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Abstract

Objectives: In this paper, dynamic performance of Wind Energy System (WES) comprising of Squirrel Cage Induction
Generator (SCIG) is analyzed for grid connected operation with DSTATCOM. Methods/Statistical analysis: In the present
work, modeling, analysis and working of a low voltage distribution system supported with wind energy conversion
system is analyzed. A Distribution STAtic COMpensator (DSTATCOM) has been modeled and simulated using MATLAB. The
effectiveness of the proposed system has been verified by simulation and analytical results. The indirect current control
technique is employed for present analysis as it is simple, robust and favourable as compared to other methods. Findings:
The DSTATCOM improves the performance of Wind Energy System (WES) under transient condition i.e. change in wind
speed and sudden change in load. The DSTATCOM augmented with wind energy system addresses the power quality and
grid stability issues. Application/Improvements: The DSTATCOM in present study provides transient voltage support
and also maintains the stability of a WES.When wind penetration increases beyond 30%, the system loses stability. A
detailed simulations study is carried out on the application of DSTATCOM to improve the stability of the system
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1. Introduction

Global climate changes, increasing oil prices and deplet-
ing fossil fuel reserves are some of the reasons behind
the increasing emphasis on the use of renewable energy*.
Renewable energy sources such as hydro, wind, solar, bio-
mass and geothermal are alternatives to the conventional
nuclear and fossil fuel power sources. Wind energy is a
potential alternative to conventional sources as it is abun-
dantly available. In the recent years many high rated wind
turbines are being installed around the world. Wind energy
technology®? has grown significantly during last few dec-
ades with the development of WTS of the early 1980s
which generated a few kilowatts power rating to today’s
megawatt capacity single wind turbine. An increasing
trend towards removal of dispersed single wind turbines
by concentrated wind turbines in large wind energy sys-

*Author for correspondence

tem has been extensively discussed by many researcher*”.
With the phenomenal growth and development in the last
couple of decades, the WT industry has been moving for-
ward with continuous improvement in WT efficiency and
controllability®!°. Even after such rapid growth, its effec-
tive utilization through grid integration is yet to be fully
exploited due to various challenges at both transmission
and distribution levels. Typical challenges at transmission
level are maintaining power angle, voltage and transient
instability etc and that at the distribution level are how
to effectively address the voltage instability, voltage dip,
voltage unbalance, injection of harmonic currents and
reactive power imbalance issues'=> Several researchers
have worked in this area to understand the challenges
and possible solutions to these problems. At transmis-
sion level, the grid instability is the main issue when wind
energy penetration increases to 25-30% of short circuit
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power level of the grid. The use of STATCOM to improve
stability and to reduce voltage variation due to fluctuation
in wind speed is explained®®. With the increasing trend
of wind energy usage and penetration of wind turbine,
the need to identify a standard operating practice for the
wind turbines is being established in grid codes. This led
to drafting of the grid code specifically for wind turbines
in 20028, The power quality issues are more prevailed
on distribution level rather than on transmission level
due to low short circuit capacity or X/R ratio of weak
distribution feeder. The DSTATCOM is shunt connected
device with similar structure as that of a STATCOM. A
DSTATCOM is capable of injecting unbalanced and har-
monically distorted current to eliminate unbalance and
distortion supply current as against STATCOM which
injects only set of balanced three phase voltages. The
DSTATCOM is used to address power quality issues in
low voltage grid with distributed energy sources®%.
In the past few decades several types of wind turbine
driven generators are deploy in WES i.e. constant speed
with Squirrel Cage Induction Generator (IG), Variable
Speed generators like Doubly-Fed Induction Generators
(DFIGs), Direct Drive Permanent Magnet Synchronous
Generator (PMSG), coupled with gearbox and full rat-
ing power converters**?%, However, Induction Generator
(IG) based wind energy conversion system still represent
15% of the installed wind power in Europe? which is sig-
nificantly high and hence there is a need to enhance the
performance of such type of generators. The induction
generator based wind energy conversion system?-! con-
sumes large amount of reactive power during voltage dips
and hence vulnerable to grid instability.

This paper investigates the performance of grid con-
nected wind energy system along a DSTATCOM in to a
low voltage distribution system with different short cir-
cuit ratio. The simulation results demonstrate the effect
of integrating wind energy system on grid and also role
of DSTATCOM for the required compensation. The
DSTATCOM in present study maintains stability and
compensates for the load and generator reactive power,
load unbalancing and harmonics elimination from source
current. This enables the grid operator to supply quality
electricity to the end users.

