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ABSTRACT The world is rapidly shifting to green power resources due to inevitable growing energy needs
and increasing environmental concerns. However, the irregular production capacity of renewable energy
resources requires additional components in the system for conditioning power quality and to make them a
sustainable solution. It imperatively needs an energy storage system, which is crucial for the wind energy
conversion system (WECS) to maintain a smooth power supply to loads. However, voltage fluctuations
from the wind turbine generator, which are caused by the turbulent nature of wind speed, pose disruptions
to the DC charge controller of a battery, and affects battery life. To deal with power fluctuations of the wind
turbine generator, this study proposes a WECS that integrates a supercapacitor before the stages of the DC
charge controller and the energy storage device. Given that batteries have transient charging and discharging
characteristics, a test bench is developed to analyze their patterns during the charging/discharging cycles.
The DC charge controller in the proposed WECS is designed to operate in the constant current mode as well
as constant voltage mode depending on the state of charge of the battery. The simulations and experiments
associated with the performance of WECS with a hybrid energy storage system and conventional system
are carried out and presented to substantiate the assertion. To validate the proposed idea, the performance
of the WECS and improvement in battery life are examined through the charging pattern of battery before
and after the integration of a supercapacitor. The behavior of wind turbine generator variables due to the
integration of supercapacitor in WECS is analyzed and discussed in detail. A prototype of WECS combined
with an arrangement of a supercapacitor (500 F, 2.7 Vdc) module is built and tested. The simulation and
experimental results indicating the impact of the integration of supercapacitor in WECS are presented.

INDEX TERMS Batteries, DC-DC power converters, energy storage, microgrids, supercapacitors, smart
grids, wind energy, wind energy integration.

I. INTRODUCTION
Energy is an important resource in the world today. Coun-
tries worldwide are shifting toward renewable energy sources
for the generation of electric power. Hence, the concept of
the microgrid (MG) has been introduced. A MG system is
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an off-grid or grid-connected energy system that can work
independently or collaboratively with other MGs [1]. A MG
system can provide electric power either from a single source
or multiple sources, such as wind and solar energy [2].
In most MG systems based on wind energy conversion sys-
tems (WECS), adding an energy storage device in the system
is necessary [3]. Owing to its highly variable nature, wind
power is unreliable for the grid system and occasionally can
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lead to failures of a power system. This limitation becomes
a more critical issue for remote off-grid systems. Moreover,
wind power generation needs to fulfill grid codes for synchro-
nization. For this reason, WECS need to absorb power and
voltage fluctuations and to regulate injected power.

Energy storage systems (ESS) play a significant role in
WECS by controlling wind power plant output and provid-
ing auxiliary services to the power system, thus increasing
utilization of wind power in the system [4]. The standard
choice for the energy storage buffer in a MG is lead–acid
batteries [5]. However, lead–acid batteries as an energy stor-
age buffer have low power density and a high rate of charge
and discharge [6]. As a result, their usage causes immoder-
ate stress on battery cells under fast load variations, which
causes a high number of charge and discharge cycles. For
this reason, the lifetime of a battery is reduced significantly.
In contrast, a supercapacitor has high power density and quick
response to load variations [7]. Owing to the rapid charge and
discharge rate of supercapacitors, ESS based on supercapac-
itor is ideal for preventing power fluctuations in renewable
energy conversion systems [8]. However, a supercapacitor
alone cannot be used as an energy storage device wherein
several hundred to thousand amperes of current is supplied
for a short period [7]. Supercapacitors have eliminated the
energy and power gap between electrolytic capacitors and
batteries. The energy capacity of a supercapacitor is typically
a hundred times more than that of an electrolytic capacitor of
the same size. A supercapacitor has a wide range of operating
temperatures, and it holds high power density of approxi-
mately 10 kW/kg, which is more than that of a battery. It has
a long lifecycle of around 500,000 cycles. A supercapacitor
can store charge without any chemical reaction. Thus, it can
charge and discharge at a much faster rate in a matter of
a few seconds. By contrast, lead–acid batteries are electro-
chemical devices that convert chemical energy into electri-
cal energy through a reduction and oxidation process called
‘‘redox’’ [9]. As a result of the chemical reaction, the charging
process is slow. Lead–acid batteries provide energy to the
rated load for an extended period or high power for short dura-
tions, depending on the intended application [10]. Typically,
the energy density of a battery is 10−100 kW/kg, and the
charge cycles are approximately 1,000 cycles. Thus, a battery
cannot sustain a high number of charge/discharge cycles in
MGs [7], [8]. Under extreme load variations, batteries cannot
respond immediately and remain under high stress, which
reduces the lifetime of a battery.

