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Abstract- Doubly Fed Induction Generators are mainly used in the wind applications. In this paper, a new method for reactive
power compensation in wind farms is proposed by using DSTATCOM with the Kohonen Learning neural network (KLNN)
based control algorithm. In the proposed control strategy, instantancous PCC voltages and load currents will be taken into
account to estimate the load conductance and susceptance. KLNN will give the required load conductance and susceptance to
estimate the reference supply currents. DSTATCOM will be operated as per these reference supply currents. Reactive power
compensation will be achieved with the combination of KLNN and DSTATCOM. The proposed approach was examined in the

Simulink model in MATLAB.
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1. Introduction

Energy planning involves finding a variety of sources to
meet energy needs in the most reliable way. Being a cheap
and clean source of energy, wind energy is one of the
technologies. Wind farms are dominated by the doubly fed
induction generator (DFIG) compared to SCIG due to the
greater advantages. Speed can be varied with DFIG, but this
requirement is not met with SCIG [1].

The distribution system has mostly non-linear loads and

devices are extremely sensitive to deprived voltage quality.
Reactive power is used in the inductive and capacitive loads
[2]. Considerable reactive power flows throughout a power
system is replicated in voltage variations at the point of
common coupling because of the reactive impedance of the
system.
Power Quality is deteriorating due to the increased use of
reactive energy. The growth of fast and reliable
semiconductor devices has introduced new electronic power
configurations to the responsibilities of power transmission
and load flow control. FACTS systems have fast and precise
control over transmission parameters [3].

Among the different types of FACTS devices,
DSTATCOM is too visible and could be an economical
solution to compensate for the reactive vars and unbalanced
load on the distribution system. DSTATCOM eftectively
feeds a current into the system to determine the power
factor, reactive vars compensation and harmonic reduction

[4]-[6]. Another advantage is the reactive power fed in is
independent of the mains voltage at the PCC [6]-[9].
Different types of loads occur in the system. Power supply
quality anomalies related to non-linear loads include load
imbalance, harmonics, power to weight with high reactivity
and voltage fluctuations [10].

Unbalanced and nonlinear loads connected to a four-
wire three phase distribution system, which encounters a
higher neutral current consisting of fundamental and
harmonic frequency components, lead to an overload of the
neutral conductor. To compensate for the neutral current,
there are different strategies with the help of the use of
magnets [11]. In this application, the three-legged VSC
(DSTATCOM) is used in conjunction with the transformer
connected to T, due to the facets of this configuration. The
rating of the transformer connected to T is much lower and
also requires two one phase transformers [12].

The 3-leg VSC based DSTATCOM is employed for this
application, it implemented by using IGBT’s.
DSTATCOM's efficiency relies on the algorithm of control
used to reap reference currents. There are several types of
control algorithms for the DSTATCOM. The different types
of control techniques are: PWM, Synchronous PWM,
SPWM [13], SVPWM [2], d-q theory, synchronous
reference frame, Phase shift control, instantaneous reactive
power theory and Neural Network based control algorithms
[BP, Hopfield and etc.]. Abhishri Jani and Elijah Toppo
have described a control algorithm based on synchronous
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PWM[13], Adeesh Sharma and Himmat Singh have
investigated control technique based on Space Vector
PWM]2], N.H. Baharudina, S.I. Syed Hassan, illustrate the
different control algorithms based on NN[14]. Research has
shown that neural networks (NN) have the functionality to
improve control of the electronic feeding device; therefore,
NN with Kohonen Learning Algorithm has been used in this
work. The DFIG applications and details are given in [15]-
[20].
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Fig. 1: Equivalent circuit diagram of DFIG for modelling.

As mentioned in the literature survey many control
strategies were used to implement the reactive power
compensation but in those, reference components taken
from the rated values are taken from the desired operation
codes. But here these reference values generated from the
fundamental parameters; conductance and susceptance.

In this article, an algorithm is implemented that was
initiated when evaluating load conductivity using NN in a
three-phase DSTATCOM to improve power quality. The
algorithm is replicated as Kohonen learning or Kohonen
feature maps. This extracts the basic component of the load
currents (conductivity and susceptibility). A weighted value
for the conductivity or susceptance of their grouped values
is proposed, which coincides with the input conductivity,
which comes extremely close to the real value as
conductivity extraction or susceptance in signal processing
for evaluating the reference supply current. This algorithm
is best suited for circumstances in which the periodicity of
the charges is not constant or the charging currents often
vary. This is based on a solid basic circuit theory than the
other old-style NN algorithm. This is adopted as follows to
meet the proposed control strategy.

