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Solar Photovoltaic (SPV) and wind energy are two major sources of renewable energy that are intermittent in
nature. A hybrid system consisting of SPV and Wind Energy Conversion System (WECS) can meet the energy
needs as either of the source continues to generate energy, in the absence of the other that is reliable and cost
effective. The paper presents detailed mathematical modelling, simulation and performance analysis of a single
cell SPV and Permanent Magnet Synchronous Generator (PMSG) based WECS. These two sources are integrated
to form a hybrid renewable energy system. The hybrid model is simulated and the overall performance is
analyzed using MATLAB/Simulink for varying temperature/irradiation conditions and varying wind speeds
for SPV and WECS respectively. Performance characteristics of the hybrid PV and WECS are presented. The
paper also presents as a case study, the annual energy generation for a chosen location from individual SPV and
WECS systems based on the real time data collected from Solacast website. This study evaluates the feasibility

of implementation of a hybrid system at the site.
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1. Introduction

Rapid depletion of fossil fuel and growing environmental
concerns have led to the decline of using conventional en-
ergy sources to meet world’s energy demand. Thus switch-
ing to alternative energy source like solar, wind, tidal, etc
that are renewable in nature became a necessity. Renew-
able Energy Sources (RES) play a key role in production of
clean, green energy. As per International Energy Agency
(IEA), the share of RES in worldwide energy generation
has increased to 28% in the year 2020 from 26% in 2019.
In recent years, SPV and WECS are considered to be the
most popular of all available RES [1-4]. The reason being
evident as the sources are available freely in nature, are
inexhaustible with lower maintenance costs and reduced
carbon foot prints. [2, 5]. Advancement in power converter
technology has also led to reduction in energy generation
costs [1].

World, in the recent past has witnessed an increasing
trend in research and development in the associated areas
like the material used in construction of the solar cells and
wind turbine, aerodynamics of rotor blades; system design;
improvement in their performance characteristics etc. Glob-
ally there has been a huge deployment of both solar PV
and WECS off late. The annual growth rate of the solar PV
industry is approximately 35-40 per cent and is one of the
fastest-growing industries [6, 7] . It is also expected to have
a 25% share of total electricity generation from solar PV
by 2050 [7]. Similarly, technological advancement in wind
turbine aerodynamics and micrometeorology contribute
to a rise in the energy yield in wind turbines of about 5%
annually [8].

According to the European Council for Renewable En-
ergy, RES will contribute about 50% of the global energy
demand by 2040 [9]. A block diagrams of typical solar PV
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and WECS system connected to suitable power converters
are depicted in Fig. 1 (a) and Fig. 1 (b) respectively.

The performance of both SPV and WECS rely primarily
on environmental factors i.e., irradiation/ temperature and
wind speed respectively. The output of SPV and WECS
cannot be accurately predicted as the availability of these
quantities are highly intermittent and sporadic in nature
and hence it is not preferred to use either SPV or WECS to
generate electric power unless their availability is ensured
for 80-90% of the duration annually.

Therefore, a hybrid RES with a combination of so-
lar/wind, solar /hydro, wind /hydro or a combination of
all three would be viable proposition for continuous gener-
ation of energy. Hybrid RES have been studied by various
researchers [10-14]. A hybrid solar PV and WECS is found
to be more reliable as the system is complimentary in na-
ture, commercially viable with reduced size of the Battery
Storage System (BES) [10]. The hybrid system can be used
for off grid or on grid applications with or without a storage
system. A typical hybrid solar PV and WECS is depicted
in Fig. 2.

A detailed mathematical model of a SPV and WECS is
presented with simulation results for their output perfor-
mance under varying temperature, irradiation and wind
speeds respectively. SPV and WECS are integrated to form
a hybrid system with suitable power converters. Perfor-
mance characteristics and output of the hybrid PV and
WECS are evaluated.