Many research articles have been published about WECS
that use hybrid energy storage systems (HESS) consisting of a
battery and a supercapacitor [10]–[12]. Verboomen et al. [10]
have proposed a model for fast power fluctuation caused by
demand side load, which puts stress on batteries. They pro-
posed a battery for energy requirements and a supercapacitor
to fulfill power needs. No battery charging/ discharging is
discussed during wind turbine power fluctuations. Gee and
Dunn [12] and [13] have proposed a control methodology
that quantified battery lifetime by adding a supercapacitor.

Kollimalla et al. [6] have proposed a control strategy for
batteries and supercapacitors by decoupling low and high
frequency component by utilizing error component of battery
current to control the supercapacitor. The control strategies
presented in [6], [12]–[14] are based on control of the low and
high frequency component, while considering demand side
load. However, the impacts of power fluctuations on batteries
and an investigation on battery life damage have not been
covered yet. Ayodele et al. [15] proposes the use of super-
capacitor in photovoltaic (PV) system to improve battery
lifetime. The analysis was done using MATLAB, and battery
lifetimewas estimated using Schiffer’s technique. The impact
of a battery–supercapacitor HESS and its different topologies
in standalone DCMGs have been discussed in [16]–[18] have
presented the analysis of ESS in renewable energy sources for
voltage regulation.

The battery–supercapacitor HESS introduces technical
benefits of high power density by maintaining the same
energy density as those of conventional battery systems.
However, substantial cost is added due to the addition of
supercapacitors. Comparing different ESS is difficult because
of their variances in technical specifications and application
diversity. Thus, Table 1 shows a comparison of their char-
acteristics including energy density, power density, lifetime,
financial benefits, and other aspects. When energy storage
devices are compared in terms of their lifetime, the key
performance indicators reveal that hybrid energy storage will
reduce the overall cost of a system. The stable power from
hybrid energy storage will reduce the impacts of frequent
transients of turbulent wind energy source on the system,
thereby increasing the life of energy storage device and other
associated power electronic components. Thus, the hybrid
energy storage not only maintains stable power but also
increases the lifetime of the overall system.

This paper proposes a wind energy conversion system that
involves a HESS composed of supercapacitors and batteries.
It emphasises the assessment of impact due to power fluc-
tuations of WECS on battery life during a charging cycle.
Furthermore, the study signifies improvements in battery
charging characteristics by integrating the HESS in WECS
compared with the conventional system. Section II describes
the structure of the proposed WECS. Section III presents
the design of the charge controller and its control algorithm.
Section IV details the charging/discharging characteristics of
a battery. Section V covers the selection of supercapacitor
and its sizing principle. Section VI discusses the simula-
tion and experimental study of the proposed system. Finally,
Section VII concludes this study.

II. WIND ENERGY CONVERSION SYSTEM
The WECS is composed of mechanical and electrical com-
ponents. Mechanical components include wind turbine and
gearbox. The electrical part consists of the generator, control,
and other interconnected devices [23]. The generator is the
integral part of a wind turbine, because it is responsible
for converting mechanical energy into electrical energy [24].
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TABLE 1. Characteristics of different (ESS) devices [16], [19]–[22].

Different types of electrical generators are normally used
in wind turbines. In WECS, asynchronous and synchronous
generators are generally used, depending on the configura-
tion [25].MostWECS use a doubly fed induction generator or
a permanent magnet synchronous generator. The permanent
magnet generator does not require a gear box, because this
generator is typically used to charge a battery energy storage
through a rectifier [23], [24]. Wind power sources, which are
located far from inhabited areas and are capable of small-
scale power generation, need to store electrical energy. These
power sources formMGs through the addition of energy stor-
age devices in WECS. Energy storage devices are connected
to these types of sources either directly, by means of rectifier
or DC-DC converters, or by their cascaded combination [26].
Given that the three-phase rectifier converts the AC voltage
generated by the wind turbine and the output of the rectifier is
irregular DC voltage, a DC-DC converter is used to regulate
DC voltage.

