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Battery Energy Storage to Strengthen the Wind 
Generator in Integrated Power System  
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Abstract⎯The wind energy generation, utilization 

and its grid penetration in electrical grid are increasing 
world-wide. The wind generated power is always 
fluctuating due to its time varying nature and causing 
stability problem. This weak interconnection of wind 
generating source in the electrical network affects the 
power quality and reliability. The localized energy 
storages shall compensate the fluctuating power and 
support to strengthen the wind generator in the power 
system. In this paper, it is proposed to control the 
voltage source inverter (VSI) in current control mode 
with energy storage, that is, batteries across the dc bus. 
The generated wind power can be extracted under 
varying wind speed and stored in the batteries. This 
energy storage maintains the stiff voltage across the dc 
bus of the voltage source inverter. The proposed scheme 
enhances the stability and reliability of the power 
system and maintains unity power factor. It can also be 
operated in stand-alone mode in the power system. The 
power exchange across the wind generation and the 
load under dynamic situation is feasible while 
maintaining the power quality norms at the common 
point of coupling. It strengthens the weak grid in the 
power system. This control strategy is evaluated on the 
test system under dynamic condition by using 
simulation. The results are verified by comparing the 
performance of controllers.   

Index Terms⎯Battery energy storage, power quality, 
wind energy generating system. 

1. Introduction 
In the recent years, wind energy generation has been 

focused as a clean and inexhaustible energy and its 
penetration level has increased throughout the world. The 
growth rate of renewable investment in the power 
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generation is increasing world-wide. Germany has around 
16% power from wind and Denmark 20%. US is planning 
to generate 20% power from wind. India is the fifth largest 
wind energy producing country, having gross wind power 
potential estimated as 45,195 MW and installed capacity 
10,925 MW in 2009. However, the output power of wind 
generator is fluctuating and will affect operation of 
interconnected grid. The utility system cannot accept the 
new generation without the strict condition of voltage 
regulation due to real power fluctuation and reactive power 
generation/absorption. These require some measures to 
mitigate the output fluctuation so as to keep the power 
quality in the grid.  

There have been a number of studies done to evaluate 
and mitigate the impact of wind generating system on the 
grid. A few studies in the interconnected grid system are 
based on the form of hydrogen, capacitor, batteries storage, 
and superconducting magnetic energy storage[1]-[5]. In Japan, 
battery energy storage was used for mitigation of variations 
in wind farm output to stabilize the short fluctuations of 
output[6]. The bulk energy storage was proposed for 
managing wind power fluctuation which provides 
increasing requirement for reserve, enhance the wind power 
absorption, achieve the fuel cost savings, and reduce CO2 
emissions[7]. The statistical approach was proposed for 
utilization of two batteries energy storage, in which wind 
power is used to charge one battery storage and the other is 
used to discharge the battery storage[8]. The control method 
for the state of charge of battery was proposed in [9]. The 
static compensator and battery energy storage was proposed 
for fixed speed wind generator to improve the power 
quality and stability for the power system[10],[11]. The 
penetration of wind generation into the power system will 
increase further due to the use of variable speed wind 
generation to accommodate the maximum power in the 
power system. Thus, it promotes wind generating system 
through battery energy storage in today’s scenario. The 
battery storage provides a rapid response for either charging 
or discharging the battery thus it acts as a constant voltage 
source in the power system. The battery storage is effective 
when wind speed output fluctuations are high particularly at 
speed just below the normal operating speed. Hence, output 
smoothing strongly depends on battery storage capability.  

In this paper, the proposed system is efficient and 
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economical to strengthen the power system. In order to 
verify the effectiveness of the proposed system, current 
control mode of voltage source inverter is proposed with 
battery storage and wind generating system. The controller 
action is simulated in MATLAB/SIMULINK based on 
instantaneous modeling approach. The proposed control 
system with energy storage has the following objectives: 

• Unity power factor at the common coupling bus; 
• Reactive power support from wind generator and 

batteries to the load; 
• Stand-alone operation in case of grid failure. 

