and asymmetrical faults and sub-synchronous
resonance. For external grid fault disturbances, hybrid Pl
(PI +FUZZY) controller is used to improve stability during
severe faults [15]. Improvement of voltage stability,
damping of electric power system oscillations were
achieved in [16, 17]. Heuristic programming and radial
basis neural network is used to compensate the voltage sag
[18]. In [19 and 20], offshore multiple wind turbine based
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DFIG system was connected to a common bus and
transferred by using HVDC network. In these papers,
STATCOM sizing was decreased by optimal designing of
the capacitor for VSC was done. Subsynchronous resonance
(SSR) type disturbance was compensated using TCSC,
SVC, and STATCOM using root-locus method [21]. Two
sequence components with dual voltage control during grid
faults for DFIG-STATCOM system were done in [22 and
23]. The DVR with high-temperature SCFCL is used to find
the solution for balanced and unbalanced faults at the grid
for DFIG system [24]. Frequency domain approach with
Eigen analysis was applied for seashore wind farm having
DFIG and SCIG to improve power system stability was
done in [25] by applying an UPFC controller. Using
superconducting coil as energy storage device as integrated
into DC link for DFIG system is in [26].

The system performance during a single line to the
ground (SLG), double line to ground DLG and triple line to
ground (TLG) is compared with and without STATCOM.
The voltage and current parameters at the rotor, stator, grid,
stator terminal and STATCOM and DFIG electromagnetic
torque, the speed of the rotor, DC voltage across back to
back converters of DFIG were compared and analyzed
under different faults. The three level STATCOM DC link
capacitor terminals are connected to the common point at
back-to-back of DFIG converters to improve voltage profile
at DC coupling point. By doing so, STATCOM can share
reactive power as well as active power for compensation at
different load angles. This additional reactive source
(STATCOM) having higher capacitance value helps in
improving DC voltage profile in coordination to GSC and
an additional reactive power source for RSC converter. The
proposed EFOC method can be applicable to both
asymmetrical and symmetrical faults, which help in
improving current and voltage profile at stator and rotor
terminals during the fault. Much better performance DFIG
operation can be expected if an additional reactive power
source likes STATCOM s incorporated into the system.
The rating of this additional reactive power source can be
small but need to be faster at the start and end of the fault.
Hence for this STATCOM controller for three levels is
designed to improve dynamic stability during asymmetrical
or symmetrical faults.

In the section number 2, mathematical modeling of
proposed EFOC for rotor side converter (RSC) to the grid
connected DFIG is explained during the steady state in
section 2a and behavior of DFIG during a symmetrical fault
in section 2b. In section 3, the design of coordinated
STATCOM for the LVRT issue is described. Further
sections 4 describe the simulation results and section 5
describe a detailed discussion on the results in comparison
without and with STATCOM in MATLAB environment.
The conclusion is given in section 6 followed by appendix
and references.

2. Mathematical analysis of RSC and GSC converters
for the grid connected DFIG during steady state

The conventional field oriented control (FOC)
scheme for DFIG is done in a synchronously rotating frame
to facilitate for decoupled active and reactive power control
and to enhance the system performance due to transients by
improving the dynamic response. The DFIG equivalent
circuit [1], [2], [10] and [29], the dynamics of vectors are
shown in GSC and RSC control strategies in Fig. 1 and 2.
The outer control loop for GSC control scheme for
extracting relation with wind speed and mechanical power
is done as per the table 1.

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

Voma (m/s) |7 |8 ]9 |10 |11 |12 |18
w, (pu) 075085095105 |11 |12 |13
P, (pu) 03204906909 |1 |115]|15
T _ry (pu) | 0.48 | 0.58 [ 0.73[0.85 |09 [0.95| 115

2A. Rotor Side Converter Control

RSC controller helps in improving reactive power
demand at gy in extracting maximum power from the
machine for which the rotor is made to run at optimal
speed. The optimal speed of the rotor is decided from
machine real power and rotor speed characteristic curves
from MPPT algorithm. The stator active and reactive power
control is possible with the RSC controller strategy through
igr and iq. components controlling respectively. The rotor
voltage in a stationary reference frame [11 and 29] is given
by
VP=Vs, + Ry} + oL, S i (1a)

2

Lsm

where, 0 =1 — and o is the rotor speed, i} is the rotor

sHr

current in a stationary frame of reference, Ls, L, and Lm are
stator, the rotor and mutual inductance parameters in Henry
orinpu
s _ Lp,d . s
Vor = I(E']“os)q)s (1b)
It is the voltage induced in the stator flux with
®§ = LgiS + L, is
DA @
O2 = L.i) + Ly, ip
The d and q axis rotor voltage equations (1a, 1b), and (2) in
the synchronous rotating reference frame are given by

dd g4, .

Vdr = d_td - (ws - (,L))(qu + erdr (3)
dd g, .

