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We mainly focus on to creating a different mode of operation in an energy storage system
for an effective way of wind energy utilization. The proposed energy storage system
consists of Bidirectional DC-DC Converter (BDC), which makes the system effective in
order to overcome the issues in practical usage. The modes of operations are based on three
essential parameters such as wind-turbine speed (v), battery level (%) and load position (s).
Based on the parameters’ magnitude, the main controller will choose an effective mode.
The main controller is designed in such a manner that it must be capable of withstanding
drastic conditions, must be robust, should monitor all parameters, and could maintain the

stability of the system. The work is evaluated through MATLAB/Simulink environment.
Finally, the real time prototype experimental results are compared with that of the
simulation. In addition, the proposed system is applicable for commercial and domestic
power-storage systems.

1. INTRODUCTION

Nowadays, during summer season, the climate is subject to
drastic change due to various reasons such as deforestation,
urbanization, and the increase in the amount of pollutants
(which is due to increase in the number of vehicles and
industries). One of the reasons for this global warming is non-
renewable form of power generation. Non-renewable forms of
power generation are very harmful, which create acid rain and
global warming. The available forms of renewable energy
include wind, solar, tidal, biomass, and hydro-energy. Power
plants that utilize these forms of energies leave no residue or
slag and hence are said to be clean and eco-friendly. Electrical
power equivalent of the available energy in the form of solar,
wind, and hydro is 86000 TW, 870 TWwW, and 30TW,
respectively, but the global demand is only 15TW. The major
drawback in obtaining energy from these kinds of sources is
the lesser efficiency of the energy-conversion devices. On the
other hand, the global demand keeps on increasing, say at a
rate of about 2% a year. Therefore, there should be some
considerable increase in the rate of power generation, and that
too from renewable forms of energy resources, since we must
also consider environmental factors.

To extract constant power from windmill, several data
samplings have been done in order to predict the availability
of wind with respect to seasonal changes. Datum is estimated
by the methods of random under-sampling and random over-
sampling [1]. Here, power electronic grid emulator has been
used under non-torque load conditions. Permanent magnet
motor acts as the prime mover of the turbine. The net output
has been connected to 10 kV grids. The test method is being
divided into two groups: In first group, it tries to produce the
output power up to 17MVA; in the second group, any grid
fault that occurs will be identified with the help of smart
sensors. A fuzzy adaptive droop control was employed to
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control the multi terminal HVDC wind generation. It monitors
the power capacity of wind turbine and coordinates between
the voltage deviation and voltage sharing. It controls all other
parameters based on the user’s command. The fuzzy logic
control never follows the mathematical procedure; instead, it
follows the current data to find the best solution in an impulse
manner [2-3].

The researcher proposed an optimal size of storage system
for WPGM, based on charging and discharging of every
storage system. Moreover, it adjusts the quantization index (QI)
and finds out the fluctuation for various power-load conditions
[4]. For finding out the accurate value, real time data are tested
with previous three years’ stored data. In the normal
configuration, error has been measured and forecasted.
Therefore, forecasting error has been neglected and the mean
absolute error was taken into account [5]. Implementation of
modified small signal as robust small signal stability for wind
power generating scheme is proposed in this paper. Entire
sector has been analyzed by ‘state space model’ to structure
the parameters. The hyper plane approximation technique is
followed to finalize those boundaries [6].

Stability mechanism and emergency control mechanism are
integrated with wind power conversion system. Here, power
electronics converters act as the main active power-controlling
element. Due to their usage, rotor angle problem is being
overcome and voltage stability is obtained. To further
compensate/overcome the voltage instability, emergency
Control method has been proposed [7]. Fuzzy logic
proportional plus differential controller was proposed in
permanent magnet synchronous generator based wind power
generating scheme. Here, flywheel energy storage system has
been integrated with wind turbine to regulate the frequency.
Fuzzy PD controller proved to be the best suit under dynamic
condition with the quickest response [8]. To ensure the
reliability in wind power generating system, supervisory



control and data acquisition are used here to implement the
hardware [9]. For wind power generation, orthogonal test
support vector machine (OT-SVM) is proposed. It prevents the
wind power plant from any unexpected failure. The real time
testing was conducted at China with three various wind frames.
OT-SVM helps to estimate the wind power availability while
comparing other forecasting techniques [10]. Wind fluctuation
plays a vital role in renewable energy, particularly in
windmills. Storage of data in all aspects with respect to load
demands is one of the way to predict the wind’s availability in
the future range [11].