The paper is organized as follows. Section 2 introduces 
the generalized weak grid system. Section 3 gives the 
system configuration to strengthen the power system. 
Section 4 presents the mathematical model. Section 5 
describes the system performance and section 6 draws the 
conclusion.  

2. Weak Generator in Weak  
Grid System 

The generalized wind generator interface system in the 
power system has voltages on each side. The connected bus 
of wind generator is a weak bus in the power system and it 
is connected to strong grid through the impedance Z, shown 
in Fig. 1. 
   In the generalized power system, the three-phase power 
is transmitted as symmetrical as possible. The line-to-line 
voltage is 3  times larger than phase voltage and total 
three-phase power is constant. The voltage drop over the 
impedance can be written as - 

1 2 3V V IZ− =                 (1) 

where V1 and V2 are the root mean square (r.m.s) voltage, I 
is the r.m.s current and Z is the impedance of transmission 
line and transformer feeding to grid. 

At the point of common connection (PCC), wind farm 
and local load are also connected. The short circuit power 
SK  in wind connection is given as 

2
1KS V Z= .                  (2) 
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Fig. 1. Generalized wind generator in the power system. 

The change in wind power production will cause 
changes in the current through the impedance Z. These 
current changes cause the changes in the voltage V2. In 
practice, connections with network having short circuit 
ratio less than 2.5 are to be avoided, as it gives rise to the 
voltage fluctuations and it is called as weak grid. 

The impedance Z R jX= +  is at the fundamental 
frequency. Generally the impedance in presence of 
harmonics becomes as 

( ) LZ h R jhX= +                 (3) 

where h is the harmonic order, that is to say, the inductive 
reactance changes linearly with frequency. 

The combination of wind power production and load is 
represented as P jQ+ , where P is the active power and Q 
is the reactive power. The reactive power is dependent on 
the phase shift between voltage and current, as shown in 
(4): 

1tan Q
P

φ − ⎛ ⎞= ⎜ ⎟
⎝ ⎠

.                (4) 

The reactive power in the wind has an impact on 
voltage V2. The impact is also dependent on local load and 
on the feeding grid impedance. Thus, it is necessary to 
strengthen the weak grid using the energy storage system in 
the wind energy generated power system. 

3. System Configuration to 
Strengthen the System 

The proposed energy storage to strengthen the wind 
generating grid in the power system is configured on its 
operating principle and based on the control strategy for 
switching the inverter, as shown in Fig. 2. 
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Fig. 2. Scheme of energy storage to strengthen the wind generator. 
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3.1 Operating Principle 
In the proposed system, the magnitude of source current 

is determined by the instantaneous current among source, 
power converter and load. The battery is used as an energy 
storage element for the purpose of voltage regulation. The 
wind energy generating system is connected to the 
uncontrolled rectifier bridge whose output voltage is 
variable dc and connected to battery storage for charging. 
The battery can also be charged from grid in low demand in 
grid and can be used for peak demand. The error current is 
injected through current control voltage source inverter in 
the grid at the point of common coupling. 
3.2 Control Strategy of the System 
   The control strategy to strengthen the wind generating 
system is shown in Fig. 3. 

In the implementation of control strategy into the grid 
system, a dc link is required to interface the wind energy 
generating system into the grid through a power converter. 
The induction generator output is first converted through a 
rectifier. The dc voltage at which the battery energy storage 
system (BESS) is connected with reference values and 
errors is fed into proportional-integral controller. The 
output of proportional-integral controller is multiplied by a 
reference sine wave generator. Hence, the desired reference 
current  can be obtained. The practical current is 
detected by current sensor and subtracted from the desired 
reference current so that the error is sent to the hysteresis 
current mode controller to generate the switching pattern. 
Thus, this control strategy acts as an instantaneous 
feedback current control method of pulse width modulation 
(PWM) for switching the inverter in grid system as shown 
in Fig. 4. 

*
RefI

 

 

 

 

 

 

 
Fig. 3. Control strategy of the system. 
 