Vogr = dtq + (w5 — @)Pgr + Rpigr

The stator and rotor two axis fluxes are




cbdr = (Llr + Lm)idr + Lmids
q)qr = (Llr + Lm)iqr + Lmiqs
ds = (Lls + Lm)ids + Lmidr
kq)qs = (Lls + Lm)iqs + Lmiqr
where, L, = L, + L, Lg = Lig + Ly, 0, = 0 —
By substituting equation (4) in (3) and by rearranging the
terms, then

- (R + )ldr

(4)

r. Lm
S(Derlqr + :Vds

dLr . Lm
Vqr = (Rr + ?)lqr + : (Vqs - wcbds)
From literature, the torque equation can be written as
= Kp(q)qs q)dr'cl)ds q)qr) (6)
Where o is rotor speed, wes iS Speed of stator flux, wg is

synchronous speed. K, is a constant of 1.5(ny*L./(Ls L
Ln’).

(®)

+ swgLigy

The GSC control circuit block diagram is shown in
Fig. 1a and MATLAB/ SIMULINK model is shown in Fig.

3

1b. The block diagram the control circuit of RSC for
enhancing performance for LVRT issues with block
diagram is shown in Fig. 2a and MATLAB/ SIMULINK is
shown in Fig.2b.

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

dI
oV, = oL, —%= —

w.d  + "’(Vds—

S qr

Rylys + w1 @y
(7)

oV = oL L+ 0, Dy, — (R

In general, the rotor speed is wr and the synchronous speed
of stator w,.But this synchronous frequency has to be
changed from w, to a new synchronous speed value w; as it
is represented commonly by w;. Under ideal conditions,
reference stator d-axis flux @7 is zero and g-axis flux @y is
equal to the magnitude of stator flux @ for given back emf
and rotor speed.
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Fig.1a: Block diagram of GSC controller design for Grid connected DFIG
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Fig.1b: MATLAB/ SIMULINK dlagram of GSC controller design for Grid connected DFIG

The flux derivation technique helps in understanding
the operation of DFIG during steady state and transient
state. The accuracy of system performance during steady
state depends on the accuracy of wind speed measurement
action of pitch angle controller, measurement of stator
current, voltage, flux and other important parameters. The

more accurate these measurements, the more can be real
power extracted from DFIG wind turbine system. The
equations from 5 to 7 play a vital role in understanding the
behavior of DFIG during steady state and accuracy of RSC
control action depends on control of d and g axis voltages.
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Fig.2a: block diagram of the RSC controller with EFOC technique design for Grid connected DFIG
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Fig.2b: MATLAB/ SIMULINK of RSC controller with EFOC technique design for Grid connected DFIG

2B Three Phase Symmetrical Faults

The stator voltage will reach zero magnitude during
severe three phase’s symmetrical fault of very low
impedance and stator flux &, gets reduced to zero
magnitude. The decay in flux is not as rapid as in voltage
and can be explained from the flux decay theorem available
in literature and further can be explained as, delay is due to

inertial time lag TS=;—S effecting the rotor induced

Electromotive Force (EMF) V.. The flux during fault is
given by

i = Dl A (8)
and Ouf is negative, indicating its decay. By substituting (8)
in (1b)
Vi = =22 (= + jo) dge /T )
The abov:a eauation is converted into a rotor reference
frame and neglecting %

Vg = - (jw)che—im (10)
By substltutlng ®F = — e I@stin (20)
Vor = —: (1- S)Vs (11)

[V, | is proportional to (1-s)
The converting equation (1a) into the rotor reference frame
VI = VeIt + R, if+ol, 5F (12)
A considerable decrease in pre-fault steady state
voltage V{, to certain fault voltage during a three phase
fault was explained in above analytics. However, RSC
converter is designed to meet VI to match Vj,. for rotor
current control and the design has to be made for the rating
of only 35% of stator rated voltage. The voltage dip during
fault can be adopted independently or in coordination by
using two techniques is explained below.
During the fault, at first instant,®, does not fall instantly
based on equation (4). If DFIG is running at super
synchronous speed with slip (s) near to -0.2pu, during the



fault, rotor speed further increases based on the term (1-s)
as given by (11).The above speed change is uncontrollable
for a generator having higher electrical and mechanical
inertia constants. In order to control the rotor current
change, VF has to be increased. Based on the first reason
listed above, a voltage Vg has to be injected in the feed
forward path for improving the rotor dip to reach to its near
steady state value. Converting the equation (7) into a
synchronous reference frame and by considering direct
alignment of @4, with @, we getting,

Lm
VCDS = _:wcbds (13)

The second technique for voltage increase requirement in a
rotor is, dip can be compensated by replacing sw, with
( wps —w ) in cross coupling terms sooSL'riqr and
swgLyig, respectively. The reduction in magnitude and
frequency of flux @, and alignment of flux with the stator
voltage without the rate of change in flux angle

04 indicates DC offset component in flux.

dos_ - 0=
a (DC])S_ 0= (O

(14a)
Here, wyis the speed of stator flux during fault and this
value can be made to zero as offset.