In [12], Pulse frequency modulation (PFM) is proposed to
improve the efficiency of converters. PWM based controllers
are well equipped, but they have power loss in low power
applications due to constant quiescent current. In order to
overcome this, PFM technique based converter was developed,
where series inductor controls the output voltage. Since load
current is proportional to Fsw, efficiency is very high in light
loads when compared to PWM technique. The major
constraint is that the cost of this technique is higher than that
of other solutions. A high-sensitive converter with high
transient time response for that pseudo-wave tracking (PWT)
is proposed. It has ensured safe and effective load changes
from heavy load to light load and vice versa. It mainly focuses
on the quick response applications like internet of things (1oT).
Here, the current ripple is being sensed and is fed back to
controller for corrective actions. The major drawback of this
proposal is that during off-time it has fixed duration for both
heavy load and light load conditions. Because of this constant
time interval, power electronic switches are facing a reduction
in their life-span [13].

Capacitor current sensor (CCS) based four-phase buck
converter has been proposed for sensitive power applications.
Initially, over shoot, under shoot, and settling time calculations
have been estimated by theoretical assumption, and then CCS
calibration determined the Ico at every instant. As per the
calibration results, the four-phase control signals have updated
them immediately, and therefore, transient response time of
system had reduced [14]. Adaptive quasi—constant, on-time
controller enables the fast transient response and it supports
computer-integrated loads. Overall, the circuit has been
designed based on a small signal model. The value of current
in inductor determines the PWM value for switching. Inter-
integrated circuit protocol is used as the communication
channel between COTCM & AQCOTCM [15]. Dual buck

converter is proposed for analyzing the effects of stress in
conductor switches. In addition, since it does not require any
dead time, it remainsunaffected by zero crossing distortion. As
hardware, dsPACE with FPGA has been used to produce
PWM; in this module, no feedback signal is used as a reference
signal. The reference signals are directly sent to the modulator
[16].

Implementation of an insulated alternative energy system
and Zero voltage switching is preferred to change the sequence
of current flow; totally four modes of operation were executed,
each mode having forward (¢p>zero) and reverse (zero <¢)
power flow conditions. To achieve proper output, five
inductors are used in this circuit, of which two act as a simple
transformer while the rest are used in primary circuit. Super
capacitor acts as a power reservoir at unexpected load
condition [17-18]. A large-capacitance capacitor is used as a
switching element, and to maintain the voltage gain in power
circuit, two coupled inductors are introduced. Each and every
buck and boost operation has two cycles: i.e., the first
operating mode and the second operating mode, where both
the modes of boost operation have their power flow in a
direction opposite to that of their respective buck operation
modes. The problem is that the life-span of the capacitor gets
reduced due to overcharging [19]. Interleaved DC-DC Boost
converter was also proposed in a renewable energy application,
where the voltage stress across the switch affects its life-span
[20]. Our proposed method overcomes those drawbacks and it
provides uninterrupted power under various modes of
operation.

