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Abstract: Microgrid system that links many distributed power generations into a single network services partially or fully the energy |
demands of users provides advantages of lesser energy costs, increased efficiency, better environmental performance and local power i
reliability. The increase of wind based local energy generation with latest technologies, especially; battery energy storage system has |
been significantly increased. Still, the power quality and voltage regulation lag behind this progress, creating multiple power quality |
problems for end users. This white paper inclusively focuses on mitigating power quality issues in wind based microgrids due to |
vulnerable nature of wind and integration of wind power into grid system. When wind power is added to grid, it affects the performance I
of existing system. In this paper, VSC based DSTATCOM with battery energy storage is introduced as a power quality enhancing i
technique for grid tied wind based microgrid. The PLL based Pl controllers are used for fast switching of IGBTs. The proposed !
strategy mainly relies on reactive power exchange for loads and wind energy system. Through this method, distribution system will !
be able to securely manage the stability and resiliency. The proposed methodology is simulated in using MATLAB/Simulink software. |
The proposed technique has relatively high switching response against faulty operation and higher accuracy. I

|

Keywords: Microgrid, DSTATCOM, BESS, PI controller, PLL, IGBTS.

1. Introduction

Over the last decades, globally, the wind energy
generation has increased very fast; and manifested to be
the rapidly growing renewable energy technology and a
principal competitor to the conventional sources of energy.
This trend has greatly increased due to being environment
friendly and lesser energy costs [1]. By establishing a zero
emissive power system before 2050, we are likely to meet
our goal of climate change [2]. Generation by wind has
become the most familiar energy source in the power system
these days [3]. A strong growth has been noticed since last
few decades. Worldwide, 817 GW is expected to be
generated at the end of 2021; this will share 12% of world’s
electricity [4]. Wind generation market is led by Denmark
with 40% of its generation through wind followed by
Portugal, Ireland, Spain, Uruguay and Cyprus with 20%, and
Germany 16% [5].

Due to being widely used in distributed generation and
having local availability, the renewable energy sources have
introduced the concept of microgrids. The microgrid is
basically a localized small-scale power system, including
distributed generation, energy storage devices and load. The
main application of microgrid is to provide the continuous
power to remote societies during an outage of indefinite
duration. The microgrid technology has been developed very
fast in recent years with the trend of the integration of
renewable resources and distributed generation with existing
systems [6]. Microgrid offers considerable advantages such