The WECS under study is composed of a mimicking
converter, supercapacitor, charge controller, and a battery as
shown in Figure 1. The mimicking converter represents the

FIGURE 1. Wind Energy Conversion System with proposed HESS.

wind turbine generator, rectifier and DC-DC converter. The
DC supply from the DC-DC converter is fed to charge the
supercapacitor. The supercapacitor supplies the stored power
to the charge controller to charge the battery. The control
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of the charge controller is designed to operate in constant
current/voltage mode. The proposed WECS is designed to
operate independently in a single MG or collaboratively with
other MGs. The battery voltage (DC) can be fed to the power
converter (DC-AC) to supply AC loads.

III. DESIGN AND CONTROL OF DC-DC CONVERTER
DC charge controllers are capable of converting any level of
DC to another level, and they play a vital role in the charging
of energy storage devices [27], [28]. Batteries are used as
energy storage elements in most wind energy systems [29].
The turbulent nature of wind source and short-term load
variations cause frequent charging/discharging of batteries,
which is a common occurrence in WECS. Frequent charging
and discharging increases the number of charge/discharge
cycles, thus reducing battery life [13]. Many chargers
of lead-acid batteries, which are available in the market,
use power dissipating methods for charging, which result
in a reduction of battery life [30]. Therefore, charging
lead-acid batteries requires a state-of-the-art power converter.
The proposed control of the DC charge controller handles
power variations by adding a supercapacitor before battery
and maintains power supply according to the charg-
ing/discharging profile of the specific battery. Thus, the con-
verter control is designed to track the error of current control.
Hysteretic current-mode control is applied to maintain the
current regulation in the DC-DC converter and to provide
excellent performance in operating conditions [13], [31].

A. DESIGN OF CHARGE CONTROLLER
Various PWMcontrollers are used to control DC-DC convert-
ers, DC-AC power inverters, and other voltage control appli-
cations. The 16-pin Integrated Circuit UC3525 from Texas
Instruments is a chip dedicated to converters and battery
charging applications [32]. Many topologies of the DC-DC
converter can be used for different voltage and power levels.
The buck-type DC-DC converter is selected for the charge
controller in this study as it has endurance, design symmetry,
and power management capability [33]. Figure 2 shows the
charge controller and its control.

FIGURE 2. DC charge controller and its control mechanism.

The full-bridge charge controller is responsible for pro-
viding constant current and voltage output for charging the
battery. For this purpose, the built-in error amplifier of the
PWM controller continuously senses feedback current (IF )
from the current transducer and matches it with the reference
voltage level of the error amplifier to maintain the charging
current supplied to the battery (Ibat ), as shown in Figure 3.

FIGURE 3. Structure of the error amplifier.

The error amplifier results in a command signal to the
PWM controller to vary the PWM signals by changing the
duty cycle (D) of square-wave pulses [34]. The PWM sig-
nals fed to a metal–oxide–semiconductor field-effect transis-
tor (MOSFET) switches from Q1 to Q4 to accomplish the
desired current output of the converter. The supercapacitor
bank with a variable input of 24 V to 16 V feeds to the charge
controller. The control algorithm applied at the charge con-
troller accomplishes the constant DC voltage by sensing feed-
back from a voltage divider. The control algorithm switches
between constant current and voltage mode depending on the
SOC of the battery, as illustrated in Figure 4.

The output voltage of the buck converter can be calculated
as follows:

Vout =
1

1− D
× Vin, (1)

where (D) is the duty cycle and (Vin) is the input voltage of
the converter bridge.

From equation (1), the feedback system appears to
only need to change the duty cycle of PWM applied to
Q1–Q4 MOSFETs.

B. CONTROL ALGORITHM OF CHARGE CONTROLLER
The charge controller uses the multi-stage charge algorithm
for effective charging. The control algorithm should com-
ply with the requirements of the voltage and current of the
battery [31]. The SOC of the battery is taken into account
to set the references for current and voltage control. This
multi-stage charge control algorithm is programmed in a
microcontroller, which adjusts the references of current and
voltage. This algorithm is executed separately along with the
PWM controller.
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The multi-stage charge algorithm is represented by a flow
chart in Figure 4, in which each charging stage indicates
different charging parametric values according to the SOC
of the battery. The multi-stage algorithm can be applied in
WECS with multiple energy storage devices.