2. PROPOSED METHOD

Natural wind energy is one of the affordable alternate
renewable energy resources; it is the primary energy source for
this proposed work. One of the disadvantages of wind energy
is its reliability; it may be available or may not be (because of
the environmental condition).The extraction of maximum
possible power from wind energy with power electronics
application is discussed in this paper. The proposed system is
not wholly dependent on the renewable grid; here, the primary
source is wind and the secondary source is battery, and if these
two fail to provide energy, the system gets supply from the
utility grid. It functions based on wind’s availability, battery’s
level of charging and load position.
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Figure 1. Block diagram of proposed system

This proposed system operates in five modes: The system’s
operation is designed for load in ON position and OFF position;
therefore, it has been divided into nine modes. If the load is in
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ON condition, the power from wind, battery and grid is
supplied to the load; in this condition, the system operates in
five modes and inverter operates in either stand-alone mode or



grid connected rectifier mode. On the contrary, when the load
is in OFF condition, the generated power is exported to the
grid;in this condition, the system operates is four modes and
the inverter operates in grid-connected mode. The overall
modes for ON position are, namely: wind power charging
mode, wind power charging-output mode, wind power output
mode, battery power load mode, and grid power charging-load
mode. By using these five modes of operations, the proposed
system acquires the available wind in an effective manner.
During first four modes, BDC (Bidirectional DC-DC
Converter) operates in boost mode, and during the fifth mode,
it operates in buck mode. The proposed overall circuit diagram
is as shown in figure 1.
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3. MODES OF OPERATION
3.1 Wind powered battery mode (Mode-1)

The lay-out of wind powered battery mode can be explained
with the help of block diagram, see figure 2. If the wind speed
is greater than or equal to 5m/s, the Load switchesitself to ON
position; when the battery level is less than 40%, the control
breakers U1 and U2 are forced to get closed and the battery
goes to charging condition. The main control breaker supplies
control signal to Ul and U2; only the remaining control
breakers will be in OFF position. In this condition, the energy
storage device is only allowed to charge; this mode continues
until SOC level reaches greater than or equal to 40%. This
mode is called wind-sourced battery mode. The circuit
diagram of wind-powered battery mode is shown in figure 2.
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Figure 2. Wind powered battery mode

The wind power is converted into its electrical equivalent
Eq(1); the coefficient of wind power is Cp.

()

P. = 2 C, (B pAu,

where p is the air density and u isthe wind speed in m/s. [2]
[3], [4] &[5] coefficient of power is given by

125
C,=0.22 (116 - 0.4B-5)e ™
t )
Torque obtained from the wind turbine is given as
T = Pe
COm

®3)

The output of PMSG is given in the following equations:

Ve =V, sin (wgt)

4
V, = V,sin (w,t - 2—ﬂ)
37, ®)
Vg = V,sin (Wot—4—n)
3 (6)
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where Vg, Vv and Vg are the output voltages of PMSG. The
rectifier output (V,) is expressed in Eq. (7). From the above
three Egs., PMSG is given by

3V,

V, = T (1+cosa)
“ @)
The boost converter UDC’s output (Vi) is expressed as
1
V,, =V.(—
bu r ( 1-D ) (8)

The extracted charge of the battery is

= ini -1 d
Q.= Qe *+ |1 (Dt o

where Q. is the extracted charge (Ampere-second), Qe init iS
initial extracted charge (Ampere-second) and t is integration
time variable (time in second). The average current can be
estimated by using the Eq.

lavg = m

avg (T:LS+ 1 ) , (10)

where layg is mean discharge current in Ampere, I, = main
branch current in Ampere and t1 = main branch time constant
in seconds.



3.2 Wind power charging - output mode (mode-2)

Wind power charging-output mode has been explained with
the help of block diagram as shown in figure 3. In this mode
mwe

WECS RECTIFIER

of operation, the level of SOC is greater than or equal to 40%
and lesser than 80%, the load is in ON position, and the wind
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Figure 3. Wind power charging-output mode

The electrical energy obtained from Wind Energy
Conversion System is fed to both battery and load. In this
mode, input control breakers U1 and U2 allow charging of the
battery and also the control breaker U3 allows supply to the
load through bi-directional converter boost mode of operation.
Based on the control breakers’ operation, this process will be
continued until the battery charge level becomes greater than
or equal to 80%. This mode of operation is called wind power
charging-output mode. The wind powered charging-output
mode’s circuit diagram is shown in Figure 3. The wind turbine
power and rectifier to battery output Egs. (1)-(10) in this mode
are the same as in mode-1. The bidirectional converter’s
output Eg. (11) during boost mode is derived from
unidirectional boost converter. In the line-to-output transfer-
function, the open loop changes the output voltage due to a
variation in the input voltage during the boost mode of BDC

[8].