 
 
 
 
 
 
 
 
 

Fig. 4. Instantaneous feedback control of PWM. 

   The current controlled mode of inverter operation is 
presented as 

ia
ia sa ia( ) ( )i i

di
R i L v v L

dt
′= − + − i         (5) 

ib
ib sb ib( ) ( )i i

di
R i L v v L

dt
′= − + − i          (6) 

ic
ic sc ic( ) ( )i i

di
R i L v v L

dt
′= − + − i         (7) 

dc
ia ib ic( A B c

dv
i S i S i S C

dt
= + + )           (8) 

where , , and  are the inverter voltages, iav ibv icv sav′ , 

sbv′ , and scv′  are voltages at PCC, and iia, iib, and iic are 
inverter currents. Switching signals are obtained by 
comparing reference currents i , , and i  with the 
actual currents , ,  of source. The current errors 

*
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aiΔ , biΔ , and ciΔ  are applied to the hysteresis 
controllers that produce the correct signal to switch the 
power electronics switches ON and OFF until the current 
exceeds or falls below the tolerance limit. In this technique, 
a separate comparator is used to drive the inverter. The 
conduction state of a three-leg inverter is represented by 
three logic variable switching functions SA, SB, and SC. The 
characteristics of the switching function as SA=ƒ( aiΔ ) of a 
hysteresis controller for phase A of the inverter. The 
characteristics constitute a hysteresis loop that can be 
described as 
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where h denotes the width of the loop, and SA=0 and AS ′ =1 
indicate the state of switches.  

Due to this switching function, the inverter injects the 
current into the grid in such a way that the source current is 
harmonic free.  

The injected current will cancel out the reactive and 
harmonic part of the load current and thus improve the 
power factor. To accomplish these goals, the grid voltages 
are sensed and synchronized in generating the current 
command for the inverter. For a balanced three-phase 
source, voltage is written at the grid as 

sa

sb

sc

sin( )

sin( 120 )

sin( 120 ).
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Therefore, the reference current for the comparison 
must be derived from the source (grid) voltage. These 
currents can be expressed as 
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where I is proportional to the magnitude of the filtered 
source voltage of phase a. This ensures that the source 
current is controlled to be sinusoidal irrespective of whether 
the source voltage is unbalanced or not. 

where I is proportional to the magnitude of the filtered 
source voltage of phase a. This ensures that the source 
current is controlled to be sinusoidal irrespective of whether 
the source voltage is unbalanced or not. 

The wind generating system with battery energy storage 
system is the best suited since it rapidly injects or absorbs 
the reactive power to stabilize the grid. It also controls the 
distribution and transmission system at a very fast rate. 

The wind generating system with battery energy storage 
system is the best suited since it rapidly injects or absorbs 
the reactive power to stabilize the grid. It also controls the 
distribution and transmission system at a very fast rate. 

4. Mathematical Model of Wind 
Generating System with Battery 

4. Mathematical Model of Wind 
Generating System with Battery 

The mathematical model of wind generating system is 
described as follows. 

The mathematical model of wind generating system is 
described as follows. 
4.1 Wind Energy Generating System 4.1 Wind Energy Generating System 
   The induction generator having been used is wind 
turbine generating system, because it has advantages of 
generating the power from variable speed prime mover, 
being suitable for high speed operation, maintenance, lower 
cost comparing with other machines of identical rating, and 
the voltage and frequency being controlled by grid. The 
output power of this wind turbine system is presented as 

   The induction generator having been used is wind 
turbine generating system, because it has advantages of 
generating the power from variable speed prime mover, 
being suitable for high speed operation, maintenance, lower 
cost comparing with other machines of identical rating, and 
the voltage and frequency being controlled by grid. The 
output power of this wind turbine system is presented as 