FIGURE 4. Flow Chart of Charge Controller with Constant Current/Voltage
Mode.

The transition from one charging mode to another expe-
dites on certain SOC thresholds, specified in the initialization
block of the flow chart as SOCAMP (for constant current
charging mode) and SOCVOLT (for constant voltage charging
mode).

The SOC of the battery is continuously determined through
voltage (Vbat ) and current (Ibat ). After the computation of
SOC, the result is compared with SOC thresholds to decide
the optimum charging mode. In the case of multiple energy
storage devices, if the first bank is fully charged, then the
charger shifts to subsequent energy storage devices. However,
if the SOC is less than 100% but higher than the specified
transient threshold, then constant voltagemode proceeds, oth-
erwise constant current mode takes place. In either scenario,
the battery SOC is repeatedly measured with an inevitable
delay to assure the smooth transition of one charging stage to
another.

The depth of the discharge (DOD) and SOC are the main
parameters of the battery. The DOD indicates how deeply the
battery is discharged and it can be represented as follows [34].

DOD (%) =
Qd

Qrated
X100, (2)

whereQd is the discharged capacity of the battery, andQrated
is the rated capacity. Themeasurement unit for both is ampere
hour (Ah).

The SOC term is used to describe the remaining energy
reserves of the battery in percentage form. The SOC of a fully
charged battery is 100% and that of an empty battery is 0%.
The SOC of the battery can be written as follows [34], [35].

SOC (%) =
Qrem
Qrated

X100, (3)

where Qrem specifies the remaining capacity of the battery.

IV. CHARGING/DISCHARGING CHARACTERISTICS
OF THE BATTERY
The charging/discharging behavior has a significant impact
on the lifetime of a battery. The lead–acid battery has main
components, including two electrodes, an electrolyte, and
terminals. The structure of the electrodes consists of a grid
and activematerials. The grid provides physical support to the
active material and distributes the charging and discharging
current [36]. Fundamentally, the chemical reaction occurs in
the battery, which converts chemical energy into electrical
energy [10]. The electrodes are soaked by electrolyte material
that enables ion exchange to conduct electricity. In lead–acid
batteries, the discharging process turns electrodes into lead
sulphate crystals, whereas the electrolyte (sulphuric acid) is
converted into water [33]. The sulphate crystals become a
solution and turn into PbO2 and Pb on the positive and nega-
tive electrodes, respectively. The chargingmethod of a battery
is an essential factor that affects the lifetime of the battery, and
it controls the duration of charging, temperature, and charging
status [37]. The charging mechanism should have the ability
to protect the battery from under- and overcharge to increase
its lifetime. In lead–acid batteries, the charging process leads
to the transformation of the sulfuric acid of the electrolyte as
follows.

SO4 + 2H+ = H2SO4. (4)

The net recharge reaction on both electrodes and the elec-
trolyte is represented by following equation:

2PbSO4 + 2H2O = PbO2 + 2H2SO4 + Pb. (5)

The power flow is shown in equivalent circuit of battery
in Figure 5. The battery parameters Cb, Vcb represent the
lumped capacitance and electromotive force, respectively.

FIGURE 5. Equivalent Circuit for the Battery [34], [38].
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FIGURE 6. Charge Profile of Lead–acid Battery [39].

Whereas, Cp and Vcp are the polarization capacitor and
polarization voltage, respectively. Ibat and Ubat are the bat-
tery current (amperes) and battery voltage (volts) respec-
tively. To increase the lifetime of the battery, constant
current/constant voltage (multistage) charging techniques
are considered. In the first part of the multistage charging
method, the constant current mode is applied to the battery.
At this stage, the current must be limited to a maximum
of 0.25 C Amps, which is a quarter of the total battery
capacity. For example, if the full battery capacity is 4 Ah,
then the charging current should not exceed 1 Amp [39].
Figure 6 shows the typical charge profile of a lead–acid
battery. This method is used to reduce charging time, and it
requires precise SOC detection of a battery. Constant current
is applied until the battery voltage reaches 70%–80% of the
upper threshold voltage (UVTh) [9]. In this mode, the battery
terminal voltage is continuously monitored until it hits 14.4 V
(UVTh) in the case of a 12 V battery. The constant voltage
mode is automatically triggered as the battery terminal volt-
age hits 14.4 V. At this stage, the charging current is moni-
tored. When it drops to 0.05 C Amps, which means 0.2 Amps
for a 4 Ah battery, then the battery voltage reduces to 13.65 V.
This reduction indicates that the battery has recovered its
charge to 70%–80% of its capacity. The remaining 20%–30%
is to be charged with lower voltage to prevent overcharging.

