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Abstract: Wind and solar radiation are intermittent with stochastic fluctuations, which can
influence the stability of operation of the hybrid system in the grid integrated mode of
operation. In this research work, a smoothing control method for mitigating output power
variations for a grid integrated wind/PV hybrid system using a battery and electric dou-
ble layer capacitor (EDLC) is investigated. The power fluctuations of the hybrid system
are absorbed by a battery and EDLC during wide variations in power generated from
the solar and wind system, subsequently, the power supplied to the grid is smoothened.
This makes higher penetration and incorporation of renewable energy resources to the
utility system possible. The control strategy of the inverter is realized to inject the power
to the utility system with the unity power factor and a constant DC bus voltage. Both
photovoltaic (PV) and wind systems are controlled for extracting maximum output power.
In order to observe the performance of the hybrid system under practical situations in
smoothing the output power fluctuations, one-day practical site wind velocity and irradia-
tion data are considered. The dynamic modeling and effectiveness of this control method
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are verified in the MATLAB/Simulink environment. The simulation results show that the
output power variations of the hybrid wind/PV system can be significantly mitigated using
the combination of battery and EDLC based storage systems. The power smoothing con-
troller proposed for the hybrid storage devices is advantageous as compared to the control
technique which uses either battery or ultracapacitor used for smoothing the fluctuating
power.

Key words: energy storage devices, inverter controller, MPPT controller, power smoothing,
PV system, wind power

1. Introduction

Due to the ever-growing energy consumption and the rapid exhaustion of resources of fossil
fuels, the need for utilizing renewable energy sources has increased in recent years. To meet
the present-day demand for electrical power, both wind and solar power systems are found to
be the prominent renewable power generation technologies. However, the power produced by
wind and PV systems is highly reliant on environmental conditions. The growing penetration of
these intermittent renewable energy resources is the main challenge for traditional distribution
networks. The unpredictable and intermittent power output of wind and PV power systems can
impact negatively on the grid integrated operation of the hybrid system. For effective smoothing
of the power, energy storage devices are used which can provide and absorb power during
fluctuations. Many research papers present the power smoothing methods using a single storage
device like the battery which causes a reduction in the life of the battery. Hence, this work
focuses on the enhancement of the life of storage devices by using a hybrid energy storage
system.

The combination of wind and PV power systems to the utility grid is not adequate to fulfill
the requirements of quality of power [1]. In [2], the power smoothing is achieved by means of the
battery storage system alone for a PV based distributed generation system using a simple moving
average based capacity optimization method. In [3], the performance of the hybrid storage system
in a microgrid with AC and DC buses is presented. In this work, both battery and ultracapacitor
are used as the storage system. The control method of the storage devices is designed considering
voltage at a DC link. In [4], the supercapacitor bank is used for power managing of a DC-coupled
wind/hydrogen hybrid power system. Energy storage systems are significant for a grid integrated
system. The oscillations in power by the wind-solar hybrid system are smoothened by using
storage devices. The unpredicted and oscillated power profile of hybrid PV and wind energy
systems may lead to fluctuations in frequency as well as voltage. Conventionally battery-based
storage devices are used to compensate for the output power variations in wind and solar-based
power generations [5]. The battery system can be used to enhance the quality of generated power
and the transient stability of a wind farm [6]. Recently EDLC based storage systems are used in
several research articles for renewable energy applications. The EDLC has lower energy density
and unlimited cycling capability compared to the battery with higher energy density and limited
cycling [7, 8]. Therefore, supercapacitors are ideal for short-term storage that enables wind turbine
generators to mitigate the fast changes in power output [9]. In a doubly-fed induction generator
design, the EDLC energy storage device is integrated in order to smoothen out the output from
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the wind power generation system [10]. A Kalman filter-based power smoothing method for
a PV and wind-based power system with a battery is proposed in [11]. An ultracapacitor based
power smoothing technique for a grid-tied PV/wind hybrid system is presented in [12]. The
average of the total power produced by renewable sources is used to compute the reference
power.