\/\/batt (s)
<\/s (s)

j— S
= Ay S =
-+

1 +
w, /C,

@) O, /Cl (11)

The three modes of buck rectifier/boost inverter units are
standalone mode, grid-tied inverter mode, and grid-tied
rectifier mode. These three modes are based on the wind
energy electrical system’s modes of operation. Stand-alone
inverter mode is represented by
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3.3 Wind power output mode (mode- 3)

Wind power output mode can be explained by the block
diagram as shown in figure 4. The charging level of battery is
greater than 80%, load is in ON position, and the wind speed
is greater than or equal to 5m/s. The electrical energy obtained
from Wind Energy Conversion System is given to either load
or grid based on the load’s manual position. In this mode, the
input control breakers U1l and U2 get deactivated and they
won’t allow charging of the battery; therefore, control breaker
U3 allows power from the supply to the load through bi-
directional converter boost mode of operation. Based on the
control breakers’ operation, this process will be continued
until the battery’s SOC level gets reduced to less than 80%.
The electrical energy from WECS is converted using
converters via universal Bridge Rectifier, Unidirectional
Converter, Bi-Directional converter (boost) and inverter in the
boost mode. The final AC output is given to the load. This
mode continues until the charging level is reduced to less than
80% or the wind speed is lower than 5 m/s. This mode of
operation is called wind power output mode. The wind turbine
power and rectifier to battery output Egs. from (1) to (12) in
this mode are the same as that in mode-1 and mode-2, except
for battery charging.
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Figure 4. Wind power output mode
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3.4 Battery power load mode (mode-4) remains in active position and operates in boost mode. Hence,
the battery supplies the electrical energy to the load. The

Battery power output mode can be explained by the block battery output control breakers remain in an active condition
diagram as shown in figure 5. This mode takes place when the until the level of battery’s SOC reduced to 40% and wind
wind-speed Wm gets reduced below 5 meter/second, when speed reaches greater than or equal to 5 m/s. The wind turbine
load is in ON position or when the battery’s state of charge is power and rectifier to battery output Egs. from (9) to (12) in
greater than or equal to 40%. Electrical energy obtained from this mode are the same as that in mode-1 and mode-2, while
wind energy is not in the range of required level. Hence, the the difference being the charging of the battery instead of
battery output control breakers Ul and U2 turned to active discharging.

position, and the bi-directional converter control breaker U2
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Figure 5. Battery power battery mode

3.5. Grid power battery-load mode (mode-5) (5) and (7) give the output Eq. of grid, which is connected to
the input of the inverter.

Grid power battery-load mode can be explained by the Grid-tied rectifier mode is represented by Eq. (13). The
block diagram as shown in figure 6. In this mode, Bi- required condition for this mode is: wind speed less than 5 m/s,
directional converter is operated in buck mode based on the battery’s state of charge less than 40% and the load in OFF
switching of MOSFET’s Q2 operations from high voltage side condition. The grid supplies the power to the load and it
to low voltage side. Control breakers Ul and U2 of the charges the battery too. During this mode, the power should be
battery’s input and bi-directional converter U4 (buck) are in drawn from the grid [11].

