MITIGATION OF WIND POWER FLUCUTATION IN MICRO-GRID SYSTEM
DURING GRID AND ISLANDING MODE WITH BESS SCHEME
ABSTRACT
This paper represents mitigation scheme of wind farm
output power fluctuation in micro-grid system during grid
and islanded mode. The impact of mitigation technique
using sodium sulphur battery energy storage system is
investigated during grid and islanded mode of micro-grid
system. A micro-grid system with wind farm and
photovoltaic system is used for the investigation of the
mitigation of wind farm output power fluctuation using
real wind speed data. In this paper, the control strategy of
the inverter and dc-dc buck boost converter used in the
battery energy storage system is presented with fixed and
variable reference so that the wind farm power fluctuation
can be extenuated. To verify the effectiveness of the
control scheme, frequency analysis of the wind farm is
investigated during the islanded mode. The micro-grid
system modeling along with the mitigation control
scheme is simulated in PSCAD/EMTDC.
KEY WORDS
Micro-grid, wind farm, power fluctuation, battery energy
storage system and islanding mode.

1. Introduction
During this growing demand of electricity, Micro-grid
system, a modern form of distributed generation with
renewable energy resources has become popular in
modern power system. A micro-grid is essentially what
the name implies, a small-scale version of a larger utility
grid. A micro-grid operates in two modes: grid mode and
islanded mode. During grid mode, the micro-grid is
connected to the utility grid. During islanded mode, the
utility grid is disconnected from the micro-grid due to any
intentional or unintentional disturbance occurred at the
utility grid side. Small modular sources like wind,
photovoltaic, fuel cells, batteries, electrolyzer, and diesel
generators can be connected as the source of energy to
form a micro-grid [1-3].
Wind power is considered to be one of the most
promising renewable sources of energy; however, the
generated electrical power has randomly varying and
intermittent characteristics. The mitigation of wind power
fluctuations has become one of the major issues of microgrid systems. Wind power fluctuation can be smoothened
up to certain range by the blade pitch angle control of the
wind turbine [4]. It is reported in [5, 6] that
superconducting magnetic energy storage (SMES) system
can be used to smoothen the wind power fluctuation. A
flywheel energy system is proposed in [7, 8]. Energy
capacitor system (ECS) composed of power electronic

devices and electric double layer capacitors (EDLC) has
been proposed for smoothing the wind power fluctuation
in [9-11]. A battery energy storage system (BESS) [12]
has been reported to smooth the power fluctuation. Also,
if BESS is integrated with STATCOM, then this
integration technique can provide both real and reactive
power quite well [13]. However, wind power smoothing
challenges in micro-grid system, both in grid connected
and islanding modes, have not been investigated in
details.
An overview of the different storage technologies, their
applications, and limitations are discussed in [14-18]. The
earlier reviews on storage technology [14, 15] focus
exclusively on lead-acid battery technology. In [14] the
economic models, their controls, ratings and applications
found in US power systems are discussed and in [15] the
possible future applications are suggested. In [15] the use
of battery energy technology to improve the power quality
and reliability of the power system are discussed. Some of
the reviews carried out in [16, 17] discuss about the
various storage technologies and suggest that so far the
battery technology is the most widely used storage device
for power system applications.
Lots of commercial companies are manufacturing sodium
sulfur battery due to its unique characteristics. In mid
1980s TEPCO/NGK commenced joint R&D for NAS. In
April 2002, over 50 demo projects were initiated and
NAS system was offered commercially in Japan, by
TEPCO and NGK teaming with Toshiba plus other PCS
vendors. 40MW NAS was produced in 2003 and 65MW
was produced in 2004 by NGK. In July 2004,
9.6MW/57.6 MWh project by TEPCO for Hitachi’s auto
system factory was initiated. Sodium sulfur (NAS) battery
is an advanced secondary battery developed by Tokyo
Electric Power Company (TEPCO) and NGK Insulators,
Ltd. since 1983 [19]. It is reported in [19] that NAS
battery is the most suitable one for use in large scale
battery energy storage system due to its long life cycle
and outstanding efficiency.
In micro-grid system operating in islanding mode,
frequency fluctuation is an important issue which needs to
be considered according to the grid codes. Different
operating frequency limits are imposed in various grid
codes [20]. According to [20], upon reaching a frequency
at the grid connection point of less than 46.5 Hz or greater
than 53.5 Hz, offshore wind farms must disconnect from
the grid with a time delay of 300ms. Frequency operating
limit of Irish grid code and Danish grid code is between
47~52Hz and 47~51.5 Hz [20]. In this paper, mitigation
of wind farm output power fluctuation in a hybrid ac-dc
based micro-grid system during grid mode and islanding
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Fig.1 Proposed Model System
mode is investigated using sodium sulfur battery energy
storage system due to its efficient characteristics. It is
shown in this paper that during the islanding operation of
micro-grid system, the power fluctuation mitigation
operation of sodium sulfur battery energy storage system
improves the frequency variations and mitigates the
power fluctuation of wind farm during both modes
leading to a stable grid and islanding operation of the
micro-grid system which fulfils the grid code for
frequency operating limit of UK, Ireland and Denmark
[20]. In section 2, the model system is shown. Dynamic
system modeling is shown in brief in section 3. The
control strategy and simulation results are shown in
section 4 and 5 respectively. Finally the conclusion is
shown in section 6.