V. SELECTION/CHOICE OF SUPERCAPACITOR
A. MODELING OF SUPERCAPACITOR
A supercapacitor supplies energy in the form of an electro-
static field. The energy (E) stored in the supercapacitor is
directly related to the square of the applied voltage. This
relation is quantified by the following equation [10], [40].

E =
1
2
CV

2
(6)

FIGURE 7. Supercapacitor model of Zubieta and Bonert.

The process of energy storage in a supercapacitor is different
from that in batteries. Ideally, a supercapacitor is suitable for
providing energy in applications where charging/discharging
cycles of high current frequently occur in short durations.
However, batteries are appropriate for systems with infre-
quent charging/discharging cycles and take a longer charg-
ing/discharging duration than supercapacitors. Combining
both into a hybrid form meets the energy and power need in
WECS and reduces battery stress, which reflects in the incre-
ment in life span. The discharge method of a supercapacitor
is governed by the following equation [41].

V (t) = Vc (0) e
−

t
RPC , (7)

where VC (0) is the initial voltage of the supercapacitor
and RP and C represent parallel resistance and capaci-
tance, respectively [41]. The supercapacitor model used in
this research was presented by Zubieta and Bonert [42].
Figure 7 illustrates the model, which is a simple RC circuit
that provides the terminal behavior of a supercapacitor. The
three-branch model of supercapacitor charge distribution is
developed from the RC circuit configuration.
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The resistive component represents the resistivity of active
carbon material. The supercapacitor equivalent series resis-
tance (ESR) is modeled by the R1, R2, R3, and Rleak; Rleak is
the self-discharge leakage, and it is modeled by the parallel
resistor Rleak. The capacitive element C1, C2, C3, and C4
represent the capacitance between the carbon and electrolyte.
The capacitance of the supercapacitor charge depends on the
potential difference between carbon and electrolyte material.
The ESR and the leakage resistances are accounted for the
energy wastage, which lowers the efficiency of the super-
capacitor. Owing to the high charge/discharge power levels,
the supercapacitor is suitable for energy buffering. However,
due to ESR and leakage resistance, some power is consumed,
which limits the efficiency to less than 100% [42], [43].

The efficiency (η) of the supercapacitor is the ratio between
the useful power (P) and the total power. The total power
includes useful power and internally wasted power (Pw).
The efficiency of the supercapacitor is represented by the
following equation [43].

η =
P

P+ Pw
× 100%, (8)

B. SIZING OF SUPERCAPACITOR
The supercapacitor has a limitation to withstand a voltage
range of 2.5 V to 2.7 V. Typically, supercapacitors should
work in series and parallel combination to achieve high lev-
els of power. The recharging current depends on the value
of supercapacitance and internal losses known as leakage
resistance. The permissible limits of system variables includ-
ing current, voltage, charging/discharging time, and power
determine the quantity of supercapacitor cells. Considering
the requirement of the above-mentioned system parameter,
the supercapacitor array based on several individual super-
capacitors cells connected in series or parallel can be estab-
lished by using the following equation [44]:

Csystem = CCell ×
Parallel Cells
Series Cells

. (9)

The equivalent series resistance of the supercapacitor array
can be determined as:

Rsystem = RCell ×
Series Cells
Paralle lCells

. (10)

Equation 9 and 10 have been used to achieve the optimal
arrangement and suitable size of supercapacitors, which sat-
isfy the system parameters requirements.

VI. SIMULATION AND EXPERIMENTAL RESULTS
A. SIMULATION TEST SET-UP AND RESULTS
The simulations of the proposed WECS are conducted in
Proteus software by Labcenter Electronics. Figure 8 shows
the sub-circuits of WECS, that is, the wind turbine mimick-
ing converter, supercapacitor module, and charge controller
connected in the simulation environment.

At the first stage, the mimicking converter obtains wind
profile data from a pre-defined look-up table programmed

FIGURE 8. Sub-circuits of the WECS in proteus simulation software.

in a microcontroller. Owing to variable wind speed data,
the output of the converter is variable DC voltage. The super-
capacitor module is connected to the converter to create a
stable output power. The stable output power from the super-
capacitor module is fed to the charge controller. The charge
controller then charges the battery according to its SOC.