For implementing proposed control strategy, initial
instantaneous voltages at the point of common coupling is
taken and split them into p, q components and parallelly
load currents taken. Using these p, q voltages and load
currents, instantaneous values of actual load conductance
and susceptance are determined. These given to Kohonen
Learning algorithm to estimate the required or desired load
conductance and susceptance in turn to estimate the
reference supply currents.  With the KL NN given
conductance values, p-components of reference supply
currents and from the susceptance values, g-components of
reference supply currents were determined. From these two

components reference values of supply currents generated.
These ref. Supply currents used to control the DSTACOM
to regulate the reactive power in the need [28].

This paper is organized as follows. Modelling of DFIG
and D-STATCOM is explained in section 2. Section 3
describes the Modelling and working procedure of Kohonen
Learning Neural Network control algorithm. Grid connected
mode and islanded mode of operation with linear and non
linear loads results are described in section 4. Finally,
specific important conclusions of this paper are drawn in
section 5.

2. DFIG and D-STATCOM Modelling

2.1. DFIG Modelling:

Wind energy from wind turbines is transferred into
mechanical power through gear box. This mechanical power
is converted into electrical power by means of generator.

DFIG is similar to AC generator but can operate above
and below the synchronous speed. It consists of two
windings; stator and rotor windings. DFIG Stator is directly
connected to the load or grid and rotor windings are
connected to the load or grid through back to back Voltage
Source Converter. These back to back converters control the
rotor and grid currents. The equivalent circuit of DFIG in d
and q axes are shown in fig. 1. Eq. (1) to Eq. (5) are useful to
model the DFIG.

Stator Voltage:

d S
Vas = Relys — WsPgs + z? (1
dpgs
V;;s = Rslqs + WsPgs + d: (2
Rotor Voltage:
doar
Vdr = erclr - Sws(pqr + % (3)
dogr
V;;r = erqr + Sws(pdr + cl_Z (4)
The electromagnetic torque is expressed as:
3
T, = Enp(t‘udslqs - l’quIcls) Q)

Where Ls = Lis + Lm, Lr = Lir + Lw and Sw; = ws — w;, Ly,
is mutual inductance. Suffixes s, r, d and q are stator, rotor,
d-axis and g-axis respectively. In order to control the wind
turbine output power, the rotor-side converter is used. The

rotor-side converter reference current is given by
2T, 6)
3npLm¥s

Where n,, is no. of pole pairs. The stator-side converter

(Grid-side converter) is primarily used to maintain DC-link
voltage [12]-[14].

Iclr—ref =

2.2. D-STATCOM Modelling:

A DSTATCOM based Voltage Sourced Converter
(VSCO) is linked to 3-phase ac mains feeding three-phase
linear/ nonlinear grid impedance loads [21]. The device is
realized the use of six IGBT switches with protecting anti-
parallel diodes. In tandem with the load and the compensator,
an RC filter is connected to the system in order to lessen
converting ripples in the PCC voltage added by
DSTATCOM switching. Interfacing inductors are employed
on the AC side of Voltage Source Converter to limit ripples
in current compensation the equivalent circuit for
DSTATCOM is shown in fig .2 From equivalent circuit
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diagram the differential equations for three-phase are given
by

iz')a . iz')a (v£a - vz;a)

da|. —“Rpw ' '

dat Lp| = f—’pB Lpb + (Z_: (vib - vpb) (7)
ipe ipe (Vic = Vpc)

where i is the base value, wp is the angular speed at
normal frequency. The system is represented as a voltage

source (Vpq, v;,, & v;, ) and is connected to the load through
the L and R' , which models the losses of the magnetic
couphng circuit. DSTATCOM current is denoted as L . The
DC circuit is characterized by a current source i, 11nked to
e L 0 0
. Lp
i ,
T 0 “Rpos 0
aflpp | _ Lp
at iz';c 0 0 M
’ Lp
Vic
| kpwpCSq kywsC'Sy  kpwpC'Se

DSTATCOM|

Fig. 2: Equivalent circuit diagram of DSTATCOM.
The DSTATCOM modelled in d-q reference frame is given

wB (vlgd - vz’)d):l (1 1)
at iy —Rpr Ly (Vig — Vpq)
From power balance equatlon

3
ige = > (kpSaipa + kpSqipg) (12)

-connected
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Fig. 3: Proposed Block Diagram.