3
wind

1
2

P Aρ= V                (12) 

where ρ (kg⋅m−3) is the air density and A (m2) is the area 
swept out by turbine blade. It is not possible to extract all 
kinetic energy of wind, thus it extracts a fraction of power 
in wind, called power coefficient Cp of the wind turbine, 
and it is given as  

mech windpP C P=                  (13) 

where Pmech is the mechanical power of wind turbine in Nm, 
and 

16 0.59
17pC = =                 (14) 

which is also known as Betz’s limit. 
This coefficient can be expressed as a function of tip 

speed ratio λ and pitch angle θ. It is a highly nonlinear 
function having power function of λ and θ. If the 
mechanical torque Tmech is applied, it is convenient to 
calculate Pmech from generating system, where ω is the 
turbine rotational speed. 

mech mech turbineT P ω= .              (15) 
Therefore, 

mech turbine wind( ,  P f Vω= )            (16) 

2 3
mech wind

1
2 pP R Vρ= Π C             (17) 

where Vwind is the wind speed in m/s. 
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Fig. 5. dc link for battery storage and wind generator. 

4.2 dc Link for Battery and Wind Generator 
In the inverter, the capacitor is used as the intermediate 

element, which decouples the wind generating system and 
grid system shown in Fig. 3. The use of capacitor is more 
efficient and less expensive than inductor and it is modeled 
as 

dc dc(rect) dc(inv) b
dC V I I I
dt

= − −         (18) 

where C is circuit capacitance, Vdc is rectifier voltage, 
Idc(rect) is rectified dc-side current, and Idc(inv) is inverter 
dc-side current, as shown in Fig. 5. 

The battery storage is connected to dc-link grid and is 
represented by a voltage source Eb connected in series with 
an internal resistance Rb. The internal voltage varies with 
the charge status of the battery. The terminal voltage Vdc is 
given as  

dc b b bV E I R= −                (19) 

where Ib represents the battery current. 
It is necessary to keep adequate dc-link level to meet 

the inverter voltage: 

dc inv
2 2V V
M

≥                 (20) 

where Vinv is line-to-neutral r.m.s voltage of inverter, 
switching frequency is 2 kHz, inverter output frequency is 
50 Hz, and M .is modulation index (0.9). Thus the dc link is 
designed for 800 V. 

The dc-link capacitance is calculated as 

cpp

o

s

IC
f V

=                  (21) 

where fs is the switching frequency, Vcpp is the peak-peak 
value of voltage across the capacitor, and Io is the output 
current of inverter. 
4.3 Model of Battery 

In the analysis of the system with batteries storage, the 
mathematical model of battery is dependent on the system 
studies. The numbers of battery models are available as far 
as the terminal behavior is concerned[12]. The approximate 
short-term model having source Eb connected in series with 
an internal resistance Rb is used for the study. The response 
time of battery is dependent on its electrical parameters. In 
practice the lead acid batteries are generally used. For 
electrical energy storage applications, a large number of 

VdcEb 

CRb 
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cells are connected in series in order to produce the 
required operating voltages as design for dc link. 
4.4 Voltage Source Inverter 

In the voltage source inverter, each switch of converter 
is represented as a binary switch. The value of this 
resistance is infinite if the switch is OFF and zero if it is 
ON. The inverter output phase voltage equations can be 
written and modeled as 

AN

dc
BN

CN

  2 1 1
1   2 1

3
1 1   2

A

B

C

V S
V

V S

SV

⎡ ⎤ ⎡ ⎤− −⎡ ⎤⎢ ⎥ ⎢ ⎥⎢ ⎥= − −⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥− −⎣ ⎦⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦

.        (22) 

where VAN, VBN, and VCN are the phase voltages of inverter. 
The switching functions for the inverter are derived 

from a hysteresis type of controller. The SA, SB, and SC are 
the switching functions and Vdc is the battery voltage[13]-[17]. 

5. System Performance 
The scheme of a wind generator with battery energy 

storage for extraction of wind energy is shown in Fig. 2 and 
it is simulated in MATLAB/SIMULINK with power 
system block set. The SIMULINK model library includes 
the models of converter, induction generator, load, etc. It 
has been constructed for simulation.  