The constant current (CC) mode simulation test of the
WECS with conventional and hybrid energy storage are per-
formed independently. Figure 9 shows the graph of battery
charging of conventional WECS (with battery storage only)
system during CC mode. The charging current continuously
changes irrespective of desired current for battery charging.
This is due to variable output of the mimicking converter, and
as consequence, these current spikes damage the battery.

FIGURE 9. Battery charging current of conventional WECS during CC
mode.

However, the charging pattern of the WECS with hybrid
energy storage system (HESS) indicates that charging cur-
rent is stable, as shown in Figure 10. Compared with the
conventional system, the charging pattern of hybrid energy
storage will increase battery lifetime due to stable output
power supplied to the battery.

The behavior for both WECS systems in simulation envi-
ronment is tested for constant voltage mode.
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FIGURE 10. Battery charging current of proposed WECS during CC mode.

Figure 11 shows the variable output current in case of
conventional system, where the current varies between 3.8 A
to 0.3 A. However, when the circuit with integrated superca-
pacitor module is tested during CV mode, it shows a gradual
decline of current as the battery gets charged with the time.
The Figure 12 depicts the behavior of proposed system during
CV mode.

FIGURE 11. Battery charging current of conventional WECS during
CV Mode.

B. EXPERIMENTAL TEST SET-UP AND RESULTS
A prototype of the proposed WECS is constructed using
available resources in the laboratory. The test bench set-up
includes regulated DC power supplies, specialized wind
turbine mimicking converter, data-logging board, superca-
pacitors, charge controller, and batteries. The specialized
converter is assigned with real-time data of the wind energy
in the localized area. This special purpose-built converter is
used to provide a variable output voltage to the supercapacitor
to mimic the power fluctuations produced by the wind turbine
in real time. However, the customized design of the con-
verter is beyond the scope of this research. The data- logging

FIGURE 12. battery charging current of proposed WECS during CV Mode.

board is developed to assess the performance of the proposed
WECS and to ensure the implementation of the localized
wind energy profile. By using the sizing principle mentioned
above, an array of supercapacitors is created. It consists of
nine series-connected cells, each rated 2.7 Vdc, 500 F, and
generates a total nominal voltage of 24.3 V DC and 55.5 F,
as shown in Figure 13.

FIGURE 13. Experimental set-up of wind energy conversion system.

To control the switching of the DC-DC converter,
DC charge controller, the IRF1404 MOSFET from Inter-
national Rectifier is used. Battery current (Ibat ) and volt-
age (Vbat ) are measured using the LEM current transducer
(LAH-25).

The charge controller is connected with the superca-
pacitor module, as depicted in experimental set-up shown
in Figure 13. This converter is used to charge the bat-
tery. The charging control algorithm is implemented using
industrial-grade microcontroller ATmega328 to charge the
battery in CC and constant voltage (CV) mode. The real-time
clock DS1307 module, which is connected to the microcon-
troller, is used for data-logging purposes to record power
variations produced by the specialized converter. To validate
the proposed control scheme, the CC was set to Ibat = 1.4 A.
During the CC mode, the battery charging current remains
constant until the terminal voltage of the battery reaches
13.5 V. The charge control algorithm switches to CVmode as
its condition is satisfied. During the CVmode, the battery ter-
minal voltage is set to a constant 14 V, and the battery current
is gradually reduced to 0.1 A. The battery voltage increases
to 14.4 V. Figure 14 illustrates the constant current charging
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FIGURE 14. Constant current charging of proposed system.

mode. The current from the wind turbine pulsates between
5 A and 2 A, whereas the output of the supercapacitor is held
constant at 1.4 A.

Figure 15 shows the output current of the wind turbine and
supercapacitor during CV mode. The wind turbine current
pulsates between 5 A to 1 A, whereas the output current of
the supercapacitor gradually decreases as described above in
the section of the control algorithm.

FIGURE 15. Constant voltage charging of proposed system.

To compare the performance of the proposed system with
the conventional method of charging, the supercapacitor
module was disconnected from the WECS system for tests.
The results were analyzed during CC and CV mode, and
significant oscillations were recorded in the absence of a
supercapacitor. Figure 16 shows that the wind turbine cur-
rent and battery current, which is the output of DC charge
controller, were continuously changing even if the current set
point is fixed to 1.4 A.