Many research articles discuss the control performance of the battery or EDLC storage de-
vice used for power smoothing of either individual wind or PV generation system. In this paper,
to lower the stress of a battery and to improve battery lifetime, EDLCs are used. This work
focuses on increasing the use of renewable sources by hybridizing PV and wind systems and
smoothing their power output based on the demand by using hybrid energy storage devices.
The battery provides power during long term power variations and the EDLC bank supports
during the power fluctuations for a very short time, but they are relatively expensive. Both power
sources and energy storage devices are connected to a common DC bus and then integrated into
the utility system through a single 3-phase inverter. The controller designed for the inverter is
able to inject smoothed total real power to the utility and to keep the DC bus voltage constant.
A novel control scheme for power smoothing of the grid integrated hybrid wind/PV system
using a battery-EDLC storage system has been proposed. In [12], the power fluctuations are
reduced for the PV-wind hybrid system using only the ultracapacitor bank. This paper presents
the improvements to the power smoothing controller presented in [12], by distributing the power
fluctuations among the hybrid energy storage system comprising a battery and EDLC bank.
When a combination of the battery and EDLC is used in the system, the power stress on in-
dividual storage devices is minimized. The EDLC bank can handle sudden power fluctuations.
The coordinated voltage control at DC link and storage devices is proposed for smoothing the
output power of the system. To observe the performance of the system under real scenarios, data
for the speed of the wind and solar irradiation collected for 24 hours are considered. Also, this
control scheme provides required smooth power in accordance with the grid requirement. The
final result of the proposed control strategy is a smooth power output that can be injected into
the grid.

2. Structure of the proposed system and modeling

Fig. 1 shows the grid-integrated DC-coupled hybrid power generation system (HPGS) with
a battery and EDLCs. Both sources and energy storage devices are integrated into a DC link and
then coupled to the utility through a 3-phase inverter. The battery and EDLC storage devices are
entrenched in the DC bus with the use of DC-DC bidirectional converters. A novel control strategy
is developed for DC-DC converters of battery and EDLC systems for supplying smoothened power
to the grid from the wind/PV hybrid system. The wind system considered in this paper uses the
permanent magnet generator due to its high-power factor and high efficiency. It also results in
a smaller size, minimum weight and higher torque to size ratio. The maximum power point
tracking (MPPT) controllers exploit the maximum possible power from both PV and wind energy
systems at any operating condition. The controller designed for the inverter helps to inject power
to the grid at the unity power factor (UPF) and regulates DC link voltage for different operating
conditions.
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Fig. 1. Schematic diagram of the DC-coupled hybrid power generation system

2.1. Modeling of the wind generation system

The wind generating system uses a wind turbine with a permanent magnet synchronous
generator (PMSG), a 3-phase uncontrolled rectifier and a boost converter with an MPPT controller.
The power available from a turbine [13] is

Py = %pAVjcpuﬁ), 1)

where: P, is the power in watts, V,, is the velocity of wind in m/s, A is the rotor swept area, p is
the density of air, C,, is the coeflicient of performance. The tip speed ratio (TSR) is represented by
wuR
A=——momn 2
Vo 2
where: w,, is the rotor speed in rad/s, R is the blade radius in meters. The rated wind power
generation is 20 kW. The voltage equations for v4 and v, of the PMSG are given by [14].

4
Vg = Ryig + Ldf —wLyiy. 3)
Vg = Rsig + Lg—— + wLgiq + W, 4)

7 dr
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where: w is the angular frequency, R; is the stator winding resistance; i4 and i, are the d and g axis
machine currents; ¢,, represents the flux linkages; Ly and L, are, respectively the inductances
corresponding to the d-axis and g-axis.

If the rotor is cylindrical, the torque equation is expressed as:

3 .
T, = §p¢mqu9 @)

where p is the pole pairs. The circuit model of the PMSG is depicted in Fig. 2.
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Fig. 2. Circuit model of the PMSG
2.2. PV system modeling
The total power generation from the PV system is 40 kW. The photocurrent I, is given
by [15].
_a (v ,IRs Np (V IR
I=N.I,—N.I. AkT(Nx+NI,)_1 _ L) 6
Rt ol ©

where: the normal diode currentis I,,; Ny and N, are the number of PV cells connected in parallel
and series respectively; Ry and Ry, are the equivalent series and shunt resistance.

2.3. Modeling of EDLC bank

The lead-acid battery is taken for the study and its equivalent circuit is represented in Fig. 3(a).
The controlled source is described in the following equations [21, 16]:

Voatt = Ebart — Rbateloatt » @)

where: Epqy is the no-load voltage (V); vy is the battery current (A); Vi is the battery terminal
voltage (V); Rya is the internal resistance of the battery (). The EDLC is embedded into the
DC bus via a DC-DC converter.
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Fig. 3. Equivalent electrical circuit of battery and UC bank: electrical circuit of battery (a);
classical equivalent circuit model of UC (b)

For the simulation study, the Maxwell Boostcap PC2500 ultracapacitor unit is chosen. Each
unit has a voltage of 2.5 V (2700 F capacity). The minimum and maximum voltages are 400 V
and 600 V, respectively.