The voltage injection components shown in (12, 13)
and compensating components (14a) as discussed above are
estimated using enhanced flux oriented control (EFOC
scheme RSC circuit shown in Fig.2 and the determined
values are incorporated in the RSC controller.
dO¢s _ _ VpsPas—Vasdps _

de ST gz el wr

When dynamic stability has to be improved, proposed
technique 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 on type and severity of
disturbance. The accurate measurement of stator and rotor
parameters like flux, current helps in achieving better
performance during transients. The DC offset stator 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 equations
4 to 8 helps in understanding DFIG behavior during
transient conditions and accuracy of its working depends on
the measurement of rotor current and flux parameters.

The GSC controller design in MATLAB is shown
in Fig. 1b. For particular wind speed, reference or optimal
mechanical power from the turbine is estimated using a
characteristic lookup table. The stator real power (Psior) 1S
measured and power error is the difference between these
two powers (dP) which has to be maintained to zero using a
PI controller. The PI output is then multiplied to the real
power constant (K;) gives actual power to be controlled
after disturbance. The change in the square of the reference

(14b)
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capacitor voltage DC link (Vg ) and square of actual
capacitor voltage (Vq) is controlled by the PI controller for
reference controllable real power. The change in reference
to actual controllable power is divided with 2/3V to get d-
axis current near grid terminal (Igsrr). Change in Igdref* and
actual grid current Iy is controlled by Pl to get d-axis
voltage. For a better response during the transient state,
decoupled d-axis voltage is added as done 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 (V, =1)
or reference reactive power (Q, =0), actual stator voltage
Vs or reactive power Q is decreased by the PI controller
and multiplied with the reactive power constant (K,) for
actual reference reactive power recompense parameter.
From the equation (21), actual reactive power is designed
and this difference and actual reactive power compensating
terms and dividing with 2/3Vy, to get g-axis reference
current (Iqer). The difference in Iqer and lq is controlled
using PI to get reference g-axis voltage. To improve the
transient response quickly and to minimize steady state
error decoupled g-axis voltage to be added. Both d and g
axis voltage so obtained are converted to three axis ‘abc’
parameters with inverse Park’s transformation and this
voltage is given to the PWM controller for grid side
controller pulse generation.

3. DESIGN OF CONTROL CIRCUIT FOR STATCOM

The DFIG control circuits are shown in Fig.3 and the
interconnected grid with coordinated three levels
STATCOM is shown in Fig. 4. The background of the
design of STATCOM controller with dynamic control of
STATCOM ac and dc voltage, ac current with the design
choice of an inductor is described here. The outer control
loop is designed for control of real and reactive power flow,
while inner control loop is with the current control loop for
final dc and ac voltage control of STATCOM with PWM
controller. The proposed topology shares the common dc
link voltage across the capacitor of the back to back
converters of DFIG. As the converters for DFIG is of low
rating, the compensation of reactive power and stability can
be improved using this coordinated STATCOM. The
advantage of three levels STATCOM is, a more sinusoidal
current waveform can be injected at the PCC compared to a
two level one. The STATCOM control strategy is shown in
Fig.5. The three level STATCOM current injection and ac
and dc voltage control equations are derived as follows. The
source voltage Vg in terms of STATCOM current i, and
dc voltage across the three levels STATCOM capacitor Vg,
is given below.



di
[ —abe 15a
pm (15a)

Vv _Riabc +Vchabc -

sabc —
In this, R and L are resistance and capacitance of coupling
inductor of STATCOM and Mgy, is duty cycle modulation
index. The equation (15a) is represented in terms of
dynamic injecting current as

dlsabc - RIabc _Vsabc + Vchabc

dt L L L

(15b)

The dynamic equation in rotating 2 axis d and g axis
reference frame of equation (15B)

diy _ —Riy +a)iq—\@+M (16a)
dt L L L
di. —Ri Vs. V, M
o _ “p iy ——3 429 (16b)
dt L L L

where id and iq are direct (d) axis and quadrature (q) axis
currents of STATCOM. Similarly My and Mg are d and q
axis modulation parameters of STATCOM which describe
the switching period of VSC. The dq axis current can be
simply written as

- _ G(9)G,(9)

= , 17
“1+G,(5)G,() )
1 1
where G,(s) = Ky, + ——— and G,(s) = R
57 Tuq S+ I

The reference d and q axis currents i, and i; can be written

as and equivalent circuit control is in Fig.3. This is the inner
and faster control loop control design of STATCOM

iy =PIV, =Vie) = K, (Vi = Vie) + K [ (Ve = Vi)t

(18a)
iy = Vgo = Vi) * G(8) * G, () (18b)
i; = (Vl* _Vl) * Gs (S) * Ge (S) (18c)

where G,;(s) = K, + L and
s*t,

Kyzgs +1

G4(s) = R
s’z +s(K, +I)Td +1

and

and G.(s) =K +
5() q S*Tq

Kzs+1
Ge(s): e

s’z +S(K, +|E)rq +1

The PI represents proportional and integral controller for
closed loop system with the constants K,and K;tuned using
pole placement or trial and error method based on the
designer’s expertise in tuning PI controller. The dc, d and g
axis proportionality constants are Ky, Kq, Kq and time dc, d
and g axis constants are T4, Tq and 1. The STATCOM
controlled voltage in terms of d and q parameters are