The same behavior can be observed in Figure 17 in the CV
mode. In the absence of a supercapacitor, both output currents
kept oscillating. Such fluctuations reduce the efficiency of the
WECS and battery life as well.

To assess the performance of the proposed WECS sys-
tem, few charge and discharge tests were conducted and
compared with the test results of the conventional system.
Figures 18 and 19 represent the V/Amp–time characteristics
of the battery in WECS with HESS and conventional systems
during charging respectively. The battery terminal threshold
voltage was kept at 12.48 V at the start of the charging

FIGURE 16. Constant current charging of conventional system.

FIGURE 17. Constant voltage charging of conventional system.

FIGURE 18. Battery charging cycle of proposed system.

FIGURE 19. Battery charging cycle of conventional system.

process. At the first stage, which is constant current mode,
the charge rate C/10 current was controlled until the terminal
voltage of the battery reached 13.5 V. However, in the second
stage, the voltage was only a controlled parameter.
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The results indicate that the peak current in the case of
WECS with a hybrid energy storage system is consider-
ably less than that in the conventional WECS. By contrast,
in WECS without a supercapacitor, current varies continu-
ously to an unsafe level, as shown in Figure 19. Given that
the current is not controlled during CV mode, the current in
battery terminals pulsates significantly high.

The rise in current produces stress in the battery and
reduces its lifetime [13]. The figures above indicate that the
battery current maxima can be eliminated effectively with the
integration of a supercapacitor in WECS.

A voltage profile of the battery charging of WECS
integrated with a supercapacitor is compared with the con-
ventional WECS system in Figure 20. The lower threshold
voltage and upper threshold voltages are predefined as 10 V
and 14.4 V, respectively, for both cases.

FIGURE 20. Comparison of battery charging profiles of proposed system
and conventional system.

The battery of the WECS without a supercapacitor is
charged faster than the battery of the WECS with a super-
capacitor.

This difference is because of irregular current peaks arising
during the CV mode, which causes the battery cells to reach
gassing voltage quickly.

However, these current peaks charge the battery rapidly but
also surpass the gassing voltage of cells. When the battery
exceeds the nominal gassing voltage, gases can flee from the
safety valves, thereby reducing battery lifetime [45].

Moreover, the SOC of battery is high in CV mode. These
current peaks also occur in this mode, because high SOC of
a battery presents high resistance to charge acceptance and
causes heat losses due to these current peaks [38].

Figure 21 compares the voltage profiles of the battery
of WECS charged with and without a supercapacitor. The
discharge profile for the 12 V lead–acid battery was used for
the experiment. The tests were conducted using a resistive
load of 8� at the C/8 discharge rate. The initial voltage at
the battery terminals was 12.95 V in both cases. The battery
of the WECS without a supercapacitor is discharged faster
than the battery of the WECS integrated with a supercapac-
itor. Batteries have a considerable impact on overall system
performance, which also affects the efficiency of the power
conversion system [36].

FIGURE 21. Comparison of battery discharge profiles between proposed
system and conventional system.

To differentiate the performance of WECS with HESS
as compared to conventional WECS some key parameters
are tabulated in Table 2. In the test set-up, the battery is
charged with the SOC from 86 % to 100 %, while, the dis-
charge tests are conducted with the SOC from 90 % to
69.5 %. The deviations in current and voltage during CC
and CV modes reflect the robustness of the system against
fluctuations. The deviations in current during CC mode are
negligible in proposed system while the current in conven-
tional system varies between 1.2 A to 8.7 A. During the
CV mode, the current deviation is approximately twice in
conventional system as compared to proposed system. The
voltage deviations in WECS with HESS is as half as in the
conventional system during CC mode, however, the voltage
does not vary significantly during CV mode in both sys-
tems. Due to high power injection in conventional system the
battery takes significantly less time than in proposed system.
But this charging pattern in conventional system dissipates
the battery power in a short time despite of same load being
used for discharging in both the systems. This decreases the
battery lifecycles in conventional system and consequently
the battery lifetime will be reduced. When the charging and
discharging time of the both systems are compared, it can be
realized that the integration of supercapacitor increases the
battery lifetime and it also improves efficiency of the system
by withstanding the power fluctuations.