Let Enax be the maximum stored energy and Ejng be the instantaneous stored energy of
an ultracapacitor (UC), the percentage state of charge (SOC) is determined using the following
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expressions.
Enax = 0.5C (Vim)?  and  Eipge = 0.5C (Vias)?, ®)
E:
%SOC = —= x 100. 9)

max

The UC voltage and current are necessary to be monitored according to the following limits.
Vinin < V' < Vinax and Ich,max < I < Ipismax» (10)

where: Vipin and Viax are the minimum and maximum working voltage and /¢y max and Ipjsmax
are the maximum charging and discharging current of the UC. Fig. 3(b) shows the connection of
the UC units to form a UC bank that is proficient in providing the required amount of power. The
overall resistance and capacitance of the UC bank are determined as:

R
Rucrotal = ng o s (11)
np
C
Cuctotal = npn_ . (12)

s

The EDLC bank with a string of 240 units is connected in series. The power in the EDLC can
be given as below,

Pedlc(t) = va(t) + Pwind(t) - Psmooth(t) + Pb(t)- (13)

In this research work, the battery and EDLC bank are controlled to absorb the discrepancy
between the total generated power from the wind/PV hybrid system at any operating condition and
the smooth power is supplied to the utility system. The Maxwell Boostcap PC2500 ultracapacitor
unit parameters [17, 18] are reported in Table 1.

Table 1. Parameters of the system under study

. Radius of blade = 3.7 m; air density = 1.225 Kg/mz; Cp max = 0.47;
Turbine _
number of blades = 3
Resistance of stator per phase = 0.1764 Q; Ly = Ly = 4.35 mH;
PMSG torque constant = 13.91 N-m/A peak; Vi, rated = 12 m/s; Poye = 20 kW;
pole pairs = 18; inertia = 0.205 Kg-m?
PV arrays k = 1.386_23; n=12;Ng=32; NP =21;q = 1.66_19; Vg = 1.12; Voo =211 V;
Ise = 3.8 A; G = 1000 W/m?2; Poy, = 40 kW
EDLC 600 V; initial SOC = 60%; 11.25 F; unit cell = 2.5 V; Ny = 240
Battery 600 V; initial SOC = 80%; Ny = 300; Np, = 64; capacity = 420 Ah
DC link voltage: | 780 V; DC link capacitor = 5000 uF
Grid parameters: | 415 V; 50 Hz; X/R ratio = 7
Filter: R=2mQ; L= 250e~° H
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3. Control schemes for power electronic devices

This section discusses the MPPT controllers used for wind and PV systems, control strategy
employed for battery and EDLC bank as well as the active/reactive power (PQ) control method
for the inverter.

3.1. MPPT controllers
The shaft torque of the wind turbine is represented by [13]:

P, 1 5 w;,
Tm = E = Epﬂ'R FCP(/].,B) (14)
The power coeflicient Cp, is retained at its maximum value using the MPPT algorithm and
corresponding to Aop power coefficient C;, = C), max. The maximum power output is given by:

3
R
Pon = 0.5pAC, max ( /{Uref) ’ (15)
opt
where wyr is given by the expression:
Vi Aont
Wre = = (16)

The turbine reference speed wyer is produced by the MPPT algorithm using the P and O
method. For PV arrays, the incremental conductance method is used and at the point of maximum
power [19], dP/dV =0; ... dI/dV = —1/V. A proportional-integral controller reduces the error
between negative conductance and incremental conductance.

3.2. Control strategy for battery and EDLC bank

The battery performance can be improved in terms of the power density by combining EDLCs
with batteries which are typically low power devices with high power density. Fig. 4 shows the
control strategy for a battery and EDLC bank in detail. Two DC-DC bidirectional converters
are considered for connecting the battery and EDLC bank to the DC link. Since DC voltage
at a common bus is controlled by the control scheme of the grid side converter, the control
scheme of bidirectional converters is used for the power flow regulation of storage devices. The
bidirectional converters consist of insulated-gate bipolar transistor IGBT) switches 77, 7> and T3,
T, respectively. By controlling their duty ratios the currents of storage devices can be controlled.
The duty ratio D; of switch 75 or 74 in buck mode can be given as:

_ Vp or V.