2. Proposed Model System
A hybrid micro-grid system is used in this paper which is
extracted from the benchmark system of the IEEE
standard 399-1997 [21], with some modifications to allow
the grid and islanded operation of micro-grid as shown in
figure 1. A wind farm of 7MW and a photovoltaic system
of 0.5MW is used in the model. Ac and dc loads are used.
The sodium sulfur battery energy storage system along
with inverter and dc-dc buck-boost converter is shown in
the figure with dotted block.
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The parameters of the proposed micro-grid system and
the parameters of the induction generators used are given
in the Table 2.1 and Table 2.2 respectively in Appendix.
The NAS battery energy storage system (NAS BESS)
integrated at the common terminal of the induction
generators is rated at 4MW. Details of the smoothing
operation by NAS BESS are discussed in later sections.
Figure 2 depicts the schematic diagram of integrated
sodium sulfur battery energy storage system (NAS
BESS). The battery energy storage system is connected at
the terminal point of the wind farm. The sodium sulfur
battery energy storage system consists of voltage
controlled pulse width modulation voltage source inverter
and dc-dc buck-boost converter along with the equivalent
model of sodium sulfur battery. The voltage controlled
pulse width modulation voltage source inverter (PWM
VSI) is used to control the dc link voltage of the VSI and
terminal voltage (VtNAS) at the point of common coupling
between the wind farm and the NAS BESS. The dc-dc
buck-boost converter is used to control the fluctuated
wind farm output power PIG wind farm. The whole system
leads to the smoothing of the fluctuated wind farm output
power. Pline indicates the smooth power. Details control
scheme of the voltage source inverter and the dc-dc buckboost converter is shown in the following subsections.

3. Dynamic System Modeling
3.1 Modeling of wind turbine
Turbines capture kinetic energy from the wind and
convert it into electrical energy. The wind turbine output
torque and extracted power can be expressed by the
following equations [22, 23]:

1
3
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Where
Pm is the power,
ρ is the air density [kg/m3],
R is the radius of the blade [m],
VW is the wind speed [m/s],
A is the cross sectional area of the turbine [m2].
CP (λ,β) is the power coefficient given by

remaining capacity battery (EC) against internal force
(V0) is shown in the Figure. When battery is fully
charged, the battery internal force is V0. E indicates the
depth of discharge of the NAS battery energy storage
system in MJ [19]. EC indicates the remaining capacity of
the battery in MJ. The total capacity of the sodium
sulphur
battery
energy
storage
system
is
4MW/2.857MWh.
From the characteristics curve, the sodium sulfur battery
internal force can be described by the following equation.

1
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Vw is the tip speed ratio.
 (1609) and
Where,
m represents the rotor mechanical speed and  is
the pitch of the rotor blades. The power coefficient CP is
a measure how much of energy in the wind is extracted by
the turbine. The power coefficient CP is a function of the
tip speed ratio (λ) and the pitch angle (). Pitch control
allows limiting of the turbine speed at high wind speeds.
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The battery power is modeled with a capacity of
4MW. Initial value of battery internal force is 0.95V0. 5%
voltage drop across the internal resistance is considered. It
is assumed that the battery resistance is constant. The
power across the battery is shown in the following
equation.
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Figure 3 shows the CP –λ curves for different pitch
angles of fixed speed wind turbine (FSWT).
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3.2 Modeling of pitch controller
Figure 4 shows the modeling of pitch controller for fixed
speed wind turbine [24]. The pitch angle of the blades is
controlled to optimize the power extraction of wind
turbine as well as to prevent overrated power production
in strong wind. When wind speed is higher than rated
value, the power limitation active by adjusting the pitch
angle using the pitch-control which is shown in the
Figure. P_IG is the power generated from the induction
generator. The error between the P_IG and reference
power 1 is taken as input to the PI controller. The PI
controller output is connected to the limiter and then it is
connected to rate limiter and pitch angle is generated.
1000