Vig = L(K, (55 — i) + K, [ iy —i,)dt)- coli, +V,, (192)
Vi, = LK, Gi; —i,) + K, [ (] —ig)dt)— i, +V,,(19b)
The dynamic dc voltage across three level STATCOM VSC

and the choice of ac side coupling inductor design is given
below

dVdcz_gvdc _ide _iqu (20)
dt C,R, 3 3
X pa = e~ Msp (21)
Msb
dV:Iqx 1 idqx
g »
K, +1 i

2 - R
; Y e L s, +8(K, + L)r.,+l
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Fig.3. equivalent circuits of current and voltage controllers

The controller works on the principle of PQ control
theory. The reference voltage and current are taken from
PCC where reference real and reactive powers are
extracted. Using 1st order transfer function model, direct
and quadrature axis currents are derived from real and
reactive powers. The instantaneous real and reactive powers
can be expressed

P =V,i, +Vyi, + Vi,
{ _ [V =i+ (Vp=Ve)ig +(Ve=Va)ip] (22)
Q= 7
In two dimensional frames, the above equations can be
represented as

{P = Vyalgra + Vyqlgrq (23)
Q =Vyqlgr.a = Vgalgrq
In matrix form the two equations can be written as
oH, vl @
Ql 1=Vyq Voa qu/ v

lgr_d _ 1 gd " Vgq P
or [igr_q]_vgzd +Vg [ng Vga ] [Q] (25)
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By substituting the values of reference voltages and
powers, a first order transfer function can be obtained. This
transfer function helps in extracting reference d and q axis
currents. If there is a deviation in these reference currents,
STATCOM will inject or absorb current to or from the
system. In this Fig. 5, X is reactance and K is the
instantaneous value of the voltage of STATCOM, E is the
voltage at reference bus, Vy and V, are direct and
guadrature components of STATCOM. The transfer
function is used to convert current to voltage parameters.
Hence reference d and q axis reference voltage are derived.
These d and g axis voltages are converted to three phase by
using inverse Park’s transformation with the help of phase
locked loop (PLL). Based on equation (13), voltage in
capacitor is converted to current by STATCOM. In this
equation a refers to voltage angle at STATCOM bus and 0,
is phase angle produced by PLL.

If the feedback is positive, STATCOM will inject
current, else will absorb current from the system. The
energy stored in DC link capacitor is used for injecting
current into the system. These three phase voltages are
given to PWM pulse generator to generate pulses to the
IGBT module. Thereby voltage at reference bus can be
maintained constant.

The DFIG wind turbine system layout with
STATCOM connected at Point of Common Coupling
(PCC). Pitch controller is used to extracting maximum
power from wind turbine during steady state by adjusting
turbine blade angles and referring optimal rotor speed to
Rotor side Converter (RSC) RSC controller. The
STATCOM will inject current at required phase angle to
compensate real and reactive power. The role of RSC, GSC
was explained in brief in the next section.

— —
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T
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Fig.5. Block Diagram of three levels STATCOM controller



4. Result Analysis

In this, a general system was considered as shown
in Fig.3. The DFIG is driven by a wind turbine and electric
power from the generator is pumped to the grid for meeting
a different loads requirement. The RSC is designed with
EFOC technique to enhance operation during grid fault and
has better dynamic stability features than a conventional
FOC [6]. The role of RSC is to extract maximum power
from the wind turbine, so the generator is made to rotate at
that optimal speed by adjusting gear wheels between
generator and turbine shaft. Another role of RSC is to
improve the reactive power requirement during any
abnormal situations like faults. The excess reactive power is
supplied by RSC using the capacitor bank at RSC end and
accuracy and fastness depend on the control strategy.

The GSC of DFIG has two main functions. One
function is to maintain nearly constant voltage profile at DC
link capacitor so that voltage at the point of common
coupling (PCC) will also have a same value. The other
function is to supply or absorb rapidly required reactive
power. The GSC is also designed to bypass surge current to
the converter terminal and stored in capacitor bank and to
re-inject the excess power when fault gets relieved. In doing
so, the fault current will not reach stator and from there to
the rotor and hence GSC will protect the generator two
windings.

Since the GSC and RSC are designed to a nearly
35% rating of stator terminals, the capability of reactive
support will not be very high. If an external device which
can support reactive power can help in compensating
voltage dip and can improve current flowing capability
from the generator during grid. Hence for the external
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Fig. 6a (i) without STATCOM

8

reactive power support, a STATCOM is used. There are
three cases studied in this section in comparison without
and with STATCOM and the cases is, case A- single line to
ground fault (SLG fault), case B- double line to ground
fault (DLG fault) and case A- triple line to ground fault
(TLG fault) with faults occurring at PCC during 0.7 to 0.8
seconds. The results can be compared with [28, 5] without
STATCOM and [15] with STATCOM.

