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ABSTRACT:

This paper proposes the design and simulation of dual inverter based Energy Storage Systems(ESS) for wind
energy systems. A dual inverter consists of MAIN inverter which is connected to grid side and an auxiliary
inverter for which an energy storage system is interfaced. Typical grid connected wind energy systems includes
wind turbine, PMSG, DC-DC converters, three phase dual inverter ,energy storage system and related power
electronic devices. The detailed model of design and simulation of dual inverter based Wind energy system
starts with wind turbine coupled PMSG which is connected to three phase diode rectifier and Boost converter
which in-turn connected to a dual inverter which is used to deliver the wind energy to grid and also to store the
energy in energy storage systems during surplus periods. Also Short term power fluctuations are mitigated and
harmonics are reduced. Maximum Power point Tracking (MPPT) method, Energy storage system interfacing is
also studied. The overall system model is designed and simulated by using MATLAB/SIMULINK.
KEYWORDS: Dual inverter, Energy storage system, MPPT, PMSG, Wind turbine, MATLAB/SIMULINK

| INTRODUCTION
Due to the cost increase, limited reserves,
and adverse environmental impact of fossil fuels
renewable energy sources have been attracting great
attention. Among them, wind energy is one of the

density simultaneously with a high power density is
used for energy storage system [2].
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The main objective of the wind energy systems is to VIND TUREDE prt
extract the maximum power available in the wind T

stream. The change in the wind speed poses a great ENERCY STORAGE somgr ||

threat to grid stability so; wind energy must be T st vmm L

supplemented with other energy storage systems to
ensure grid stability. Energy storage systems(ESS)
typically considered for wind applications include:
Pumped hydro, flywheels, batteries, supercapacitors,
compressed air, superconducting magnetic energy
storage systems and hydrogen. Their characteristics

Figure 1: Block diagram of dual inverter based
energy storage system for wind energy systems

In this paper, auxiliary inverter acts as active filter
and it operates at highswitching frequency. It will

(e.g., energy capacity, power capacity, cycles,
response time, efficiency and cost) are used to select
the suitable system for an application. Large
batteries, flywheels, supercapacitors and SMES are
chosen as promising storage options due to the
ability to directly specify a system with the
necessary power and energy capacity [1]. Among
them which have a relatively high energy storage

reduce the harmonics produced by main inverter as
it operates at low frequency. As wind speed is
intermittent in nature due to this power fluctuations
will occur.

Power fluctuations are periodic dips or spikes in the
electrical current. Block diagram as shown in
figurel consists of wind turbine coupled PMSG
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which is connected to dual inverter through a diode
rectifier and an intermediate boost converter which
is used to extract maximum power from wind
turbine. Power electronic interface devices are used
for charging/discharging of energy storage system.
The associated theoretical and analytical formalism
is used to validate the solution. The simulation
results are presented.

Il DUAL INVERTER BASED ENERGY
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Figure 2: Schematic diagram of energy storage
system for wind generation power system

Figure 2 shows the schematic diagram of wind
energy generating systems interfacedwith energy
storage systems. The system consists of wind
turbine coupled PMSG, a DC/AC converter, DC/DC
unidirectional boost converter, AC/DC converter.
The PMSG output is connected to main inverter
through a diode rectifier and boost converter. The
energy storage system is interfaced with auxiliary
inverter.

The wind turbine is regulated by DC/DC boost
converter to a fixed dc output and is used to provide
the power required by the grid. The energy storage
system may be a battery bank, fuel -cell,
supercapacitor bank which is connected to auxiliary
inverter. When the wind speed is high the excess
energy can be saved in energy storage system which
is used to charge the energy storage system.

A) Modelling of wind turbine:
A wind turbine is a device that converts Kinetic

energy from the wind into electrical power. The
kinetic energy obtained by the blades from the wind

is transformed to mechanical torque on the rotor
shaft of the wind turbine[3]. The power obtained
from the wind can be calculated asshown

1
Pw = Epair Ar ngcp(l'ﬁ) (1)

Where,4is the air density,
Vs the wind speed experienced by the rotor
A, is the swept rotor area

Cp(A,B)is the power coefficient

The power coefficient depends upon tip-speed ratiok
and pitch angle of blades p.