P_IG
+

-

PI
0

(3)

Where, E is the depth of discharge. For the modeling
of the NAS BESS, the battery is considered to be 65%
charged initially. As the total charge capacity of the
battery is 10285.7MJ. Considering 35% depth of
discharge initially, the depth of discharge of E becomes
3600MJ. Considering the value of E at equation 3, the
resulting internal battery voltage is equal to:
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SOC: Ec (MJ) (Energy storage)
10285.7MJ(100%)

E(MJ) Depth of discharge
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3.3 Modeling of sodium sulfur battery energy storage
system
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Figure 5 shows the characteristics curve of sodium sulfur
battery energy storage system. Graph of inside of battery

Fig.6 Sodium sulfur (NAS) battery model

Where, PNAS and RNAS indicate the power capacity and
internal resistance of the battery respectively and I
indicates the current through the battery. Thus the model
of NAS battery is represented in Figure 6, where the
calculated internal resistance from equation 5 is
0.0026485874 ohm.

Figure 7 shows the control block diagram of voltage
controlled pulse width modulation voltage source inverter
of sodium sulphur battery energy storage system as shown
in figure 2. PI controllers are used to control the terminal
voltage VtNAS and dc link voltage Vdc(pu). PLL provides the
angle θ1 for the abc-to-dq0 and dq0-to-abc transformation.
The currents IaN, IbN and IcN are sampled from 0.406kV
side of transformer as shown in Figure 2. The d-axis
current controls the dc link voltage while the q-axis
current controls the reactive power of the inverter.
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The power smoothing of wind farm fluctuated output
power can be performed by a constant reference. This
translates to a constant Pref in the control scheme of
Figure 8.
4.2.2 Mitigation of power using variable reference
For variable power smoothing operation, variable
reference is used in Pref as shown in fig. 8. Simple low
pass filter of wind farm fluctuated output power is used as
variable reference for the variable power smoothing
operation. The time constant of the low pass filter is 10s.
The benefit of using a variable reference rather than a
constant reference is less charging and discharging of
battery. In case of constant reference, the battery has to
charge or discharge high. But in variable reference, as the
reference varies along with the fluctuated wind output
power, the charging and discharging of battery is
comparatively low.

Id

5. Simulation Results

Iq

To verify the effectiveness of the power smoothing
operation, simulation analysis has been performed in
PSCAD/EMTDC [25]. Real wind speed data measured in
Hokkaido Island, Japan shown in Figure 9 is used to drive
the wind farm. The time step and simulation time has
been chosen to be 20,000μs and 300s, respectively.
Aggregated wind farm of 7MW and 0.5 MW photovoltaic
output power are considered. The simulation responses of
the power smoothing operation by using constant
reference and variable reference are shown in following
subsections.
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4.2 Buck boost converter
The control strategy of the dc-dc buck boost converter
used in BESS power flow control is shown in Figure 8.
The PWM carrier frequency is 450Hz. The error signal
between the line power Pline (after the point of wind
turbine generator and BESS connection) and reference
(smooth) power is fed to the PI controller. Then output of
the PI controller is compared with the carrier frequency
and thus the gate signals are generated for the buck-boost
converter. Using the controller, power Pline is forced to
track its reference Pref.