2. Mathematical Modelling of Solar PV

The output of SPV system being nonlinear, primarily de-
pends on irradiation and temperature. It also depends
on other physical parameters such as, series and shunt
resistance, number of series and parallel cells, density of ac-
cumulated dust on the SPV panel, partial shade, and so on.
The solar PV module output thus varies with irradiation,
temperature and other physical parameters. The efficiency
of current solar cell technology is reported to be more than
25% [15].

Tracking the point of maximum power generation in a
SPV system is critical and several techniques are available
[16-21]. An appropriate Maximum Power Point Tracking
(MPPT) technique is usually used to extract the maximum
possible power from the PV panel. The present work is
limited to modelling and simulation of PV system. Mathe-
matical model of solar PV is developed based on its electri-
cal equivalent circuit. An ideal PV cell consists of a single
current source coupled in parallel to a diode.

while, the practical model is indicated with shunt and
series resistances on the output side. Physical effects of the

p-njunction is represented by the diode while the current
source indicates photo current. An electrical equivalent
circuit of solar PV is depicted in Fig. 3 and the two impor-
tant parameters associated are short circuit current (I;¢) and
open circuit voltage (V).

The SPV output current is proportional to the irradia-
tion and its output voltage is inversely proportional to the
temperature.

The output current of the SPV model is shown in Fig. 3
is given as

I'=1Iy—Ip—1Iy 1

Here, I SPV current (A), Ip: Current through diode (A),
Ig,:Current through shunt resistor Ry, (A).

SPV current is given by

L = [l + Ki(T — 298)] -5 @
1000

Where, I, = Short Circuit (SC) current (A), K; = Co-efficient
of short circuit current of PV cell at standard test conditions
(T=25°C and G =1000 W/m?), T = Operating temperature
(°C), G = Solar Irradiation (W/m?).

Diode current is given by

q(V+IRg)

Ip=1I [e”k“\’s - 1} (3)

Where, q = Electric charge = 1.6 x 1071 (C), n = Diode ide-
ality factor = 1.3, R; = Series resistance (Q2), k = Boltzmann
constant = 1.38 x 10723 J/K, Ny=Cells in series, I,: Diode
saturation current and given by

o (T 7Ego (4 — 1) "
0o = Irs T7n e - x

Here, T;, = Nominal Temperature = 298(°K), E¢o=Band gap
energy of the semiconductor (eV) = 1.1eV, I;5:Cell reverse
saturation current given by.

I
Ig= — ¢ (5)

{E(W‘%%s) _ 1}

Finally, Shunt current of the PV model is given by

V + IRy,

Ish - Ry, (6)

From Eq. (5) and Equation Eq. (6): Vo.=Open circuit
voltage (V), Ry,=Parallel/Shunt resistance (€2).

The SPV is simulated in MATLAB/Simulink, based on

the standard characteristics of PV cell defined by the man-

ufacturer and shown in Fig. 4. Hence, the model is devel-

oped based on the data given in the Table 1
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the output waveform is shown in Fig. 7.
The output characteristics of SPV clearly shows that
the output voltage is inversely proportional to the T and

the output voltage decreases as T increases and the power
generated reduces. Also, it can be noted that the output Fig. 4. MATLAB/SIMILINK model of Solar PV
current is directly proportional to the irradiation hence,
current increases with irradiation. The output voltage and
power for various temperature and output current and
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Table 2. Output voltage and power for different

temperature.
Temperature (C) Voc (V) Pm(W)
10° 39.5 256.19
15° 38.5 248
20° 37.4 239.7
25° 36.4 231.4
30° 35.5 223.2
35° 34.4 215

Table 3. Output current and power for different

Irradiation values.

Irradiation W/m?2 Isc (A)) Pm(W)
250 2.06 55.82
500 412 115.2
750 6.17 173.6
1000 8.22 230.4
1250 10.27 288.6
1500 12.32 344.7

power for various irradiation are tabulated in Table 2 and
Table 3 respectively.

3. Mathematical Modelling of Wind Turbine (WT)

3.1. Modeling of WT

WECS integrates three important building blocks: WT,
drive train and generator. The direct drive PMSG based
WECS consists of: WT, generator, rectifier and control unit.
A typical direct drive PMSG based WECS is shown in Fig. 8.