1.1 System Description

The simulated system consists of 11 kV, 50 Hz distribu-
tion system along with a wind energy system directly
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connected to the grid and DSTATCOM on the point of
common coupling as shown in Figure 1. The distribution
system consists of a transformer with a voltage of 415V
at the Point of Common Coupling (PCC). The WES sys-
tem has three Squirrel Cage Induction Generators (SCIG)
driven by a fixed speed wind turbine. The DSTATCOM
consists of three leg IGBT based Voltage Source Converter
(PWM-VSC) with a DC bus capacitor. It supplies the lag-
ging or leading current to manage the constant terminal
voltage, harmonic currents and unbalanced currents. A
hysteresis PWM current controller is used to manage the
gating pulses for the IGBT switches. The Short Circuit
Ratio (SCR) of the distribution system is the ratio of

short circuit power level of the grid (Ssc) to rated turbine

power level (5 )
fgp =— (1)

A ratio below 10 usually means a weak grid®2. As SCR
decreases below 10, voltage drop increases until system
stability is lost.
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Figure 1. Basic structure of test system.

2. Model Equations of SCIG in
Wind Generation System

The electrical system consists of asynchronous generator
using conventional squirrel cage induction machine. The
equivalent SCIG model is established using rotating field
(d, q) reference®. The stator and rotor voltage equations
of a SCIG are given by following equations

oo .
Vs = Stz lds +F”-r[s — Wadps
t

(2)
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Vgr = fyigr + gear +lw e Lwgligy
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(5)

Where ¥z, Vs » Viar Ve are the direct and quadrature
axes stator and rotor voltage. Rz ,R,. are per phase stator
and rotor resistances ., g5 drr Ig- are the direct and
quadrature axes stator and rotor currents and w, and
w s synchronous speed and electrical rotor speed respec-

tively

Where Vir =
stator and rotor flux can be computed as function of the
d-and g-axes stator and rotor currents as follows:

Ygr =0 for squirrel cage rotor. The

Aas = Ligigs + Lmigs +igr) (6)
Ags = Lisigs + L:’.“'.':::qs —:qr::' (7)
Agr = Liplgr + Lpigr +ig5) (8)
gr = Lipigr + Ln(igr +145) ©)

Where #ds » #gs,%dr »4ar are the flux linkages of the
stator and rotor respectively. Electromagnetic torque is
expressed as:

=T (3;2)(:;;2)1-‘?’-{:@5&:’ - :ris:l:_'i’} (10)

Where L is the mutual inductance and ¥ is the total
number of poles in each SCIG.

=

3. DSTATCOM Control Algorithm

The current compensating feature of a DSTATCOM is
described by the following equations. The instantaneous
value of various currents in a WES and DSTATCOM
before transformation are written using Kirchhoft’s cur-
rent law as

:gr'ir:(f] = i) — fgeae(t) — iz 6] (11)

Eg(f] = 151(E]+ Ig:(I}+ Iggff} (12)

Wherei . P and i lerids it isear, g gre the grid cur-
gri L “stat g

rent, load current, compensator current and wind energy
system current respectively.

by g and i,are the currents supplied by each wind
generator.

The developed instantaneous source voltage is

Voria(t) = vimsinet  vgig(t) = vy sinwt (13)
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Where @t =6 and vm is the peak amplitude of sup-
ply voltage

Compensating currents provided by DSTATCOM to
make utility voltage purely sinusoidal are given by equa-
tion (14)

:S:ﬁ:(r] = :.'_(t] - :griri(r] - :g(r] (14)

The source currents need to be sinusoidal for ideal
compensation, irrespective of the nature of the load. The
grid synchronization is obtained through a Phase Locked
Loop (PLL) for generating angle € and to derive unit
vector template for reference source vector for the current
of DSTATCOM.

u, = =in(g) (15)
Uy = s’.n(5 —2?_') (16)

.. 2m
= n(er )

The in phase component of reference currents . *
are derived using in phase unit vector template as

fga =g *ug (18)
oy =g *up (19)
g = lg*u; (20)

Where /4 is the output of PI controller regulating dc
bus voltage of DSTATCOM. Figure 2 shows the block dia-
gram of control scheme for DSTATCOM.