A= )

The torque on the rotor shaft, can be calculated from
the power with the help of the rotational speed

~

Ty= > 3)
P 1 v,3

T, = Uw = EpairArzW Cp
1 C

T4 = 5Pair®RV,* 2 (4)

The wind turbine torque coefficient can be
expressed as

Cr=0Cy/2 )
_ 1 3y 2
TA - ZpairnR Vw CT (6)

B) Dynamic model of PMSG:

Figure 3 shows a general dg-axis model of a
synchronous generator. To model the rotor circuit,
the field current in the rotor winding is represented
by a constant current source lsin the d-axis circuit.in
the PMSG, the permanent magnet that replaces the
field winding can be modelled by an equivalent
current I with a fixed magnitude.
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Figure 3: dg-axis model for PMSG

To simplify the PMSG, the following mathematical
manipulations can be performed. The voltage
equations for the synchronous generator are given

by
Vis = —Rgigs — wrlqs + PAgs (7)
Vqs = _Rsiqs - WAy + plqs (8)

Where Ags and Agsare the d-axis and g-axis stator flux
linkages.

Ags = —Lgigs + A, 9)
ﬂ.qs = —Lqiqs (20)

Where A is the rotor flux, and Ly and L4 are the
stator dg-axis self-inductances, defined by

Lg=1Li + Lgpm (12)
Lq = LlS + Lqm (13)

Substituting and corresponding dA/dt =0 for
constant Ainthe PMSG, we have

Vas = —Rgigs + erqiqs — Lapigs  (14)

Vs = —Rgigs — wrigs + 0w, —
L, pigs(15)

The electromagnetic torque produced by the
Synchronous generator canbecalculated by

3p ,. ,
Te = TP(lquds - ldslqs) (16)

Substituting into 4, we have

3 ,
Te = P [)lrlqs - (Ld -

2 Lq )idsiqs (17)

The rotor speed o, is governed by motion equation
P
Wy = ]_S (Te—Tw) (18)

To derive the SG model for dynamic simulation of
synchronous generators, egation is rearranged as,

, 1 : i
lgs = E(_vds - Rslds + erqqu)/ Ld(lg)

.1 ; ;
igs = 5(=Vgqs — Rslgs + @rLglys)/ Ly (20)

Based on the above three equations the block
diagram for computer simulation of the SG is
derived the input variables of the SG model are the
dg-axis stator voltages Vg and vgs the rotor flux
linkage A, and the mechanical torque T, whereas
the output variables are the dg-axis stator currents igs
and ig, the rotor mechanical speed w, and the
electromagnetic torque Te.

C) Three phase diode rectifier:

A rectifier is an electrical device that converts
alternating current (AC), which periodically
reverses direction, to direct current (DC). This
process is known as rectification. The diode rectifier
converts variable generator voltage to a DC
voltage[4]. Because of the alternating nature of the
input AC sine wave, the process rectification alone
produces a DC current that, though unidirectional,
consists of pulse of current.

D) Boost Converter:

The DC/DC boost converter is one of the converter
often used in synchronous generator (SG) based
wind energy conversion systems. The DC-DC
converters can be used as switching mode regulators
to convert an unregulated dc voltage to a regulated
dc output voltage [6].
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Figure 4: Boost Converter

When the switch SW is closed i.e., ON state, the
boost inductor current increases and energy is stored
in inductor and the diode D, is turned off. When the
switch SW is open OFF state the stored energy in
inductor is released through the diode to the load.
When the switch SW is ON, the total sum of the
inductor voltage and the input voltage appears
across the load voltage when the switch SW is OFF,
the inductor is charged from the input voltage V.
When the switch is closed, on state the inductor
charged from the input voltage sourceV;, and the
capacitor discharges

Design values:

The duty cycle, d= To/T (20)

Where T=1/f (21)
Inductor,L =d(1-d)?R/2f (22)
Capacitor,C=d/2Rf (23)

E) Modelling of three phase dual
inverter:

The proposed three phase dual inverter consists of
main inverter, and an auxiliary inverter. Inverter is
a two-level voltage source converter. The converter
is composed of six switches Sw; to Swg, with an
anti-parallel free-wheeling diodeforeach switch.
When the converter transforms a fixed DC voltage
to a three-phase AC voltage with variable magnitude
and frequency for an AC load it is often called Main
inverter.

When the converter transforms an AC grid voltage
with fixed magnitude and frequency to an adjustable
DC voltage for a DC load, it is normally known as
an active rectifier or PWM rectifier. Whether it
serves as an inverter or a rectifier, the power flow in
the converter circuit is bidirectional [4].
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Figure 5: Three phase dual inverter

The proposed system consists of DUAL
inverter as shown in Figure in which the main
inverter operates in six-step mode, which moves
slowly from one vector to the next. The main
converter is often connected to an electric grid, and
delivers the power generated from the generator to
the grid. Square wave outputs are obtained from
main inverter which gets smoothened by auxiliary
inverter and it operates at low-frequency operation.
Auxiliary inverter acts as an active filter, and it is
operated at high switching frequency and it uses
Space vector modulation (SVM). Space vector
modulation (SVM) is one of the real-time
modulation technique and is used for digital control
of voltage source inverters. The active and zero
switching states can be represented by active and
zero space vectors. The six active vectors V; to Vg
from a regular hexagon with six equal vectors. The
zero vector Vg lies at the centre of the hexagon.