Case- A: Single-phase to ground fault (SLG)

A single-phase to ground (SLG) fault on ‘A’ phase
ocured at point of common coupling near grid terminal with
fault resistance of 0.001Q during 0.6-0.9 seconds for the
test system considered as shown in the Fig.3. Due to the
fault with low resistance, A phase current at terminals like
rotor, stator, grid side converter (GSC) and at the grid were
decreased and the waveforms without STATCOM and with
proposed EFOC technique is shown in Fig.6a(i). Compared
to previous techniques, stator and rotor currents are
maintained at certain value with proposed technique.
Initially without fault, rotor and other parameters are having
value of 1per unit (pu) and during fault, there is an increase
in current magnitude to 1.2pu and with harmonics, still
maintaining nearly sine waveform. At stator terminal, fault
phase current increased slightly to 1.1pu and healthy two
phases current are nearly constant. Similarly GSC terminal
injecting current in two healthy phases decreased to 0.6pu
and the fault phase is constant. At grid terminal, healthy
phase current is constant fault phase current decreased to
small value at 0.3pu. For system in [28], these current
waveforms decreases to a very small value and takes time
to get settled after relieving from fault.
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Fig.6a Rotor, stator GSC and grid terminal current waveforms with EFOC technique with SLG fault



With the aid to proposed control EFOC strategy,
a three level STATCOM is in coordination with the
present system to improve LVRT issue for grid
connected DFIG system during the severe disturbance. It
can be observed that with three levels STATCOM, all
the terminal currents like the rotor, stator and grid
converter and at grid terminal are maintained constant
during and after the fault as shown in Fig.6a (ii). The
STATCOM current that phase increased to 0.45pu
from0.4pu to compensate the decrease in current and to
supply reactive power during the fault.

The DC capacitor voltage in volts and rotor
speed and torque in pu without STATOM and with
STATCOM are shown in Fig.6b. Without STATCOM,
the DC link voltage decreased from 830 volts to 800
volts during fault and then increased to 835V at the

DC Capacitor Voltage

C
) O
=

o P rete,

L S

Vobage (Voks
o o
o O
8 O

Hotor Speec

<L
N
N

B e -

Speed pu)
N
|
\
|
]
1
|

-
2

e
cw

Towue [pa)
- a
:

-
m.‘...

. B T

" B anasaaisn k“%‘*m**wnu‘u NAZM rv“ ety

By

Togefpul

0,4 0.6

time (sec)

Fig. 6b (i) without STATCOM

DE! 1 1

,.\

instant after fault and maintained the same 830V from
then. The rotor speed with an initial value of 1.95pu
increased to 1.21pu during fault and then reached to
1.2pu and maintained constant with the EFOC technique
without STATCOM as in Fig.6b(i). The torque output
from generator has ripples during fault and changed its
value from -0.8pu to average of 0.5pu during fault and
reaches its pre-fault value immediately after the fault
was cleared.

In the same system with the same fault but with
STATCOM as in Fig.6b (ii), the DC link voltage at
back-to-back converters of DFIG was maintained
constant at 800 volts during and after the fault. This is
due to the fast action of STATCOM for reactive support
and also because of higher rating of STATCOM DC

capacitor values.
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Fig.6¢c Rotor, stator GSC and grid terminal voltage waveforms with EFOC technique with SLG fault

The rotor speed has a very small change from
1.197 to 1.202pu during fault and can be said to be
constant with STATCOM based system. The

electromagnetic torque (EMT) of DFIG is initially at -
0.8pu and decreased in magnitude to nearly 0.7pu with
lesser ripples compared to the system without



STATCOM and also has better stabilization once fault
was eliminated. The same system with SLG fault with a
conventional controller will have large torque pulsations,
uneven decrease during fault and surge voltage produced
when the fault was cleared. However, with EFOC, the
performance is better and is better with STATCOM.

The rotor terminal voltage, stator, grid side
converter (GSC) and grid terminal voltages in pu
without STATCOM and with STATCOM are shown in
Fig. 6¢. The rotor and GSC voltages are nearly constant
without STATCOM as in Fig.6¢ (i) during and after the
A-phase to ground fault. The fault occurred at grid
terminal, so that phase voltage decreased while
maintaining two healthy phases waveform remained
nearly constant but with a small change in phase angles.
Since stator is directly connected to the grid, the effect of
fault will have an impact on the stator, but with proposed
control scheme, the voltage still maintained at 0.45pu
from 0.8pu. With conventional control scheme, it
decreased to much lower value at 0.2pu without
STATCOM.

The voltage waveforms for same parameters
with STATCOM is shown in Fig.6c(ii). The rotor and
GSC voltages are constant during and ate fault, the stator
and grid terminal voltages changed during fault and the
STATCOM voltage waveform changed. There were very
fewer papers in the literature to study the machine and
terminal voltage behavior during faults. Hence this paper
will lay a small step towards the analysis and be
understanding the voltage waveforms during and after
the fault. For the STATCOM system, if passive filters
were used, the waveforms will get much more sine
waveforms.