as least harmful impacts on environment, increasing energy
efficiency and increasing quality of power. The microgrid
operates in both grid-connected and islanded operation
modes and they usually include different distributed
generation sources such as wind, solar, hydel, bio mass and
many others [7]. Microgrids with wind energy generation
mostly use doubly feed induction generator, DFIGs with
speed sensitive turbines [8]. DFIGs offers certain advantages
such as, low converter capability, high efficiency and ease
of controllability as this can operate under variable speed
near their optimal turbine efficiency over wide range of wind
speed [9]. On the other side, the DFIGs are sensitive to
voltage variations [10]. When dealing with grid-connected
mode of microgrid, there remains a problem of voltage
instability all the time; as the speed of wind is not same
through the day [11]. The important power quality problems,
when integrating wind turbines with utility or main grid are
voltage dip/rise, harmonics, flickers and poor power factor
[12]. Routinely, the power system is subjected to variety of
complexities due to variation in wind speed and non-
linearity of load. These variations create problems of
instability for power system, particularly, the voltage
instability. The root cause of this voltage instability is
variation in wind speed [13]. These variations affect the
quality of power and create faulty operation. Voltage dips,
harmonic distortion and flickers have been reported as the
most common power quality problem experienced in
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industrial, commercial, and residential sectors. These quality
problems have created serious challenges for utility
operators. Each year millions of dollars are spent to attain
stable operation [14]. Moreover, due to voltage sags, rotor
current also increases in doubly feed induction generators
(DFIGs) at wind farms that results in extra heating and life
expectancy [15]. The electric power system of these days is
more complex in network and is more sensitive to
distortions. The increasing use of sensitive loads i.e.,
semiconductor-based loads have increased the sensitivity of
power system and has created increased challenges of fast,
secure, accurate and extending control to enhance the
system’s working capability. In the present power delivery
environment, both end-users and network operators have
become increasingly concerned about the power quality.
Because of an incredible increase in micro technology and
power electronic appliances, the distribution network is
highly relying on swing in voltage and frequency. To get
neat and tidy power, controlling techniques are required that
should be be installed in power system. The best solution in
this regard is provided by flexible ac transmission system,
FACTS controllers [16]. FACTS controllers regulate the
voltage, power flow and compensate reactive power either
separately or in grouped with other devices. The FACTS
controllers provide best solution against faults occurring on
grid side [17]. FACTS Controllers counter balance the
reactive power drawn by induction generators for
magnetization [18]. They provide continuous power to load,
thus improving reliability during disturbances. FACTS
devices are also best suited for power factor correction [19].
L. Lei and W. Sheng [20] have used STATCOM with
Lithium battery and super capacitor hybrid battery to
enhance power quality of wind-based Distribution system.
They have used Squirrel Cage Induction Generator, SCIG
for generation. In this work, SCIG could not extract
maximum power when wind was slower. Amen and Djamel
[21] have proposed unified power flow controller, UPFC for
power flow control through transmission lines. UPFC is a
costlier technique hence finds rare application. Mohanty and
M. Vishwanada [22] used Fuzzy controller based UPFC for
compensation in Hybrid Wind Diesel System. They used
SCIG. X. She and Huang [23] used STATCOM for voltage
conversion and power transfer in Distribution System. Here
they used STATCOM without Battery system. They could
not get satisfactory results. Bhattachatjee and Roy [24] used
Fuzzy Logic based technique for DSTATCOM. It improved
the power factor of constant speed wind system. S. Arya and
B. Singh, R. [25] used DSTATCOM to overcome problem
of voltage regulation. They have used the proposed
technique to draw load currents. These values of currents
they used as reference currents for DSTATCOM. This
method was used for mitigating problems of reactive power
imbalance, harmonics content and load unbalance. Mahela
and A. Shaik [26] have used DSTATCOM for quick control
of reactive power, frequency, harmonics, and flickers in
distribution network. In [25] and [26] battery Energy system

can be applied with DSTATCOM to effectively control
reactive and active power flow in case of fault. A. Nabisha
and X. Felix Joseph [27] have proposed Voltage Source
Inverter, VSI and Voltage-Oriented controls to reduce
harmonic currents and voltages for Grid connected Wind
Energy System. He has used Self-Excited Induction
Generators, SEIG. It improved power quality but the SEIG
is dependent on system to which it is connected. In case of
faults, this technique is not supposed to work effectively.
Gelu Gurguiatu [28] has introduced indirect current
technique to get reference signal for Insulated Gate Bipolar
Junction Transistor, IGBT. Switching speed of proposed
technique is not too much high for IGBTSs. In this paper,
DSTATCOM is introduced with batter energy storage
system, BESS using PLL based PI controller technique for
fast switching of IGBTSs. This technique has faster response
and relatively high accuracy. This enhances quality of power
in distribution network. It also controls active and reactive
power. The proposed method serves objectives of distortion
free supply, increased reliability and increased supply
security. It creates budgetary load on the supplier and user.

2. Grid integration and related PQ problems

The typical microgrid has capability of operating in both
grid-connected and stand-alone modes. The microgrid
interconnection with main grid provides advantage of
effective utilization of generated power. Traditionally, the
microgrid is constructed with additional power. This
additional power can be sent back to the grid for revenue
streams hence it provides ancillary services for trading
between the microgrid and the main grid [33]. Connecting
ac microgrid to a utility grid provides stable operation but
only when the wind based microgrid acts as a stable source
to the utility grid. The wind speed defines the amount of
electricity generation by a wind turbine, more the wind
speed, more the power is generated; because higher wind
makes blades to move faster [29]. Faster rotation converts
more mechanical power into electrical power. Since the
wind speed is not constant, it is varying all time. Hence the
power output is not same all times. When wind turbines are
integrated with utility grid, they produce varying power [30].
Owing to varying power, there is problem of voltage dip and
voltage rise. Power electronics-based harmonics and flickers
[31].
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Fig.1 Microgrid integration with utility grid

During the severe voltage drop, the microgrid is switched to
island operation mode. This brings immediate changes for
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both grids. When the connection is lost, the microgrid is
assigned to provide power to island loads only and the utility
grid experiences sudden load burden. This tripping insists
the availability of both automatic and manual reconnection
procedures at the PCC. The detail of power quality issues
regarding grid integration is defined as below.