The simulation parameters for the given system are 
listed in Table 1. 
5.1 Steady State and Dynamic State Performance 

The load is considered as a nonlinear load for the 
simulation of the system. The performance of the system is 
observed for the power quality improvement as well as to 
support the load, when source is not available. The inverter 
is switched on at 0.2 s. The source current Is, load current IL, 
and inverter injected current Iinv are measured with and 
without inverter controller in the circuit and also at 
stand-alone mode of operation. The current supplied from 

Table 1: System parameters 

the source is made sinusoidal and harmonics-free as soon as 
the controller is in the system, which is shown in Fig. 6 (a). 
The load current in the system is shown in Fig. 6 (b). The 
injected current supplied from the inverter is shown in Fig. 
6 (c). During the interval, the load current will be the 
addition of source current and inverter current. The grid 
failure is observed at time t=0.6 s and source voltage is not 
available, thus inverter will support for the load and will 
utilize the battery energy storage system from wind 
generator as a stand-alone mode. 

_

 

 

 

 

 

 

 

 

 

 
 
 
 
Fig. 6. Measured current: (a) source current, (b) load current, and 
(c) inverter-injected current. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
Fig. 7. dc Link performance: (a) dc-link voltage (b) rectified 
current of wind generator, (c) current supplied by battery, and (d) 
charging-discharging of dc-link capacitor. 

System parameters Specifications 
Source voltage  3-phase, 415 V, 50 Hz 
Source and line inductance 0.5 mH 

Wind generator parameter 
(induction generator) 

150 kW, 415 V, 50 Hz, P=4, 
Rs = 0.01 Ω, Rr = 0.015 Ω, 
Ls=0.06H, Lr=0.06H,  
Ave. wind velocity: 5m/s 

dc-link parameter dc Link-800V, C= 5μF. 
Rectifier-bridge parameter 
 

Snubber resistance R=100 Ω, 
Ron=0.01 Ω, C=1 μF 

Inverter-parameter-IGBT- 
device, three arm bridge 
type 

Rated: 1200 V  
Forward current:50 A 
Gate voltage: +/−20 V 
T-On delay: 70 ns 
T-Off delay: 400 ns  
Power dissipation: 300 W 

Battery storage dc: 800 V 

Interfacing transformer Rating-1 MVA,Y-Y type ,  
415/800 V, 50 Hz 

Load parameter 3-phase 415 V, nonlinear load  
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5.2 dc Link Performance 
The wind energy generator is operated to generate the 

power and supplied to the uncontrolled rectifier to interface 
in the dc link. The output of variable speed induction 
generators are speed dependent and it is necessary to 
convert the output into dc voltage. The dc-link voltage is 
shown in Fig. 7 (a). To transfer the real power from the 
wind generator into the load, the generated power is fed to 
rectifier for charging the batteries. The control strategy will 
maintain the constant dc voltage across the dc link. The 
rectified current from wind generator is shown in Fig. 7 (b) 
and the current supplied from battery storage is shown in 
Fig. 7 (c). The charging and discharging of dc-link 
capacitor are shown in Fig. 7 (d). The depth of discharge is 
not considered in the simulation.  
5.3 Wind Generator Performance 

The induction generator is connected with turbine and 
transfer of power is made through the dc link. The wind 
turbine is operated at a wind speed of 5 m/s. The generated 
voltage and current is shown in Fig. 8 (a) and (b), 
respectively. 

The proportional-integral type controller is used in the 
control system and its response is very fast. It corrects the 
errors between measured variable and a desired set value. 
The Kp determines reaction to the current error and Ki 
determines the reaction to the sum of recent errors. The PI 
controller used to increase the overshoot and the changes in 
the settling time eliminates the steady-state errors in the 
system. The transfer function for the simulation is 
considered as  

10
( )

0.008 1
G s

s
=

+
.              (23) 

The performance of controller is shown in Fig. 9, which is 
used to stabilize the voltage in the distributed network. The 
source current is maintained in-phase with the source 
voltage. This indicates the unity power factor at the point of 
common coupling which satisfies the power quality norms. 
The results of in-phase source current and source voltage 
are shown in Fig. 10. 