This paper presents a mathematical model of a horizon-
tal axis WT and its output is characteristics. The simulation
results for various input parameters: wind velocity and
pitch angle are presented.

The blades of WT extract the wind’s Kinetic Energy (KE)
and convert it into mechanical energy. The KE of an object

with mass m in air with velocity v is given as

E= %mvz 7)
The moving air power (assuming constant speed) is
given by
dE
Py =—
v = ®)
Substituting the value of ‘E” from Eq. (8)
Py = E va )

Where ‘Z—T is rate of mass flow= pAvy,.
The power in the air can be represented as when the air
passes over Area ‘A’

Py = %pAvg, (10)

Where "p’is air density and given by p = 1.225 kg/m3, A=
Area swept by turbine blades in m2, vw=Speed of wind in
m/s.

Therefore, the mechanical power of wind turbine is
given by

P = 3 AC, (A, B)ow (11)

Where, Cp (A,8) = Power coefficient (Maximum value =
0.593), usually a function of two parameters: A;Tip speed
ratio; B;Blade pitch angle in degrees.

Tip speed ratio of WT blade is given by:

_wpR
Tw

A (12)

Where, wy; = Rotor angular velocity (rad/s), R= Rotor ra-
dius (blade length) (m).
The power coefficient (Cp) of WT is given by:

5

C

Cp(A,B) =C4 (A—Z —C3B— C4) et 4+ Cgh (13)
1

Where, The coefficients; C;= 05176, C,=116, C3=0.4,C5=21

and C¢=0.0068 The maximum value of ‘C,” is 0.48 is

achieved at pitch angle f=0 and A=8.1 and considered as

nominal value shown in Fig. 11 (a).

1
A=

: : (14)
(A+0.089[3 - 53+1>
Hence, the rotor aerodynamic torque Ty, is given by:
P,
Tw = ch (15)

m

Substituting for ‘P, in Eq. (15)

1,4, ppAc?
Wm

Tw = (16)

Where, A= Area covered by the blades and represented by:

A = R? (17)

Substituting for ‘A’ in Eq. (16)

o G0 Bt s
Wm

The WT simulated in MATLAB/Simulink environment

shown in Fig. 9 is based on the standard specifications of

WT given is Table 4. A typical WT power curve is shown

in Fig. 10 that represents the power generated (kW) by WT

at different wind speeds (m/s).
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Fig. 5. (a) I-V curve for varying temperature values. (b) I-V curve for varying irradiation values
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Also, Cp vs A characteristics, for various values of § and
turbine power characteristics with respect to pitch angle g
that represents output power in per unit value with respect
to turbine speed is depicted in Fig. 11 (a) and Fig. 11 (b)
respectively.

3.2. Modeling of PMSG

Wind turbines are broadly classified as horizontal axis and
vertical axis WT. Various types of generators have been
used in WECS [22, 23]. PMSG, doubly fed induction gen-
erators, synchronous generators and induction generators
are commonly used these days. Permanent magnet syn-
chronous generator has many advantages like; reliable,
high efficiency, small size and less maintenance compared
to other generators [24, 25] hence, PMSG based horizontal

Table 4. Specification of WT.

Parameter Value
Mechanical output power 3 kW

Rotor Diameter 26 meters
Wind Speed Varied

Type of Turbine Horizontal axis WT
Air Density 1.225 kg/m3
Blade pitch angle 0

Cy 0.48

i g
I - Ty

Fig. 9. Simulation model of WT in MATLAB

Power (kilowatts)

Rated output speed Cut-out speed
Rated output power —— ) -
Cut-in speed
35 14 25

Steady wind speed (meters/second)

Fig. 10. Typical Wind Turbine Power Curves

axis wind turbine is simulated. The modeling of PMSG is
done in ‘dq’ reference frame [26] based on DC voltages and
currents.