Quadrature components of reference current are
obtained as follows

Ug Up
Wy = - —_—
TN3 1)
vy = yFLE y He e
2 243 (22)
v = —VELE 4 T2t
23 (23)

Quadrature component of reference source cur-

rent (‘zake * ) (iigabe s calculated by multiplying

WasWgeWe with the quadrature component of cur-

rent ({14) which is obtained by controlling AC voltage.
Regulation of AC terminal voltage is achieved by com-
paring it with the reference voltage i.e. maximum value
of desired voltage (V, ) at PCC. A PI controller processes
the voltage error. The amplitude of reactive current (Iq*)
to be produced by the DSTATCOM is decided by the out-
put of the PI controller in AC voltage control loop. This
enables the source current controlling to be sinusoidal.

Indian Journal of Science and Technology I 3 -



Performance Enhancement of Wind Energy System with Distribution Static Compensator

Vae" . witches
- e votage] W v
Vie | Regulator —b@
i
-
[y Uy e
. —
[ f  {Unit Vector {Quadrature lsabe | Hystersis
Vy— PLL [— Template —» Vector current [ >
V. ’ Template controller | —p.
Vre[ nC W, Wy, W, - [ (S
. l lgsse
] q L
Vi | Voltage 'LXJ —
=™ Regulator

Figure 2. Control scheme of DSTATCOM.

4. Simulation Results and
Discussion

Impact of a wind energy system on distribution system
with and without static compensator is analysed for
various types of load with different short circuit ratio
on grid. The waveforms of the grid active and reactive
powers (Pgrid, Qgri > load powers(P,Q,), wind genera-
tor powers(Pig,Qig), voltage at point of common coupling
(Vpcc) andgrid current (igri 2> load current (i ), controller
current (i), DC link voltage (V, ) and r.m.s voltage at
the point of common coupling (V,)) etc. are shown with
and without controller. Positive values of active/ reactive
power of wind generator, grid and DSTATCOM imply
that these powers flow from grid side towards PCC where
as the active and reactive powers consumed by the load
are represented by positive sign.

4.1 Behaviour of Low Voltage Distribution
System under Unbalanced/Nonlinear Load

The behaviour of the 11 kV, 0.75 MVA, 50Hz feeder sys-
tem with unbalanced/nonlinear load has been shown in
Figure 3. The simulation model consists of a simple 11 kV
feeder supplying diverse nature of linear/nonlinear load.
Nonlinear load consists of three phase diode rectifier with
resistive load of 8kW and L-C filter at dc side. At t=0.7sec
nonlinear as well as unbalanced load is switched on into
the system and it has been observed that load power of 38
kW is supplied by the grid only. Rest of the active power
(1 kW) and reactive power is supplied by the grid to com-
pensate the feeder impedance. Figure 3 shows that when
unbalanced load of 5kW in phase ‘@,7kW in phase ‘b’ and
12 kW in phase ‘¢ and nonlinear load are switched on
into the system, there is a 14% drop in the voltage at PCC
.Grid currents (igri ») and load currents (i ) are unbalanced
and nonlinear.
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Figure 3. (a) Pgrid (b) Qgrid (c) load (PL) (d) QL (e)
Vpcce (f) igrid (g) iL (h) Vtl1 without wind generator and
DSTATCOM.
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4.2 Behaviour of Low Voltage Distribution
System under Unbalanced/Nonlinear Load
with 10% Wind Penetration

Figure 4 shows behaviour of the distribution system when
a wind energy system consisting of three wind generators
is connected to the low voltage distribution system. At
t=0.6 sec, most of the power generated by a wind energy
system is supplied to the grid due to small load (2 kW) as
evident from Figure 4. At t=0.7sec., load increases from
2 kW to 38 kW, the power generated by a wind generator
(15 kW) is fully consumed by the load and remaining (24
kW) is supplied by the grid. With the increase in wind
speed from 8 m/s to 11 m/s at t=1.2 sec, the maximum
power tracking is achieved by increasing the pitch angle
from 0 to 9 using pitch controller. At this point, power
generated by the wind generator is increased to 22kW and
grid supplies the remaining power of 16 kW. But react-
ive power burden on grid increases by connecting a wind
generator into the system as induction generator draws
the reactive power proportional to active power supplied
by it. The grid current (i_,,) becomes unbalance and non-
linear because of the nature of the load as shown in Figure
5. Wind generator current i_is also unbalanced and non-
linear. A dip in pcc voltage (V) is also observed.