D
Vdc

a7

The duty ratio D, of switch 7 or 73 in boost mode is D, = 1 — D;. The current control
strategy has two control loops. The sum of powers produced from the wind and PV system is
matched with reference power signal and the difference is fed to a PI controller which generates
references of current signals for the storage devices. The current references /g™ and Igprc* are
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Fig. 4. Control strategy for battery and EDLC bank

further compared with the battery and EDLC currents which form the inner current loops to
generate pulses to the bidirectional DC-DC converters. If the reference power exceeds the total
generated power, the converters act in boost mode and this power difference is supplied by storage
devices. If the actual power exceeds the power reference signal, the converters act in buck mode
thereby charging storage devices. In this work, for achieving equal load sharing among storage
devices, the gain factor K is taken as 0.5. In Fig. 4, Ip and Igpy ¢ are battery and EDLC currents,
respectively. This helps in power-sharing among the storage devices and reducing the power stress
on individual storage devices. The transfer functions of DC-DC converters of the battery and
EDLC bank are:

ip _ 3.39x10°(s +20)
d s2+10s+5.14%x 104’
luc _ 86667(s +20)

d s+ 10s+13.1x 104"

(18)

19)

The Bode diagram for DC-DC converters of the battery and EDLC bank are shown in Fig. 5(a)
and Fig. 5(b), respectively.
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g. 5. The Bode diagram for DC-DC converter of storage devices: battery bank (a); EDLC bank (b)
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3.3. PQ control strategy for inverter

The instantaneous power is given by:

p(t) =vaiag + Vpip + Veic . 20)
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Since
Ve = Vga + jO,
the real power and reactive power expressions are:
P=15(Vegia) and  Q=1.5(Veaiy). Q1)

The real power and reactive power injected to the grid are regulated by governing the d and
g-axis currents iy and i, respectively. There are two control loops in the control system: an outer
loop that maintains the DC bus voltage at 780 V and inner control loops which control iy and i,.
The control signal obtained from the outer control loop is used to create a current reference of
d-axis for controlling the injected active power [20]. To transfer only active power to the grid, the

iy = 0 and the schematic of the inverter controller is shown in Fig. 6.
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Fig. 6. Schematic of inverter control strategy

4. Simulation results and discussions

The storage systems are coupled to the DC bus using two bidirectional DC-DC converters.
The hybrid system is integrated with the grid via a three-phase inverter and R-L filters. The
simulation is done by considering the practical site data for wind speed and solar irradiation for
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one day [22, 23] and scaling it down to 4.8 s. The parameters of the studied system are reported
in Table 1. The parameters of the PI controllers for different controllers are given in Table 2.

Table 2. Parameters of PI controllers

PV arrays MPPT controller: Kp =500, K; = 0.0001
PMSG MPPT controller: Kp =0.3, K; =0.0001
EDLC bank: K, =0.045,K; = 1.5
Battery bank: Kp =0.015,K; = 1.5
DC-link voltage regulator: Kp =17, K; =800
Inverter d-axis current controller: Kp =0.3,K; =20
Inverter g-axis current controller: Kp =0.3,K; =20

Case 1: Generation of constant reference output power from the hybrid system

In this case, the power supplied by the hybrid system to the utility grid is constant. Fig. 7(a)
and Fig. 7(b) represent the wind speed and solar irradiation profile respectively for 24 hours.
Fig. 8 represents the total wind and PV power produced during the one-day period. The wind
power generation is high during night time. Also, the PV systems generate power only during
the day time with huge variations. To evaluate the power smoothing achieved using the proposed
control scheme, highly intermittent data of wind speed and irradiation are considered for analysis.
The variations in the output power of PV and wind energy systems will affect the stability of the
grid. Hence power injected to the grid should be smoothened.

The output power of the battery and EDLC bank are reported in Fig. 9(a) and Fig. 9(b)
respectively. The battery supplies a maximum power of 11 kW during the lowest power generation

16 T T T

Wind speed (m/s)

0 05 1 15 2 25 3 35 4 45
Time (sec)

(a)
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Fig. 7. Wind speed profile and solar irradiation profile for one day: wind speed profile (a);
solar irradiation profile (b)
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Fig. 8. Total wind and solar power generations

period. Then the battery absorbs a maximum of 8 kW during the peak power generation. The SOC
of the battery and EDLC bank are reported in Fig. 10(a) and Fig. 10(b) respectively. Most of the
transient power is supplied by the EDLC in the beginning and it will supply a maximum power of
11 kW and absorbs a maximum of 8 kW. Therefore, it is observed from the simulations that both
the battery and EDLC supply or absorb the power difference. The voltage across the battery and
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EDLC bank are shown correspondingly in Fig. 11(a) and Fig. 11(b). Negative power represents
charging operation and positive power represents discharging operation. The SOC raises when
the storage systems receive the power and it reduces when the power is delivered. Similarly, the
voltage drops during discharging operation and it increases during charging.