Voltage Dip/Sag, d: This is caused by initial start-up of wind
turbine because initially they draw reactive power from grid.
This produces a sudden inclination in voltage. The voltage
dip is given as;

Voltage Dip, d = Ks—i“ (1)

Voltage Rise/Swell (u): This is caused by function of the
turbine when wind speed is greater than normal speed.

Smax(Rcos@—Xsin@) (2)

Voltage rise, Au = 5

Flicker: This is measure of frequent switching operation of
wind turbine within specified period.

Flicker, P 3

1t=c(¢k>§—§
Harmonics: This is associated with power converters used
with wind turbine.

The total harmonic voltage distortion is expressed as;

% 40 (4)

The total harmonic current distortion is expressed as;

()

I 40
THD=Zh=2;—’1‘100
3. Grid integration specifications

Grid coordination is done under strict rules and regulations.
There are several standards specifying various aspects of
grid interconnection. Arguably, the most well-known is
IEEE p1547. This standard defines specification for
interconnecting wind energy system with existing electric
power system. IEEE standard 1547.2 of 1547 limits the
power quality issues of wind system to acceptable limits for
stable operation. The acceptable limit for various power
quality problems is given below table no.1;

1) The acceptable lower and upper limit to
voltage dip and rise is < 3% and < 2%
respectively [32].

2) The acceptable limit to flicker coefficient is <
0.4% for two-hour time [32].

3) The acceptable limit to harmonics distortion
for 11kV and 132kV is < 4% and < 2.5%
respectively [32].

4) The acceptable limit to grid frequency in lower
and upper case is 47.5Hz and 51.5Hz
respectively [32].

5) Incase of fault, the wind turbine should sustain
30% voltage dip in ordinary working condition
for 100milli seconds IEEE p1547.2.

4. Modeling of proposed system

This paper presents an inclusive study and application of
DSTATCOM with battery energy storage system, BESS for
power quality improvement of grid connected wind farm.
This technique incorporates PLL based PI controller for
IGBTs. This technique provides fast switching response
during faulty operation. It also provides high accuracy
method compared to other FACTS devices. The ultimate
goal of this research is to maintain the synchronism between
grid and users. This technique counter balances the active
and reactive powers at PCC. It synchronizes the angle of
voltage and current at variable wind speeds.

Wind farm/
Microgrid
Non-linear
load
DSTATCOM

Fig. 2 Description of proposed model

4.1 Model Description

Utility Grid

In the proposed model, wind farm is integrated with main
grid through bus bars at PCC. These two sources are now
acting as single source. The load and proposed DSTATCOM
are connected at PCC. The power generated from wind
turbine on microgrid is calculated as; since the total kinetic
energy of wind is not converted into mechanical power, the
fraction of power is converted which is given as;

Prech = CpPuing (6)
Here,

C, is coefficient of mechanical power that depends upon
condition and type of wind turbine.

Mechanical power in terms of wind speed ratio and pitch
angle is;

Pmech = 3 TR?V3minC, @)
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Here,
R is the radius of blade in meters.
4.2 Model Detail

The system is consisting of two power systems. One is
utility grid and other is microgrid. These are coupled at
PCC under strict control strategies. The utility grid has
constant power while the microgrid has variable power due
wind variation. When integrated, it is mandatory for both
systems to have same voltage level.

— Rj ol i
'_H S| L
U('}Tlli-]l']T; % . TDFIG
TE

BATTERY D-STATCOM

Fig.3 Wind energy system connected with DSTATCOM

When utility grid is connected to microgrid and non-linear
loads, the power quality is affected as the wind farm is not
generating constant power and also due to non-linear load.
Therefore, an external device is provided to counter balance
the state of synchronism at PCC. This work is simulated in
MATLAB/SIMULINK software.
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Fig. 4 Proposed model

The bus B2 represents grid bus and B3 represents wind
system. These are coupled at PCC. The model parameters
are shown in table-1.