Maintenance of stator and rotor voltage and
current waveforms during and after faults helps in
improving stability, reliability, performance and lifetime.
Hence proposed EFOC technique can do so effectively
meet recent grid codes and further the improvement was
made with STATCOM. It can also be understandable
that, asymmetrical faults results in large torque
pulsations, deviation in rotor speed, flushing of large
current harmonics in stator as well as rotor terminals and
finally decrease in performance during faults.

Case- B: Double Line to Ground fault (DLG)

A two or double line to ground fault (DLG)
between A-B and ground is expected to arrive at PCC
during the same time from 0.6 to 0.9 seconds with same
fault resistance of 0.001Q is considered in this case
study. This fault is more severe than SLG fault because
of the decrease in voltage value in two phases. However,
occurrence is lesser than SLG fault in practical systems.
Due to the fault with the low resistance of 0.001Q, A
and B phases current at rotor, stator, grid side converter
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(GSC) and at the grid terminals decreased and the
waveforms without STATCOM and with proposed
EFOC technique shown in Fig.7a(i). Compared to
previous techniques, stator and rotor currents are
maintained at a certain value with proposed technique.
Initially, without fault, rotor and other parameters are
1pu without fault and during the fault, there is an
increase in current magnitude to 1.8pu in two phases
(red and blue) and with harmonics, still maintaining
nearly sine waveform. At stator terminal, fault phases
current increased to 1.2pu and the healthy phase current
decreased to 0.9pu. Similarly GSC terminal injecting
current in all phases decreased to 0.5pu and during the
fault. At grid terminal, healthy phase current decreased
to 0.8pu during fault and the faulty phases current
decreased to a value at 0.25pu. For a conventional
system [28, 5], these current waveforms decrease to a
very small value and take a time to get settled after
relieving from fault.

With proposed EFOC strategy and a three level
STATCOM, with the performance for LVRT issue for
grid connected DFIG system during severe disturbance
like DLG was analyzed. It can be observed that with
three levels STATCOM, all the terminal currents like the
rotor, stator and grid converter are maintained nearly
constant during and after the fault as shown in Fig.7a
(ii). The stator terminal current increased from 1puto 1.1
at the instant of fault occurrence and reached steady state
easily and even during the fault. The GSC terminal
current in healthy phase is constant at 1pu and in faulty
phases, it decreased to 0.5pu during DLG fault. The
STATCOM injecting current the two phases increased to
0.55pu from 0.4pu to compensate the decrease in current
and to supply reactive power during the fault.

The DC capacitor voltage in volts and rotor
speed and torque in pu without STATOM and with
STATCOM are shown in Fig.7b. Without STATCOM,
the DC link voltage decreased from 830 volts to 780
volts during the instant of fault and increased to 910V at
the instant after fault and reached steady state at 1.14s at
830V from then. The rotor speed with an initial value of
1.95pu increased to 1.21pu during fault and then reached
to 1.2pu and maintained constant with the EFOC
technique without STATCOM as in Fig.7b(i). The
torque output from generator has ripples during fault and
changed its value from -0.8pu to average of 0.25pu
during the fault and reaches its pre-fault value
immediately after the fault was cleared. The lowest value
of torque pulsation surges is Opu with variation up to -
0.8pu during fault. The system with the same type of
fault reaches to zero average value in Fig. 7b (ii) in [28].
Hence proposed system has better capability to
withstand DLG faults also.
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For the same system with the same fault but with
STATCOM as in Fig.7b (ii), the DC link voltage at
back-to-back converters of DFIG was maintained
constant at 800 volts during and after the fault. The rotor
speed has a small change from 1.197 to 1.21pu during
fault without STATCOM and to 1.22pu speed with
STATCOM based system. The electromagnetic torque
of DFIG which is initially at -0.8pu and decreased in
magnitude to nearly -0.5pu with lesser ripples compared
to a system without STATCOM and also has a quicker
response once fault was cleared. The same system with
DLG fault with a conventional controller in [28, 15] are
having large torque pulsations with average zero torque
value during fault and surge voltage produced at the
instant when the fault was cleared. But with EFOC, the
performance is better and is can be improved more
effectively with three level STATCOM.

The rotor terminal voltage, stator, grid side
converter (GSC) and grid terminal voltages in pu
without STATCOM and with STATCOM are shown in
Fig. 7c. The rotor and GSC voltages are nearly constant
without STATCOM as in Fig.7c (i) during and after the
A and B phases to ground fault. Since stator is directly
connected to the grid, the effect of fault will have an
impact on the stator, but with proposed control scheme,

the stator voltage still maintained at 0.45pu from 0.8pu.
With conventional control scheme, voltage decreased to
much lower value at 0.2pu without the three level
STATCOM. The compensation in voltage at different
terminals without and with STATCOM is nearly same as
in Fig.7c (ii). The introduction is to damp torque
oscillations, control stator and rotor terminal currents
and to improve real and reactive power flow from the
generator to a grid so as meet desired load requirements
effectively.

Case- C: Three-Lines to Ground fault (TLG) or
symmetrical fault.