Assuming the operation of the inverter is three-
phased balanced,

Va(t) + Vip(t) + V() =0 (24)

Va V, V.are the instantaneous load phase voltages.
It is possible to transform the three-phase variables
to two phase variables through the abc/af
transformation

The active switching states of load phase voltages
are

Va()=3Vae, Vo()=2 Ve Ve()= TVae  (25)

The dual inverter topology injects the wind energy
to the load, and energy storage system and reduces
power fluctuations in the grid side and makes

energy balance.

Dual inverter based energy storage systems need to
reduce  powerfluctuations, provide  energy
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balanceand reduce the cost, power losses and
complexity. If energy storage system is connected
with dc-dc converter then the complexity, cost will
increase. To solve these problems, the synchronous
reference frame proportional — integral (PI)
controller is used three phase inverters to obtain a
zero steady-state error.

F) Energy Storage System:

Power fluctuations are Due to the change in thewind
speed.  Therefore the energy storage system
capacity is also a function of wind speed. The wind
is modelled as the sum of series of harmonics and dc
quantity.

The power captured from the wind is

V() =Vuwot) AV,,; siniiw;t) (26)
Vi (t)=Vwo(1+0.2sin(2 [1/T*t) (27)
p(t)=0.5pAC,Vu(t)® (28)

Wherev,is the instantaneous wind speed , V,y is the
mean wind speed., AV, is the harmonic amplitude,
w;is the angular frequency, p is the density of air, A
is the swept area of wind turbine blades and C, is
the coefficient of power conversion. The power
fluctuations caused by wind speed have to be
compensated by the energy storage system.

In the proposed system battery is used as an
energy storage system. When the wind speed is
maximum the required energy is supplied to the
grid and the excess of energy is stored in the
battery and when the wind speed is low, the
energy from the battery is provided to the grid.

Figure 5 shows the battery which is modelled
as a nonlinear voltage source whose output voltage
depends not only on the current but also on the
battery state of charge (SOC), which is a nonlinear
function of the current and time represents a basic
model of battery.
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Figure6: Internal circuit of battery model

Two parameters to represent state of a battery
i.e. terminal voltage and state of charge can be
written

Vp=Vo+Rpip—Kx Q/(Q O ibdt)+A><exp(B U ibdt)
(29)

SOC=100(1+i,dt/Q)  (30)

111 MATLAB SIMULINK CIRCUITS

Simulink Model of dual inverterbased Energy
Storage Systems

Figure 7: Simulation model of dual inverter based
energy storage system

The complete system is modelled on
MATLAB™ R2013a and SIMULINK™. The
simulation figure shows the Simulink model of dual
inverter based energy storage system which consists
of wind turbine, Diode rectifier, boost converter,
three phase main and auxiliary inverter and battery.
Wind turbine is delivering power of 100KW to grid.
The output power of grid is 60KW and energy
storage system used here is a battery.

Battery is charged when the wind speed is
maximum and it discharges when the wind speed is
low. Battery is interfaced with the auxiliary inverter
of dual inverter topology.
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Wind turbine Simulink model
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Figure 8: Simulink model of wind turbine coupled
PMSG

For the wind turbine coupled PMSG modelling
100KW input is given and different wind speeds are
given.

Simulink Model of Three Phase Inverter:
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Figure9: Simulationmodel of three phase voltage
source inverter

Simulink model of internal circuit of Inverter
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Figure 10: Simulink model of internal circuit of
control scheme of inverter

Figure 10 shows the control scheme of inverter.
Inverter employs inner current controller and output
power controller. The voltage and current injected
into the grid are converted into synchronous
reference frame. The direct component of the
inverter current controls the active current and the
quadrature component of the inverter current
controls reactive current. The reference active and
reactive current components are compared with
actual and the error is given to Pl controller to
produce voltage references.

SIMULINK model of gate signal generator

Figure 11: Simulink model of Generating SVPWM
signals to gate terminal of inverter.

SIMULINK model of Battery:
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Figure 12: Simulation model of Battery.

IV MATLAB SIMULINK WAVEFORMS:
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Figure 13: Waveforms for different wind speeds,
PMSG output voltage, and current.

With the wind turbine simulation model the wind
speeds are set to different values like 10m/s,
14m/s,8m/s and the pitch angle control as 25deg.the
input of PMSG is 100KW,the output voltage is
397V and the current is 198A.