Table.1 Model Parameter

S. No. | Parameter | Rating

1 Grid 3-Phase, 132/11kV, 50Hz

2 Wind 3 MW (2x1.5 MW), 11kV, 50 Hz
system

3 Load Non-linear, 500Kw

4 3MVAR, Average Model
DSTATCO | Inverter Rating
M DC Interface Voltage=1200V

5 IGBT Collector Voltage = 1200V, Forward
Rating Current =50 A, Gate voltage =20 V,

Power dissipation =310 W

6 Line series | 0.05 Mh

Inductance

The voltage level of utility grid is 132/11kV. Voltage level
is stepped down to distribution level of 11kV. Wind
Microgrid produces 575V which is stepped up to 11kV to
get integrated with utility grid. In this model 3-phase, 3-wire
system is assumed.

Gotod

Instantaneous Active
& Reactive Power

Moasurement

Goto1

DG 3-phase V4
Measurement

3-Phase V-l
Measurement

Fig.5 Integration of grid and wind farm
4.2.1 DSTATCOM

Distribution STATCOM is basically a parallel connected
device that balances the bus voltage by counterbalancing the
reactive power. This is used at L-V side of power system. In
L-V system, it is used as voltage regulator. DSTATCOM
finds major applications in distribution networks. It is also
used widely with Microgrid systems [36].

V. Ve
s i I
I Transmission Line p— r =
- Xar
| v 1 | Step-Down
Potential ‘Lala transformer
transformer ~Y ¥ with leakage

reactance X;

Parameter
setting

Fig.6 DSTATCOM model

Inthe fig. 4, DSTATCOM is connected in between main grid
and wind turbines. It injects or absorbs reactive power at
point where power quality problems are concentrated. The
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DSTATCOM differs from other VAR compensators in the
sense that beside voltage compensation it can be used for
harmonics absorption, power factor improvement and
unbalance load compensation [37]. The DSTATCOM has
VSC based control system that provides voltage from energy
storage system in accordance with control scheme. If the
voltage at PCC and the voltage of converter are same the
compensator will not inject or absorb the current from the

system. If Vpce < Vo, the compensator draws leading current
and supplies VAR into system and if Vpce > Vp, it draws

lagging current and absorbs VAR from system. Here, Vpcc is
voltages at PCC and Vp is DSTATCOM voltages.

4.2.1.1VSC of DSTATCOM

The voltage source converter, VSC of DSTATCOM s
basically a converter that converts DC voltages of BESS into
AC voltage. This AC voltage is fed to system through PCC.
The output voltages of VSCs are in phase with system
voltages at PCC. This is done with help of PI controller-
based phase locked loop, PLL. The output of VSCs is
injected to system via coupling transformer which is
connected in parallel with distribution network. A suitable
adjustment of phase angle and magnitude of DSTATCOM
output allows an effective and fast exchange of powers
between power system and proposed technique.

DSTATCOM
11kv, Model

w5

Battery
Bridgs 1 Controller
i} — "
A

T
’i ¥
= T = B
>
H TeB
C
Trc
m{
phase
instantanecus Active
£ Reactive Power Iq capadity cap
I o (P}
integrator| abe to-doo

Transformation

Fig.7 VSC of DSTATCOM
4.2.1.2 PI controller based PLL

The phase locked loop, PLL is used to synchronize the input
signal of converter with system’s parameters. The
transformation block changes phase voltages into d-axis and
g-axis voltages. The PI controller compares the d-axis and g-
axis components of voltages and current with actual
components, and generates an error signal. This error signal
is fed to pulse width modulator, PWM. The PWM produces
another signal that is used as gate signal for IGBT.