The most severe and rare occurrence of fault is
Triple line to ground (TLG) fault. It is also called as
symmetrical fault due to balanced (symmetrical) change
in voltage and current waveforms. Depending on fault
resistance the voltage and current at generator terminal
decrease. For a very small resistance fault, the stator
voltage and current sometimes reache zero magnitudes
and results in very small flux and much increase in rotor
speed during the fault. Mostly, relays protect the system
from getting damaged, however, reliability will be lost.
If the dynamic stability of DFIG is improved, it stays in



synchronism during and after the fault. For this EFOC is
an excellent alternative.

The rotor and stator current waveform decreased
from 1pu to 0.88pu and 0.65pu during fault without
STATCOM as shown in Fig. 8a(i). Once fault was
relieved, there is a faster stabilization in all three phases.
A small sub-transient was observed in different phases at
instants of fault occurrence and clearance.lt is due to the
residual voltage not being zero or high at that instants.
So, there is an increase in sub-transient current those
phases. The GSC terminal and grid terminal current
were reduced to a very 0.4pu during fault due to the low
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resistance of ground to phases. For the same system with
STATCOM, rotor current is improved a little compared
to the system without STATCOM with a value of 0.92pu
and much quicker stabilization of rotor current after the
fault. The stator current is also at 0.9pu during fault and
the magnitude of sub-transient currents are very low
with STATCOM. The grid and GSC terminal currents
remaining same at 0.4pu even with STATCOM as in
Fig. 8a(ii). The STATCOM injecting current is from
0.5pu to 0.8pu during the fault, so as to compensate the
dip in rotor and stator current referred at PCC.
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Fig.8a Rotor, stator GSC and grid terminal current waveforms with EFOC technique with TLG fault

The dc capacitor voltage in volts and rotor speed
and torque in pu for a three phase to ground fault (TLG)
at PCC without STATOM and with STATCOM are
shown in Fig.7b. Without STATCOM controller, the DC
link voltage decreased from 830 volts to 710 volts
during the instant of fault and increased to 1000V at
fault instant and reached steady state at 1.15s at 825V
from then. The rotor speed with an initial value of
1.95pu increased to 1.218pu during the fault and then
reached to 1.216pu and maintained nearly constant with
the EFOC technique without STATCOM as in Fig.8b (i).
The torque output from generator has ripples during fault
and changed its value from -0.8pu to average of -0.15pu
during the fault and reaches its pre-fault value in 1.14

seconds after the fault was cleared. The lowest value of
torque pulsation surges is -0.05pu with variation up to -
0.8pu during fault. Hence proposed system has better
capability to withstand DLG faults also.

For the same system with the same fault but with
STATCOM as is shown in Fig.8b (ii), the DC link
voltage at back-to-back converters of DFIG was
maintained constant at 800 volts during and after the
fault. The rotor speed changed from 1.197 to 1.216pu
during fault without STATCOM and to 1.226pu speed
with STATCOM controller. The electromagnetic torque
of DFIG which is initially at -0.8pu and decreased in
magnitude to nearly -0.25pu with lesser ripples and
settled at 1 second when the fault was cleared, compared



to the system without STATCOM and also has faster
dynamic response during and after the fault. The same
system having TLG fault in [5] are having large torque
pulsations with average zero torque value during fault
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and surge voltage produced at the instant when the fault
was cleared. But with EFOC, the performance is better
and is can be improved more effectively with three level
STATCOM.
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Fig.8c Rotor, stator GSC and grid terminal voltage waveforms with EFOC technique with TLG fault

The rotor terminal voltage, stator, grid side
converter (GSC) and grid terminal voltages in pu without
STATCOM and with STATCOM are shown in Fig. 8c. The
rotor and GSC voltages are nearly constant without
STATCOM as in Fig.8c (i) during and after the A -B phases
to ground fault. With the proposed controller, the stator
voltage still maintained at 0.45pu from 1pu as in Fig. 8c
(ii).

The EFOC technique and STATCOM can operate
effectively with both symmetrical plus asymmetric faults
with rapid controlling action and much better performance
during and after the fault. The dynamic and transient

stability and also power transfer capability can be enhanced
with the proposed system. The results presented in this
paper are better than the results available in the literature [1,
9 and 13]. The stator and rotor currents are less than 2pu
during faults, torque is not reaching zero and oscillations
died quickly. Speed increase during faults is very low, DC
capacitor voltage rise during and after the fault clearing is
also very much within limits with proposed coordinated
three level STATCOM strategy compared to the literature.

5. Results Discussion
A conventional DFIG system connected to the grid was
considered and three different cases of faults are analyzed



without and with three level STATCOM. The three cases
are an asymmetric fault (SLG, DLG) and symmetric fault
(TLG) faults taken place at PCC during 0.6 and 0.9 seconds
with fault resistance of 0.001 ohms. The drop in rotor
terminal current during any type of fault remained nearly
constant during fault during asymmetric faults and stator
current dropped to half during the symmetric fault and
maintained near to 75% current magnitude in stator during
DLG fault. With proposed EFOC technique, rotor current in
any case of a fault is not getting to zero value, but stator
current decreased as it is directly connected to the grid and
has higher impact during grid symmetric faults. With the
three level STATCOM, the drop in rotor current was
minimized, DC link voltage at back-to-back of DFIG
converters was maintained constant, electromagnetic torque
drop and pulsations were controlled. Stator terminal current
was limited to half value from not getting to zero during a
severe grid fault. The grid voltage and current decreased to
a less than half the value during symmetric fault and half of
its pre-fault value for asymmetric fault during fault without
STATCOM and can be recovered from falling by using
STATCOM.