3. Proposed Control Algorithm

Fig. 3 shows the Block diagram of proposed circuit.
Fig. 4 shows the block diagram for extraction of reference
currents based on load conductance and susceptance. Three
phase VSC based DSTATCOM is employed for this
application. PCC voltages (vsq, Vsp, Vse), load currents
(i ip» irc) and the dc link voltage (v,.) are required for
this algorithm to extract currents (igz", is,", isc ). Band Pass
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the lumped capacitor C . R, indicated semi-conductor and
DC-circuit losses.

The DC side current can be given by

i), = ﬁdgf + ';;i (8)

Eq. (9) gives the dc side power of the converter which
always equal to the power on the AC side.

vdcldc - vpa pa + vpblpb + vpc pc (9)

Eq. (10) indicates the modelling equations of the
DSTATCOM.
—kpwp T

sl
~kpwp pa Vig

L Sb i'b w ‘U-’

P e (10)
_kp,wBSC ch Ly Vi,

L. ’

14 vdc 0

wpC

Re

(BP) filter eliminates the noise and harmonics existing in the
PCC voltages in case of distorted ac mains. To limit the
disturbances in PCC voltages, these are processed through

LPF as

o= (205 @
o= [2(2) s
o= () s

where: vy, = Vi, sinwt; vy, = Vg, sin(wt — 27/3), v, =
Ve sin(wt — 47/3).

Via» Vip and V.. are the constant PCC voltages. These
voltages are bought by means of processing through the LPF.

_ Vsa __ Vsp _ VUsc
Ugp _E'ubp _V_tb'ucp _E (16)
The magnitude of v, at PCC is calculated as

_ Vsa 2 +vsp 2 +Usc2

- \/ [2 ( 3 )] 7

vl val vl
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Fig. 4: Estimation of reference supply currents using load
conductance & susceptance.
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The PCC voltages have fundamental negative sequence
voltage due to this the amplitude v, may also have the
ripples in it. To gain the fundamental positive sequence
PCC voltages, the vy, is processed thru the LPF and is
represented with the aid of v,. Normally, apparent power is
calculated with the aid of the use of p;, q; is given by

Sa = Pta + Ata (18)
The g4, 95, and g, are calculated as given by

90 =05 (19)
9= (20)
9e =05 1)

where p;, = Vilgplia, Pep = Villpplop and p;, = Villeplpc-
To calculate the instantaneous basic values of the load
conductance’s (gq1,9p1,» Jc1)» the BPF currents and
voltages at the PCC are used. The G,,G,q,G.4 are
calculated by way of applying kohonen algorithm to g,, g5,
ge and 941, 9p1> 9o1- The fundamental load conductance’s
are updated at r'" sampling instant is given by

Gal = gal(r + 1) = gal(r) - T{ga(r) - gal(r)} (22)
Similarly, G,,&G.;. Where (g,—gqs) 1is non-
fundamental quantity present in the conductance.

The learning rate (t) rate of the algorithm decides its
performance. In this application the best value found is 0.11
and this may be varying between 0 and 1. After many
iterations, the unique values of G,,, G,;, G, are obtained.
The flow chart for the kohonen algorithm is given in the
following fig. 5.

Initialize the value of G5 and tau

at ' sampling instant

fga (1=
Ja1 (1)

( Initialize J )
Dy
( I J Yes
( Initialize K )
( K=K+1 )

[Calculation of error e(k)]

[ Obtain min. value of
e(k)
1a
A"
[ Calculate the conductance of ]

minimum error and update (tau)

Used for
S extraction of

reference supply
current

If Gaq=
a1 (r+1)=ga1 (r)

(731}

Fig. 5: Flow chart for phase “a” conductance.

If there are any unbalances in the load due to some
reasons, in this situation also want to sustain balanced source
currents for this purpose the G, is calculated and it is given
by

G, = Ga1+G§1+Gc1 23)

The difference between v,.* and v, are calculated and
it is used for error voltage at r'™ sampling instant is given by

Vae (1) = v4." (1) = v4.(r) (24)

The VSC dc link voltage is delimited with the aid of
capability of a PI controller. This Proportional Integral
controller placed in dc-link for voltage purpose, the output of
this utilized upholding DSTATCOM'’s voltage of dc-link is
given by
Dcp (r) = Pcp r—-1+ kdp{vde () — ver— 1} +
kaivae (25)