 

 

 

 

 
 

 

Fig. 8. Generated voltage and current of wind energy generator:  
(a) three-phase voltage and (b) three-phase current. 
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Fig. 9. Controller performance. 

The current waveform before and after the operation 
are analyzed for power quality measure. The Fourier 
analysis of the waveform is expressed without the 
controller in the system. The total harmonic distortion 
(THD) of the source current signal is shown in Fig. 11 (a) 
and the measured THD and its harmonic order is shown in 
Fig. 11 (b). 

The power quality improvement is observed at point of 
common coupling when the controller is in an ON 
condition. The inverter is placed in the operation and source 
current waveform is shown in Fig. 12 (a), with its fast 
Fourier transformation (FFT) in Fig. 12 (b). It is shown that 
the THD has been improved considerably and within the 
norms of the standard. The comparative performance with 
and without inverter controller and international electro- 
technical standard is presented in Table 2. 

 

 

 

 

 

 
Fig. 10. Source current and source voltage at PCC. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Current waveform and its FFT without the controller: (a) 
source current and (b) FFT of source current. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

0.5

1

1.5

2

2.5

3

3.5

Time(s)

ga
in

0     0.1     0.2    0.3     0.4     0.5    0.6    0.7
Time 

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

0

G
ai

n 

(s) 

sourceV_I
 

Voltage

(a)

(b)

0.60    0.65      0.70     0.75    0.80     0.85    0.90
Time (s) 

(a) 

1000

0

–1000

V 
(V

) 
I (

A
) 

50

0

–50
0.60     0.65     0.70     0.75    0.80     0.85    0.90

Time (s) 
(b) 

Inv.-OFF Inv.ON

current

0.36 0.37  0.38   0.39  0.40   0.41  0.42   0.43  0.44
ime (s) 

400

200

0

–200

–400

Vo
lta

ge
 &

 C
ur

re
nt

 

T

(a) 

0.100     0.105       0.110     0.115      0.120 
Time (s) 

(a) 

FFT window: 1 of 50 cycles of selected signal
100

50

0

−50

−100

I so
ur

ce
 (A

) 

(b) 

−2     0      2     4     6      8    10    12
Harmonic order 

(b) 

Fundamental (50 Hz)=64.96, THD=22.91%
100

80

60

40

20

0M
ag

 (%
 o

f f
un

da
m

en
ta

l) 



MOHOD et al.: Battery Energy Storage to Strengthen the Wind Generator in Integrated Power System 29

 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12. Current waveform and its FFT with the controller: (a) 
source current and (b) FFT of source current. 

Table 2: Performance of controller 
Harmonics order in 
source current F 3 5 7 9 11 THD

Without controller 64.9 0.1 22 10 0.1 8 22.9
With controller 44.2 0.2 0.6 0.2 0.1 0.35 1.29
With international electro-technical standard 3 

 
The energy storage scheme for strengthening the wind 

generator in the power system not only has power quality 
improvement but also supports real and reactive power to 
the load. 

6. Conclusions 
The paper proposes wind energy extraction scheme 

with batteries energy storage system with interface of 
current controlled mode for exchange of real and reactive 
power support to the load. The Hysteresis current controller 
is used to generate the switching signals for the inverter in 
such a way that it will inject the current into the distributed 
system. The scheme maintains unity power factor and also 
harmonic free source current at the point of common 
connection in distributed network. The exchange of the 
wind power is regulated across the dc bus having energy 
storage and is made available under the steady state 
condition. This also allows the real power flow during the 
instantaneous demand of the load. The suggested control 
system is suited for rapid injection or absorption of 
reactive/real power flow in the power system. The battery 
energy storage system provides rapid responses, enhances 
the performance under the fluctuation of wind turbine 
output, and improves the voltage stability of the system. 
This scheme provides a choice to select the most 
economical real power for the load amongst the available 
wind, battery, and conventional resources and the system 
supports to strengthen the power system with power quality 
norms.  
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