4.3 Performance of Low Voltage Distribution
System for 30% Wind Penetration without
DSTATCOM

Figure 6 shows behavior of the system when a wind energy
system consisting of 30% of grid capacity is connected to
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low voltage distribution system. The short circuit ratio s ' ' ' ' :
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Figure 4. Profile ofactive and reactive powers of grid (Pgrid, Performance of the 'system 18 ane.llysed with DSTA’.TCOM
Qgrid), wind energy system (Pig, Qig) and load (PL, QL) for 10% and 30% wind penetration as shown in Figure 8
without DSTATCOM. and Figure 9. The power exchange among different sys-
tem components are shown in Figure 7. In the absence
of a DSTATCOM, a dip in voltage is observed and grid
currents and generator currents were also unbalanced
and nonlinear. The active-reactive powers of grid (P,
Qgri o> load (P,Q,) and DSTATCOM(P_, Q) are also
shown in Figure 7. The magnitude and nature of power
flow during the operation of this system are also given in
Table 1. It is observed that magnitude of terminal voltage
(V,) stays constant and DC link voltage (V, ) adjusts at
the reference value. Since there active power requirement
of wind generator is now supplied by DSTATCOM com-
pletely, there active power burden on the grid is reduced.
DSTATCOM helps in balancing the load unbalance and

Time(sec) ' supplying the reactive power required by wind gener-
Figure 5. (a)Vpce (b) igrid (c) ig (d) iL (e) wind speed ator, hence improving the grid power quality. Figure 8
(f) Pitch angle (g) Vtlwith 10% wind generation without and Figure 9 shows the voltage at the point of common
DSTATCOM. coupling (VPCC) grid current (igri > generator current (ig),

Table 1. Balance of active and reactive power between generation and load

415V, 50Hz Distribution system connected with load

grid erid ig Qia Pstat Qstat PL QL
39kW | 9kvar 0 0 0 0 38 kW lkvar
415V, 50 Hz Distribution system connected with wind generator and load
24kW | dkvar | 15kW | 36kvar | 0 o | 38kw | 1kvar
415V, 50 Hz Distribution system connected with wind generator, load and DSTATCOM
17kW | -L5kvar | 22kW | -10kvar | 0 | 16kvr | 38kW | 1kvar
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load current (i ), which are also balanced by connecting
DSTATCOM into the system. The generator speed is also
constant at 1.04 pu. Total Harmonic Distortion (THD) of
grid current with static compensator is0.85% which meets
the grid code requirements. Table 2 shows the balance of
active hand reactive power before and after switching on

load.
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Figure 7. (a) Pgrid (b) Qgrid (c) Pig (d) Qig (e) PL (f) QL
(g) Pstat (h) Qstat.

(]
=
= -

W olm,v&t olts)
S
-
=
=
-
-

Time(sec)

Figure 8. (a) Vpcc (b) igrid (c) ig (d) iL (e) Wind speed (f)
Vdc (g) Vtl with 30% wind generation with DSTATCOM.

Table 2. Balance of active and reactive power between
generation and load

Source/sink 0-0.7sec 0.7-1.0sec 1.2-1.6sec
» -15.0kW | 23kW 16kW

Q4 7kvar -4.6kvar -1kvar

P 15kW | 15kw 22kwW

Q, -1 kvar - 3kvar -10kvar

P, 2kW 38 kW 38kW

Q lkvar 0.3kvar 0.3kvar

Q... 1.3 kvar 17 kvar 19kvar
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Figure 9. (a) Vpcc (b) igrid (c) istat (d) i, (e) ig (f) Wind
speed (g) Pitch angle (h) TSR (i) Gen. speed (j) Vdc (k) Vtl
with 10% wind generation and DSTATCOM.

5. Conclusion

Effect of integrating a Wind Energy Systemin the low
distribution system with different short circuit ratioand
operationwithDSTATCOM has been demonstrated in
this paper. The system loses stability when wind pen-
etration increases beyond 30%. The complete power flow
analysis with and without distribution staticcompensa-
tor is also presented. The DSTATCOM has capability to
enhance the performance of a wind energy system with
good voltage regulation, harmonic elimination and load
balancing.
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