The pg,(r) is used as p, to keep away from difficulties
in calculations. These components are used for compensating
the active power losses present in the Voltage Source
Converter. The dc-link voltage controller output pg,
correspondent conductance (G,;) is calculated by using
below formulae

Gy =222 (26)

3v,2
The total conductance corresponding to the supply active
power is given by
Grp = Gq + Gy (27)
The in-phase extracted reference current components are
estimated as

lsap = GrpVilap (28)

lspp = GrpVilUpy (29)

Iscp = GrpVelUcy (30)

The quadrature unit templates are estimated as
(~upp+ucp)

Uag =5 | E3))
(3ua +uUpp—Uc

Upq = : 2\/b3p : (32)
(—3ua +Uppy—Uc )

Ueq = sz:p : (33)

The by, by, and b, are calculated as

_ Aqta . _ qtp . _ Atc (34)

T wa? P T w2 T e)?
where: q;q = Vilgglia Qb = Villpglry and Qec =
Vileqlyc-The susceptance (byy, byq, and bey) is calculated by
placing BPF in load side currents and the voltages at PCC.
The susceptance (Bgq,Bpi,B.1) are calculated by
applying kohonen algorithm to by, by, b, and byq, by, beq.
The fundamental load susceptance are updated at r™®
sampling instant is given by
Bal = bal(r + 1) = bal(r) - T{ba(r) - bal(r)}
By, = by (r + 1) = by, (r) — ©{b, (r) — by, (1)}
Bey = by (r+ 1) = bey (r) — o{b (r) —
by ()} (35)
where (b, —by,), (b, —by,) and
nonfundamental quantity of susceptance.
The flow chart for Kohonen algorithm training of phase “a”
is shown in fig.5. To calculate B,;, B,; and B, same
algorithm will be used. The B, is calculated as
_ Bait+Bp1+Bc1

BLl - < (36)

3

(b, — b,y) are

958



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH 959

P. Jyothi et al., Vol.10, No.2, June, 2020

Eq. (37) gives the error voltage (v,,) is calculated by
taking the difference of the v,*(r) and v.(r) at the r™
iteration or sampling instant.

Ve (1) = v, (1) — (1) (37)

Eq. (38) gives the PI controller output voltage p.,(r)
which maintains the PCC voltage at constant. Eq. (38)
written for the ' sampling instant.

Dcq (r) = Pcq r—-1+ ktp{vte (1) = Ve (r — D} kv (r)

(3%)
The (B,) related to p,, is calculated as
2pc
q = 3Utg (39)

The susceptance corresponding to the source reactive power
is given by

Byg =B, — By (40)
Eq. (41) to (43) shows the estimated quadrature components
of the reference source currents.

lsaq = BrqVilaq (41)
lshqg = BrqVilpg (42)
lseq = BrqVtlUcq (43)
The final extracted currents are given by

isa* = isap + isaq (44)
isb* = isbp + isbq (45)
isc* = iscp + iscq (46)

The estimated reference source currents and sensed
source currents are compared, the error is amplified through
the PI controller. The PI controller output is given as input
for PWM generator to generate triggering pluses for IGBT’s
of DSTATCOM. This method also known as indirect
extraction of current error components. In this method the
in-phase component of the reference source currents are
used in Power Factor Correction mode to trigger the IGBT
switches[22] & [24].

4. Simulation Outcomes and Analysis

The proposed controlling method has tested in
MATLAB/SIMULINK. The simulation has done for DFIG
based wind farm with grid connected mode and islanded
mode with linear and non-linear loads. The linear loads are
realized by using resistance (R) and inductance (L) and non-
linear loads are realized by introducing power electronic
devices (in this, diodes are used). The proposed control
algorithm for DSTATCOM has tested. The following fig. 6
shows the simulation diagram for linear loads in grid
connected mode.

4.1. Grid-Connected mode of Linear Load.:

Fig. 6 shows the simulation model for the linear
balanced loads. The DSTATCOM realized by IGBT’s
and interfacing inductor Ls,, is used for smoothing the
waveform. To filter out the ripples in the system the
resistance (Rg,) and capacitance (Cr,)are used. To
create the unbalance in the system phase “a” load is
removed at 0.151 sec. under this situation the supply
currents are balanced it can be observed from fig. 7.
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§£3

Source I =}
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_E,.é_.ﬁﬁJ

] T-Connected Transformmer

EEE
1 6%

DSTATCOM

Fig. 6: Simulation diagram of grid-connected mode for line
load.
The active power waveforms of DFIG, grid, load and