Fig.8 PI controller based PLL

Discrete 3-phase PLL

Discrete 2-
Order Filter

Vabe (pu)

Discrete PI

Vq
Controlle
Discrete Variable

Abc_to_dgo Frequency Mean
Transformation Value

Sin_cos

@
4.2.1.3 BESS of DSTATCOM

The DSTATCOM consisting of IGBTs based VSC has
capability of balancing distortion in the grid connected
system. This has greater switching response for on-state
voltage variations. Hence, this property of IGBT based
DSTATCOM will protect system from getting isolated. The
BESS in this regard is used as an energy storage element and
this connection is a new method of storage where the
batteries are exchanging energy with the utility grid [35]. A
battery energy storage system is connected in shunt with DC
interface Capacitor. In case of fault or sudden decrease in
system voltage, it provides the voltage through coupling
transformer. It has correspondingly fast response against
voltage variation in the system. There are numerous energy
storage methods incorporated with DSTATCOM, mainly are
superconducting magnetic energy storage (SMES), Lead
acid battery, super capacitors (SC) and battery energy
storage system (BESS). In this paper, Lead Acid Battery
system is proposed as it provides cost effective solution
against Flickers. These are rechargeable and have longer life
span [38]. The working chemical reaction of these batteries
is as,

Pb + PbO, + 2H,0, © 2PbS0O, + 2H,0  (8)
4.2.2 Mathematical modeling of DSTATCOM

In the figure below, DSTATCOM equivalent circuit is
connected to distribution network at PCC via coupling
transformer.

Vsa Vsb Visc
ea B If  iCa
\ AN —=
b el
Cae f"f’ Jﬁj C AM—F
iCc
éc —
vsC W d1)

Fig. 9 Equivalent circuit of DSTATCOM

Copyright ©2020 ESTIRJ-VOL .4, NO.3 (31-39)


Abdul Sattar
Typewritten Text
35


MUJAHID et.al: Power Quality Enhancement of Grid Integrated Wind based AC Microgrid using DSTATCOM 36

Here, ea, en, ¢ are output voltages of DSTATCOM,

la, ib, ic are output of DSTATCOM,

Va, Vb, V¢ are phase voltages at PCC,

Ry, Lt is reactance of interfacing inductor,

Ve, lac are dc voltages and current of capacitor respectively,
C is capacitance of dc capacitor.

The relationship between phase voltages and battery
voltages is given by,

1 1 1
Va =5MaVye, Vb = S Mp Ve, Ve = omcVyc,

ma,, Mp, M are modulation signals of phase a, b, c.

The power consumed on battery side is,

d vdc?
Pac = VacCac g Vac + R—dcc: 9)
Here,
LV, = -V + =Myl (10)
dt '9¢ 7 T RgCqe 9 T 2¢q, 4T
d R 1 1
aldz_zld-i_mlq_ZMdVdc-l_EEd! (11)
d R 1
Elq = —(L)Id - Elq - ZMquc ) (12)

Here V, lg, and lq are system variables, Mg, and Mg are the
inputs, and Vg and lq are outputs, and Eq is a constant.

Now, the power delivered to system from DSTATCOM is,

3
P = EEdlda (13)

ea Va
Voltages injected by DSTATCOM at PCC iS[eb] - [Vb],
€c \'

€a Va ig
ebl - [Vbl = (Rs + sLg) [ibly
€c Ve i

I

(14)

Here,
Ry, 0 0 L. M M
s=2R;=|0 R Ol,LS= M L M
0 0 R, M M L

The above matrices of voltages and currents can be
expressed to d-q reference form as,

€q — Vq € —Va] |[la
€q — Vql = KS ep — Vbl’ Ig| = KS
€c — Vel [i

€ — Vo
Here, K; is Park’s transformation and is expressed as,

: (15)

iy
ip
i

cos® cos(0 —2m/3) cos(06+ 2m/3)

K. = [?|sin® sin(6 —2mn/3) sin(® + 2m/3) (16)
TN L 1 1
vz V2 vz

When there is no neutral in the system, there will be no zero
sequence components, hence above matrices are expressed
as,

o] =[] = st [+ [ O[]

Here,

Ry 0 , _[Ls" 07_[L—M 0
Rs [0 RS]’LS_[O Ls’]_[ 0 LS—M]'

5. Results and discussion

In this paper, DSATATCOM is applied to mitigate the
power quality problems of wind based Microgrid when
connected to main grid and to nonlinear loads at PCC. The
system response is observed using MATLAB/SIMULINK
software. The proposed technique provides active and
reactive power exchange for non-linear loads and DFIGs.
The system response against power quality issues in terms
of voltage, power and harmonics is shown in following
sections.