4 x10*

Power (W)

-2 L 1 L L 1 1
0 0.5 1 1.5 2 25 3 3.5 B 4.5

Time (sec)

(a)

%10

Power (W)

0 0.5 1 15 2 2.5 3 35 4 4.5
Time (sec)

(b)
Fig. 9. Output power of storage devices: battery power (a); EDLC power (b)

Fig. 12 represents total wind and PV power generations and smoothed power injected to the
utility grid. Most of the fluctuating powers are supplied or absorbed by storage devices. It can be
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Fig. 10. SOC of storage devices: SOC of battery (a); SOC of EDLC (b)

realized from Fig. 12 that, the control method proposed could effectively minimize the total wind
and PV power fluctuations. Few recent research papers present the power smoothing with a single
energy storage system or by modifying the control schemes [2, 11, 12] and [24-26]. This power
smoothing controller is more effective as compared to the power smoothening techniques proposed
in the literature as this control scheme involves the hybridization of energy storage devices for
enhancing the life of the storage system. The same PV-wind hybrid system is analyzed in [12]
and smoothening is achieved with an ultracapacitor based on averaging technique. The proposed
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Fig. 11. Voltage of storage devices: battery voltage (a); EDLC voltage (b)

smoothing controller is more reliable and practical as compared to the one proposed in [12, 16]
as the fluctuating power is shared amongst the storage devices and smooth power is supplied to
the grid based on the requirements.

Fig. 13(a) shows the variation in DC link voltage. The reference value of V. chosen is 780 V.
The voltage at the DC bus is maintained at 780 V using the inverter controller even during huge
variations in power output. Fig. 13(b) shows reactive power supplied by a hybrid power generation
system (HPGS) to the utility system. This is zero during fluctuations in the wind and PV power
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Fig. 12. Total wind-solar power generations and smoothed power injected to the grid

generations. The voltage at the DC bus and power supplied to the utility can be well controlled
using the proposed combined battery-EDLC storage devices. It is observed from the results that
the grid power can be smoothened due to the operation of the battery and UC bank to extract the
fluctuated power from the HPGS. The battery and UC bank are utilized to absorb the fluctuated
component of wind/PV power before delivering to the grid during the irradiation and wind speed
variations, which improves the grid power quality. Also, due to the presence of both battery and
UC bank in the system, the lifetime of the battery system increases as the fluctuating components
are shared among both storage devices.
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Fig. 13. DC link voltage and reactive power delivered by the HPGS to the utility system:
DC link voltage (a); reactive power (b)

Case 2: Generation of hybrid power output of the system in accordance with the grid codes

In this circumstance, the hybrid system is supplying power to the utility in consensus with the
grid codes. Fig. 14 shows responses of reference power and the total power generated by HPGS.
It is seen that the HPGS generates power in accordance with the grid requirements. Fig. 15(a) and
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Fig. 14. Variation of reference power and total power generated by hybrid system
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Fig. 15(b) show variation in the DC bus voltage and reactive power given by the hybrid system
to the grid. The DC bus voltage is well controlled around 780 V even during huge variations in
the output power. The reactive power provided by the HPGS to the grid is zero during variations
in the power generated and also in reference power depending on the requirement of grid power.
This confirms the effectiveness of the control strategy implemented to support power smoothing
control and is possible to penetrate higher renewable power to the utility system.
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Fig. 15. DC link voltage and reactive power: DC link voltage (a); reactive power (b)
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5. Conclusions

The intermittent power output of the hybrid wind/PV system creates an adverse effect on the
operations of the utility grid. One of the means for mitigating these fluctuations is to integrate the
hybrid system with battery and EDLC combination with a suitable controller. A detailed dynamic
model of the grid-integrated hybrid wind/PV system with the battery and EDLC is implemented in
the MATLAB/Simulink environment. Both power sources are controlled to extract their maximum
possible power. A current control strategy is developed for smoothing the total power injected
into the utility grid. The requirement of maintaining constant DC link voltage is realized while
injecting power to the utility grid at a unity power factor. It is found that the proposed method
increases the quality of power transferred to the grid even during large fluctuations in the wind
and PV power. The combination of the battery and EDLC helps in improving the life of the
storage system by sharing the fluctuating power among the devices. Thus an effective smoothing
controller is developed for the PV-wind hybrid system using hybrid energy storage devices to
supply smooth power to the utility grid based on the requirements.
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