Coatrdller  oUTPUTS

DSATCOM are shown in above fig. 8. The active powers are
424 W, 160 W, 441 W and 143W of DFIG, grid, load and
DSTATCOM respectively. The combined active power of
wind turbine and grid is 584 W and the load required active
power is 441W and the remaining amount of active power
143W is utilized by DSTATCOM to provide reactive power
to the load.
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Fig. 7: Current waveform of grid-connected mode for linear
load. (a) DFIG current (b) Grid Current (¢) Load Current
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The reactive power waveforms of DFIG, grid, load and
DSATCOM are shown in above fig. 9. The reactive powers
are 0.04VAR, 0.01VAR, 161VAR and 160.95VAR of
DFIG, grid, load and DSTATCOM. The combined reactive
power of DFIG and grid is 0.05VAR. But the load required
reactive power is 161 VAR it clearly shown in the fig. 9. The
load required reactive power is given by the DSTATCOM
(160.95VAR).

420" 7
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340 L L L L 7\
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Fig. 8: Active Power waveform of grid-connected mode for
linear load. (a) DFIG Active power (b) Grid Active power (c)
Load Active power (d) DSTATCOM Active power
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Fig.9: Reactive Power waveform of grid-connected mode
for linear load. (a) DFIG Reactive power (b) Grid Reactive
power (c) Load Reactive power (d) DSTATCOM Reactive

power
4.2. Grid-Connected mode of Non-Linear Load:

The non-linear loads are realized by introducing diodes.
The fig. 10 shows the current waveforms of DFIG, grid,
load and fig. 11 shows the active power waveform of DFIG,
grid, load and DSTATCOM respectively. Fig. 12 shows the
reactive power waveform of DFIG, grid, load and
DSTATCOM respectively for non-linear loads.
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Fig. 10: Current waveform of grid-connected mode for non-
linear load. (a) DFIG Currents (b) Grid Currents (c) Load
currents

In this also to create a situation like unbalanced load the
phase “a” is removed, under this the supply currents are
balanced this shown in fig. 10. The total supply active
power is 779.9W which contributed by DFIG based wind
turbine (566W) and Grid (213.8W) and the DSTATCOM
required power is 168W and the remaining power is fed to
load (611.9W) which observed in fig. 11.

The reactive power demanded by the load is 175.5VAR,
but the reactive power given by the source (combination of
Wind Turbine and Grid) is only 13.51VAR. The remaining
reactive power is given by the DSTATCOM (162VAR) to
load to maintain the voltage profile is shown in fig. 12, fig.
13 shows the harmonic spectrums. The supply voltages of
phase “a” voltage (vy,)has 2.02% and 2.95% for phase “a”
current (iz,). The load voltages of phase “a” voltage has
(V1) 2.02% and 44.52% for (iy,).
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Fig. 16: Reactive Power waveform of islanded mode for
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The reactive powers are 15.71VAR, 184.9VAR and
169.2VAR of wind turbine, load and DSTATCOM. The load
requires more amount of reactive power hence the

DSTATCOM gives required amount of reactive power to the
load.

4.4. Islanded Mode of Non-Linear Load:

In this also the non-linear load is realized by introducing
diodes into the circuit. The changes in the currents, active
powers and reactive powers can be observed by the
waveforms that are presented in this section.

The neutral compensation can observe from the fig. 20 it
shows for nonlinear load under islanded mode. Load neutral
current (i;,) is compensated by T-connected transformer
neutral current (iz,,). The (i;,,) for compensation is achieved
similarly for linear loads under Grid-connected mode and
islanded mode. The (ir,) is equal and out of phase of (i.,).
The T-connected transformer details can be found on
[91,[10], & [22].
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Fig. 20: Neutral Current compensation. (a) Load
Neutral current (b) T connected transformer current

5. Conclusion

This simulates the wind turbine based on DFIG and for
the control of the DSTATCOM a supervision algorithm is
carried out aimed at estimating the conductivity of the load
through the Kohonen learning neural network algorithm.
DSTATCOM is designed by using three-prong VSC along
with a T-connected transformer used to compensate for
neutral current. As proposed load instantaneous conductance
and susceptance values extracted from line voltages and
load currents. Reference supply currents using neural
network based conductance based control algorithm are
estimated. With these references supply currents firing
pulses generated and DSTATCOM operated successfully.
From this model in addition to the reactive power
compensation, other issues; harmonic reduction and neutral
current compensation are addressed. The results show that
under unbalanced supply conditions the load currents are
also balanced.
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