5.1. Mitigation of wind power fluctuation
during grid mode
5.1.1. Mitigation of power using constant
reference
Sodium sulfur battery energy storage system (NAS BESS)
of 4MW rating is integrated at the wind farm end to
smooth the fluctuating output power to a constant 5MW.
Batteries below 4MW rating has been tested in simulation
and it is seen that batteries lesser than 4MW is not able to
smooth the fluctuated wind output power.
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Fig.14 Energy level of NAS battery using constant
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5.1.2. Mitigation of power using variable
reference
Variable reference is used in the control scheme of dc-dc
buck-boost converter. Responses of the fluctuating output
power of wind farm, along with the smooth line power,
real power and reactive power provided by the voltage
source inverter with NAS battery ESS are shown in
Figures 15 and 16 respectively. The blue color trace in
Figure 15 shows the fluctuating wind farm power output
and line in brown color shows the smooth wind farm
output Pline following variable reference. DC link voltage
of NAS BESS inverter is shown in Figure 17. Terminal
voltage at PCC of NAS BESS and wind farm is shown in
Figure 18. Stored energy in the NAS BESS is shown in
Figure 19. These responses show the effectiveness of the
battery model in terms of smoothing the fluctuating
output power of the aggregated wind farm.
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Responses of the fluctuating output power of wind farm,
along with the smooth line power, real power and reactive
power provided by the voltage source inverter with NAS
battery ESS are shown in Figures 10 and 11 respectively.
The blue color trace in Figure 10 shows the fluctuating
wind farm power output P IG wind farm and almost straight
line in brown color shows the smooth wind farm output
Pline at 5MW. DC link voltage of NAS BESS inverter is
shown in Figure 12. Terminal voltage at PCC of NAS
BESS and grid side is shown in Figure 13. Stored energy
in the NAS BESS is shown in Figure 14. These responses
show the effectiveness of the battery model in terms of
smoothing the fluctuating output power of the aggregated
wind farm.
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6. Conclusion
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The hybrid micro-grid system with mitigation technique
of sodium sulphur battery energy storage system is
presented in this paper with detail modeling. The
effectiveness of the control strategy is verified in
PSCAD/EMTDC. The mitigation technique during grid
mode with fixed and variable reference is shown in
details. From the simulation results, it is found that the
battery charging and discharging is low when variable
reference is used which will help to avoid overcharging or
depletion of battery below the threshold level. Frequency
analysis of wind farm with mitigation and without
mitigation is presented in the paper for islanding mode.
The results shown that during the islanding mode, the
frequency of the wind farm crosses the operating limits
without mitigation technique. On the other hand, with the
mitigation of the sodium sulpher battery energy storage
system, the frequency stays within the operation range
during islanded mode fulfilling grid code. It can be
concluded from this paper that the proposed mitigation
technique of wind power fluctuation leads the micro-grid
system to an improved and well dynamic system during
and subsequent to the islanding mode.
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Fig.19 Energy level of NAS battery using
variable reference

5.2 Mitigation of wind power fluctuation and
frequency analysis during islanding mode
Figure 20 depicts the islanding and grid resynchronization
mode of micro-grid system. In figure 20 (a) and (b), the
fluctuated wind farm output power, smoothing power and
grid power is shown respectively for smoothing and
without smoothing operations. Figure 20 (c) depicts the
wind farm frequency for smoothing and without
smoothing operation. It is clearly observed in the response
that frequency of the wind farm in the micro-grid does not
operate within the acceptable range during islanding mode
when proposed energy storage device for fluctuation
mitigation is not used in the system. When mitigation is
enabled by the energy storage system, the frequency of
wind farm stays within the operating limit during
islanding mode which fulfils the Irish and Danish grid
code [20].
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Appendix
Table 1
Micro-grid parameters
Parameters

PWF
PL (with mitigation)
PL (without mitigation)

7 MVA

Base voltage of converter

3.6 kV VLL

Base current of converter

1.1226A

4

Resistance (TL1, TL3 and TL4)

0.26368

2

Inductance (TL1, TL3 and TL4)

0.0004326H

Length (TL1, TL3 and TL4)

2.06 km

Resistance (TL2)

0.013312

Inductance (TL2)

0.00002184H

Length (TL2)

104m

Total AC generation

7MW

Total DC generation

0.5MW

AC loads

Up to 2.5 MW

DC loads

Up to 3 MW

DC bus voltage

1.5 kV

DC link capacitance

100000µF

Power [MW]
PGrid [MW]

6
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1
0

(a) 20
25
PGrid (with mitigation)
PGrid (without mitigation)
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Grid
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Islanding
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Frequency [Hz]

Value

Base MVA of converter
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56 0
54
52
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46
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0
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(b) 20
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fwithout mitigation
fwith mitigation

Frequency
improvement

Frequency exceeding
operating limit

5

10
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(c) 20
Time [sec]

25

30

35

Table 2
Induction generator parameters

40

Generator Type

Fig.20 Impact of smoothing on frequency during
islanding mode

MW
Stator resistance

IGs
7
0.01

Rotor resistance (pu)

0.01

Leakage reactance (pu)

0.1

Magnetizing reactance (pu)

3.5

Rotor mutual reactance (pu)

0.12

Inertia constant (sec)

1.5

Voltage rating, (kVLL)

0.69
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