5.1 Voltage Variations
When wind based microgrid is connected to main grid, there

occurs voltage unbalance at PCC due to variable power
output of wind power system.

\\E.‘LF VPCC %0061
a0 : 4554 T T: 4818
0
£l
200
10
[
H
£
10
an
200
g
00 \ ! |
] 0l 02 0. [ ] 006 007 008 [ 1
Time (second)
o VPcC X0l

T4nT 4684
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Voltage Comparison

1.1
1.05 4 @ without
DSTATCOM
14
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0.95 1 DSTATCOM
0.90 1 [0 Normal
Voltage

0.85

Voltage Sag

Voltage swell

Fig.10 Comparison (a) without DSTATCOM (b) with
DSTATCOM

The variable voltages affected the power quality of system
in terms of voltage variation. DSTATCOM regulated the
voltage by injecting the reactive power at PCC. The
comparison is shown in fig. the voltage regulation of
DSTATCOM is 0.993 pu and 1.001 pu for sag and swell
respectively.

5.2 Total Harmonic Distortion, THD

Total Harmonic Distortion is the measure of disturbance in
the fundamental signal. The disturbance is caused by
variable output power of wind system and non-linear load.

Fundamental (50Hz) = 136.9 , THD=4.32%
T T T

15F T T T

Mag (% of Fundamental)

05
0 TR I} L 1 L I L 1

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

(@)

Fundamental (50Hz) = 272.1 , THD=1.14%
T T T T T T

Mag (%% of Fundamental)
o
=

i H“
.I|| Ilmm b | ‘ ‘ . . .
0

0
00 200 300 400 500 600 700 BOO 900 1000
Frequency (Hz)

(b)

Fig.11 THD (a) without DSTATCOM (b) with
DSTATCOM

The THD recorded without DSTATCOM is 4.34% which is
not acceptable according to IEC-61400-2; it should be < 4%
for 11kV system. The THD with DSTATCOM is recorded
as 1.14%; this shows that DSTATCOM improved the
harmonics at greater extent.

5.3 Active and reactive power

When wind system is connected to grid it absorbs the
reactive power. As the inductive load is increased, the
reactive power is reduced and when load is decreased
reactive power is increased from normal values. The
DSTATCOM in both situations perform equally well and
provides power exchange at PCC.

Active Pawer, P
T

| | | | | J
0 03 1 L5 ] 15 3
Time (second)

@

Reactive power, Q

N

Reactive power (pu)
\ 9 " '

0 05 1 15
Time (seconds)

(b)
Fig.12 Active Power with DSTATCOM
5.4 Power Factor

Power factor is badly affected by inductive loads. In this
model it is affected by DFIGs of the wind system. It is also
affected by non-linearity of loads. The non-linear loads draw
non-linear current wave form that disturbs the actual
sinusoidal wave; resulting in poor power factor.
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Power Factor
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Fig.13 Power factor (a) without DSTATCOM (b) with
DSTATCOM

Fig.13 clearly differentiates the role of DSTATCOM in
power factor improvement. The power factor measured
without DSTATCOM is 0.874 and with DSTATCOM is
0.980 pu.

6 Performance Analysis of DSTATCOM

Table.2 Analysis of DSTATCOM

AtPCC THD% | Power
Factor
Method
Sag | Swell | Fault | Normal
Without 0.94 1.07 0.77 1 4.34 0.874
DSTATCOM
With 0.989 | 1.001 | 0.97 1 1.14 0.980
DSTATCOM
7. Conclusion

This paper presented the performance of DSTATCOM for
grid connected wind based microgrid. This included power
quality issues and their mitigation. The DSTATCOM
effectively reduced the main power quality issues of voltage
unbalance sag/swell, harmonics, and poor power factor
using instant power exchange, P-Q theory. DFIGs don’t have
enough reactive power, so DSTATCOM is best suited for
them. The proposed BESS system provided better
controllability for active power under the events of voltage
unbalance due to variable wind speeds. IGBTs based PLL

and PI controllers are used for fast switching response. It is
concluded from results and performance analysis that
DSTATCOM with BESS can be effectively used to enhance
the power quality of wind based Microgrid.
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