In all the cases, rotor speed remained constant from
being deviation during the fault. The drop in DC link
voltage at back to back converters of DFIG increases with
increase in phases to ground fault and also post-fault
recovery takes place with a small surge in voltage. The
decrease in DC link voltage can be minimized and hence
PCC voltage can be improved by using STATCOM. The
electromagnetic torque output from DFIG is having more
oscillations and reaches slowly to steady state with
asymmetric faults than with symmetric faults due to
symmetric decrease in flux value and recovers very rapidly
without fluctuations. With proposed EFOC control
strategy with coordinated STATCOM, there is a much
better compensation in stator and rotor voltage and current
compared to literature. The damping of EMT during the
fault is better and it is not getting to zero Nm or lower
magnitude value with proposed control scheme. The rotor
speed is also within limits and maintained at a particular
speed during the fault. Whereas in the conventional
technique, EMT will have high-frequency oscillations with
speed go on increasing during the faut. The dacay in the
flux is also controlled by not going to decay much further,
is achieved by changing the reference synchronous speed
value as described in the flow chart. The above all are the
major contributions to the proposed strategy.

The post-fault recovery in machine voltage and
current took place with small surges in voltage. The
decrease in DC link voltage are minimized and hence PCC
voltage was improved using EFOC technique with FC.
The electromagnetic torque output from DFIG have fewer
oscillations and reached immediately to steady state even
during faults and also after fault clearing. There are few
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surges in torque and current at starting and clearing of
faults. It is due to a symmetric decrease in flux value and
with the proposed EFOC it recovers very rapidly without
any fluctuations.

6. Conclusion

With conventional control scheme, voltage decreased to
much lower value at 0.5pu without STATCOM. The
compensation in voltage at different terminals without and
with STATCOM is nearly same. The introduction is to
damp torque oscillations, control stator and rotor terminal
currents and to improve real and reactive power flow from
the generator to the grid so as meet desired load
requirements effectively. With proposed EFOC control
strategy, there is a much better compensation in stator and
rotor voltage and current compared to literature. The
damping of EMT during the fault is better and it is not
getting to zero Nm or lower magnitude value with proposed
control scheme. The rotor speed is also within limits and
maintained at a particular speed during the fault. Whereas
in a conventional technique, EMT will have high-frequency
oscillations with speed go on increasing during the faut.
The main advantages of this method is DC offset current
components are minimized to very small quantity and
oscillations in torque and speed are also damped quickly.
The stator and rotor currents are non- zero or huge values
during any type of fault.

The DC offset of flux is also controlled by proposed
system. In the system designed for both with LVRT, stator
and rotor current decays to a very small value such that
reaching its pre-fault after clearing the fault takes more time
for a conventional system. But for our system, stator and
rotor currents remain almost constant for 50% dip in grid
voltage. The post-fault recovery in machine voltage and
current are taken place with small surges in voltage. The
decrease in DC link voltage is minimized and hence PCC
voltage was improved using EFOC technique.

Thus our proposed system will follow modern grid
codes very easily and even can be suitable for very harsh
over voltage system. It does not require any additional
reactive power sources like FACTS devices or energy
storage devices. A conventional controller like Pl with fast
acting relay and converters are needed for RSC and GSC to
enhance the system behavior during HVRT for proposed
EFOC technique. With proposed EFOC control strategy,
there is a much better compensation in stator and rotor
voltage and current compared to literature. The damping of
EMT during the fault is better and it is not getting to zero
Nm magnitude value with proposed control scheme. The
rotor speed is also within limits and maintained at a
particular speed during the fault.

The decay in the flux is also controlled by not
going to decay much further, is achieved by changing the
reference synchronous speed value as described in the flow



chart. The above all are the major contributions to the
proposed strategy.

APPENDIX

The parameters of DFIG used in simulation are,

Rated Power = 1.5MW, Rated Voltage = 690V, Stator
Resistance Rs = 0.0049pu, rotor Resistance Rrl = 0.0049pu,
Stator Leakage Inductance LIs = 0.093pu, Rotor Leakage
inductance LIrl = 0.1pu, Inertia constant = 4.54pu, Number
of poles = 4, Mutual Inductance Lm = 3.39 pu, DC link
Voltage = 415V, Dc link capacitance = 0.2F, Wind speed =
14 m/sec.

Grid Voltage = 25 KV, Grid frequency = 60 Hz.

Grid side Filter: Rfg=0.3Q, Lfg=0.6nH

Rotor side filter: Rfr = 0.3mQ, Lfr = 0.6nH

STATCOM: capacitance= 0.1F, transformer-690/440V,
50kVA rating, PWM frequency=2kHz.
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