In addition to the assessment of the battery charg-
ing/discharging behavior, it is also important to monitor the
responses of parameters of wind turbine generator. For this
purpose, a test bench is developed, as shown in Figure 22,
which includes wind turbine PMSG, voltage/current mea-
surement circuit, three-phase rectifier, supercapacitor mod-
ule, charge controller and battery. Different tests have been
performed to track some of the parameters of the wind turbine
generator like terminal voltage, terminal current, reactive
power response and DC-link voltage of the charge controller.
The wind turbine generator is delta (1) connected and the
output terminals are passed through the current transducer
LAH-50 for current measurement. The current and voltage
are measured using GW Instek oscilloscope. The output
from current transducer is fed to three-phase rectifier which
supplies power to supercapacitor module. The stored DC
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TABLE 2. Performance evaluation of convensional system and WECS with HESS.

FIGURE 22. Complete test bench set-up of WECS.

power in supercapacitor is fed to charge controller which
maintains constant power for battery charging.

The behavior of terminal voltage of PMSG is analyzed for
both the proposed WECS with HESS and the conventional
system. The measured terminal voltage of conventional sys-
tem is shown in Figure 23. The voltages are distorted due to
nonlinear behavior of diode rectifier. Whereas, in the system
with HESS, the quality of terminal voltages is improved as
stable power is drawn when the supercapacitor gets fully
charged and it can be noticed in Figure 24. The reactive power
is observed at the terminals of PMSG. When the power is
fed to the rectifier in case of conventional WECS and the
charge controller starts the charging of battery. Due to link
capacitor and battery the current leads the voltage as shown
in Figure 25. Due to variable output of wind turbine generator,
the waveforms are distorted in conventional system. How-
ever, it can be observed in the WECS with HESS, the super-
capacitor maintains constant power supply to DC-link, and it
causes improvement in power factor at PMSG terminals.

FIGURE 23. Generator terminal voltage in conventional system.

Moreover, the effect of variable output of wind turbine
is countered by the supercapacitor and the waveforms are
improved when compared to conventional system as shown
in Figures 26.
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FIGURE 24. Generator terminal voltage in proposed system.

FIGURE 25. Reactive power (V, I) in conventional system.

FIGURE 26. Reactive power (V, I) in proposed system with fully charged
supercapacitor.

The DC-link voltage in conventional WECS system is
measured and shown in Figure 27. Although the output of
PMSG varies with respect to windspeed but it is difficult to
measure and show the real time changes of DC-link voltage

FIGURE 27. DC-Link voltage in conventional system.

FIGURE 28. DC-Link voltage in proposed system.

on oscilloscope. A disturbance ramp of fractional value in
DC-link voltage can be observed. Whereas, in WECS with
HESS, the DC-link voltage is maintained due to integration
of supercapacitor and the voltage remains constant at 18 V as
shown in Figure 28. The maintained DC-link voltage helps
to reduce the stress on the switches of charge controller and
increases the efficiency of system.

VII. CONCLUSION
This research presents the application of a supercapacitor in
WECS to increase the life of the lead–acid battery. The study
illustrates the significant improvement in battery lifetime by
integrating a supercapacitor in the proposed WECS, which
eliminates power fluctuations caused by variable wind speed
and instantaneous load switching. Several simulation and
experimental tests were conducted on proposed and conven-
tional WECS to highlight the improvement in battery life.
Wind data of localized area are incorporated in a special
purpose-built converter, which produces actual wind energy
and power fluctuations recorded in real-time. The experi-
mental results indicate that current spikes range to an unsafe
level in the conventional system. These current variations
cause enormous stress on the battery by increasing the voltage
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of cells. Furthermore, the study shows that the battery of
a conventional system is charged faster than the proposed
system, but it also discharges earlier due to the penetra-
tion of high current in the battery during the CV mode of
charging in conventional WECS. Current oscillations pro-
duce heat loss and consequently reduce the efficiency of
battery and overall system. The behavior of wind turbine
generator variables is tested on an additional set-up and the
results indicate improvement in DC-link, terminal voltage,
and reactive power. Thus, the integration of a supercapacitor
provides a smooth charging and extended discharging of the
battery and keeps the power electronic circuit safe from cur-
rent spikes during the charging cycles of battery. Moreover,
the improvement in wind turbine generator variables causes
reduced stress on the generator and ancillary components of
the circuit.
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