active condition until the battery’s SOC increases to greater

than or equal to 80% or the wind speed reaches to greater than i 2+SZd Cd
5 m/s. Hence, the charging—discharging process continues in Gid =L = VdC 7 CZ E
the buck and boost modes of operations. This mode of d,, bl tsL+sL. .2, C,. (13)
operation is called grid sourced battery mode. The grid output ’
and PMSG output will be in three phase AC mode. Egs. (4),
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The transfer function defines the compensator . 1+_S

characteristics required in order to provide the overall open Ve () A Poa
loop response to the system. In the line-to-output transfer Vbt (S) 1+ S/C + S e
function, the open loop change in the output voltage due to a Pl o Dot Deer b (14)

variation in the input voltage is given by the following
expression [8]: The battery charging Egs. (9) and (10) in this mode are the

same as in mode-1 and mode-2 for charging.
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4. SIMULATION AND REAL TIME RESULT
COMPARISON
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Figure 7. Output waveforms of mode-1, mode-2 and mode-3
when wind speed is at 6 m/s

The proposed system is simulated by MATLAB/Simulink
environment, system is designed in hardware, and the results
are compared with simulation results. The wind speed at less
than 5 meters per second is used to reduce the wind profile
parameters such as rotor speed and rotor torque. The PMSG is
getting mechanical input from the wind turbine. When the
wind speed is 3 meters per second, the output rotor torque is
0.7 N-m and the rotor speed is 37.7 radians per second. The
PMSG’s output is 8.3V.

The wind profile consists of the analysis of wind speed,
rotor speed, and rotor torque. The PMSG model is getting
input from the turbine’s design. When the wind speed is 5

meters per second, the output rotor’s torque is 0.4 n-m and
rotor speed is 76.7 radians per second. The PMSG’s output is
13.6V.
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Figure 8. Output waveforms of mode-4 and mode-5 when
wind speed is at 3 m/s

The experimental platform of overall system consists of a
boost converter and bi-directional converter with PMSG. Figs.
9 -A & B show the hardware setup of bidirectional converter
and storage systems and the real time experimental setup of
wind mill. The performance of the unidirectional boost and bi-
directional converter is being controlled by DSPIC30F4011
controller with PID control structure.

The resulting magnitudes of all the five modes are
compared with simulation results. We found that the Real time
output is almost equal to the simulation result. The system has
a robust performance under changing input wind. The results
of simulation and experiment are tabulated and compared. The
experimental platform of overall system results is presented in
Table 1. All the five modes’ results were obtained from
different input wind-speeds. The real time output results are
almost equal to the simulation results.

Table 1. Result of all the modes

Wind Energy Energy Storage System Integrated with Grid
Conversion
Wind speed | PMSG Mode of PMSG | Rectifier | UDC | Battery | Battery | BDC | Inverter Load Inverter/
(m/s) o/p (v) operation | o/p (V) | olp (V) olp o/p(V) soC olp o/p (V) | Position | Rectifier
V) (%) V) (s) Mode
3 8.4 Mode 1 15 11.7 24 24 35 0 0 ON/OFF Stand-
alone
5 13.9 Mode 2 15 11.9 24 24 58 47.6 93.8 ON/OFF Stand-
alone
[Gri
7 195 Mode 3 15 12.1 24 0 82 47.9 95.1 ON/OFF Stand-
alone
/Grid-
Inverter
8.65 24.1 Mode 4 0 0 0 24 81 47.6 94 ON/OFF Stand-
alone
11 30.6 Mode 5 0 0 0 23.9 34 48.2 98 ON/OFF Grid-
rectifier
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Figure 9. Real time implementation

5. CONCLUSIONS

The present work is highly focused on five modes of
operation in wind energy storage system for an effective
operation. The system circuits and components are designed
by mathematical modeling which are represented in the form
of Eqgs. Based on the modeling, the system has been designed
in  MATLAB/Simulink software, and the recommended
controllers are provided for all the converter circuits. All the
three parameters and all conditions were defined; based on the
parameter conditions, the circuit operates in closed loop by
means of main controller. In all the modes of operation, the
system’s performance in terms of real-time experimentation
and simulation is verified. We found a close resemblance
between simulation and experimental results. The novelty of
this proposed system is its main controller. The main
controller operates the whole system in closed loop in an
effective way.
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