Figureld: Boost converter output voltage and
Battery voltage waveforms

Figurel5: Output Voltage and Current of battery

The above Figure.15 shows the output current and
voltage waveform of battery. The battery nominal
voltage is 430V DC, the capacity of battery is
1000Ah, DOD is 60%. At starting 0 to 1 seconds
wind turbine gives the required power to the load,
the battery is in open circuit condition so the battery
current is zero, voltage is around 430V. After 1 sec
WT and Battery is connected, so the battery current
starts increasing while battery voltage starts
decreasing.

INVERTER CURRENT

Figure 16: Main inverter output voltage waveform.

Figure 16 shows the waveform of main inverter
voltage. Until battery chargeis not given to the grid
there are some disturbances in voltage after the
battery charge given the voltageisconstant. The
output voltage is 415V and current is 100A.

Figure 17: Output power of PMSG,Grid and Battery

Figurec17 shows the input power ranging from 30 to
100KW, and the grid output power is constant at
54KW and battery charging and discharging process
is also shown. For the first half time of the
simulation battery will charge if the energy is excess
and it discharges when the energy is in
demand.Thesimulated performance analysis of
voltage and current characteristics of battery are
determined in Figure. the battery is charged at the
rate of 50%. When the phase angle of battery
reduces a part of wind power is used for charging.
When there is reduction in wind power the stored
energy from battery is charged to the load which is
controlled by MPPT.

Conclusion and Future Scope

In this paper, energy storage systems are interfaced
with auxiliary inverter and power fluctuations are
mitigated and also energy balance is done. By using
ESS power losses, cost, complexity is reduced. The
results shown are charging and discharging of
battery for different wind speeds. The concept is
extended for the better energy storage system like
supercapacitor bank, modelling of multilevel
inverters with different control strategies to reduce
the fluctuations, harmonics significantly.

REFERENCES

[L] “An Energy Storage System for Wind
Turbine  Generators-  Battery  and
Supercapacitor” Applications (IJERA)
ISSN: 2248-9622 www.ijera.com Vol. 3,
Issue 2, March -April 2013, pp.1219-1223.

[2] “Study and control of a variable-speed
wind-energy system connected to the grid”
International Journal Of Renewable Energy

WWWw.ijera.com 11Page


http://www.ijera.com/

Harika Get al.Int. Journal of Engineering Research and Applicationswww.ijera.com

ISSN : 2248-9622, Vol. 4, Issue 4( Version 7), April 2014, pp.05-12

Research, IJRER M.Mansour,
M.N.Mansouri, M.F.Mmimouni, Vol.1,
No.2, pp.96-104 ,2011.

[3] “Direct integration of Battery Energy
storage systems in distributed power
generation” IEEE TRANSACTIONS ON
ENERGY CONVERSION, VOL. 26, NO.
2, JUNE 2011 677 S D.
GaminiJayasinghe, Student Member, IEEE,
D. MahindaVilathgamuwa, Senior
Member, IEEE, and Udaya K. Madawala,
Senior Member, IEEE

[4] “Grid Voltage Control of Inverter
Interfaced Wind Energy Conversion
System (WECS)” International Journal of
Environmental Science and Development,
Vol. 2, No. 5, October 2011

[5.] 5.“Comparative Performances Analysis of
Different Rotor Types for PMSG Used in
Wind Turbine
Application”InternationalJournal of
Advances in Power Systems (IJAPS) Vol.
1, No. 1, June 2013ISSN : 2335-1772 H.
Mellah and K.E .Hemsas. Department of
Electrical engineering.

[6.] “Modeling, Simulation AndPerfomance
Analysis of AC-DC-AC PWM Converters
Based Wind Energy Conversion System”
International Journal of Recent Technology
and Engineering (IJRTE) ISSN: 2277-
3878, Volume-2, Issue-4, September 2013

Author’s Profile

HarikaGreceivedB.Tech degree
in EEE fromJNTU Hyderabad.
She is pursuing M.Tech in Power
Electronics at The Oxford College
of engineering,Bangalore.Her
research interest includes
Advances in Power Electronics
converters and Renewable Energy
sources, mitigating power
fluctuations in power system.

Jaykumar N received B.E degree
in EEE from
bharathidasanUniversity, Trichy

and M.Tech in power electronics
from SASTRA
University, Thanjavur.Presently

working as an Assistant Professor
in The oxford College Of
Engineering, Bangalore. He is a
Life member in
ISTE.Presentedpapers in national
and international Conferences. His

research interests are Power
Converters,Electrical Machines.

Thiruvonasundari.D received
B.E (EEE) from
BharathiyarCoimbatore.M.Tec
h (PE) from VTU .Presently

' iﬂ " working as an Assistant
\“ ‘ Professor in The oxford

\ College  Of  Engineering,
Bangalore.  Her  research

interests are Non-conventional
Energy,  Switched  mode
Converters.

WWWw.ijera.com 12lPage