The current equations in ‘d” axis and ‘q’ axis are given

as:
digy Rsq . Lsg . 1
=—— — gy — — 19
dat Ly lsd + Wy Lo lsq L Usd (19)
disg _ —&i —w ﬂi +L\}r +iv (20)
ar qu 5q s qu sd qu p qu sq

And, the electromagnetic torque equation of the rotor is
given by:

p . .o
T. = 155 [‘Pplsq + Isdlsq (LSd - qu)] (21)

Where; R, is resistance of stator
vgq and vsg; dg axis stator voltages
isg and isq; dg axis stator currents ws Angular velocity of the
generator Ly and Ls; are the inductance of the generator
Yy is the permanent flux

The Simulink model of WECS is shown in Fig. 12. Me-
chanical torque developed at the output of WT is directly
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Fig. 12. MATLAB/Simulink model of PMSG based WECS

fed to PMSG as input. Rotor speed of PMSG is fed back to
the WT, B of the WT is maintained at ‘0’ to get maximum
power coefficient (C) from WT. Base speed of WT is set to
3.5m/s.

The AC voltage is developed at output of the PMSG is
rectified using bridge rectifier. The simulation is done at 5.5
m/s wind velocity to maintain the output voltage of WECS
at 100 V DC to connect in parallel with solar PV. The output
DC voltage waveform is depicted in Fig. 13 (a) and output
power is 1024 W, as depicted in Fig. 13 (b). The output
voltage is directly proportional to wind speed. The output
of WECS for various wind speed is tabulated in Table 5.

4. Hybrid PV and WECS

The solar irradiation and wind speed being intermittent
in nature, integration of these two sources would result
in a highly efficient and reliable system as they would

Table 5. Output of WECS for various wind speeds.

Wind Speed  Output Voltage  Power Output

(m/s) \2) W)
3.5 62.19 385
4.0 72.28 524.4
4.5 82.21 675.4
5.0 91.82 841.5
5.5 101.2 1029
6.0 110.3 1221
6.5 119 1412
7.0 127.4 1613
7.5 135.3 1820

complement each other ensuring continuity in supply [27].
This has made the hybrid PV and WECS more popular
off late. The hybrid system with two sources operating
in parallel connected to a load (DC) is depicted in Fig. 14
and the Simulink model in Fig. 15. The output of WECS
is adjusted to generate 100 V DC. The output of solar PV
being 50 V DC is connected to a simple conventional DC-
DC converter to boost the output to a required level of 100V
to match the WECS output.

The output of hybrid system is measured at standard
test conditions of 1000 W/m? irradiation of 25° C tem-
perature for SPV. According to National Institute of Wind
Energy, the average wind speed at Peenya, Bangalore is
4-5m/s at 20 meter height but a wind speed of 5.5 m/s is
considered for simulation. The system is simulated and the
output of Hybrid PV and WECS has a first peak overshoot
of about 20 % of output voltage as depicted in Fig. 16 (a).
The oscillations in the output voltage, current and power
are minimized by connecting a suitable value of series in-
ductor (L) on the source side with filter capacitor on load
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side. This results in reduction of peak overshoot from 20 %
to 17 % in output voltage and current, from 45 % to 40 % in
output power.

The DC output voltage across the load is 98 V is shown
in Fig. 16 (b) and a current of 9.79 A through the load
is depicted in the Fig. 17 (a). The power output of the
hybrid PV and WECS is 960 watts as shown in Fig. 17 (b).
The hybrid PV and WECS can be further connected to an
inverter to be integrated with the grid.

5. Case Study

The developed mathematical models are used to establish
the feasibility of implementing a hybrid system at a chosen
location. Based on the hourly measured meteorology data
from Solcast website, the monthly average data of solar
irradiation, temperature and wind speed over a year at
a 20 meter height can be forecasted. The data has been
measured for the location Peenya, Bangalore, Karnataka,
India (Latitude: 13°.0183" and Longitude: 77°.5082").

The data has been considered for a year starting from
October 2019 to September 2020. Fig. 18 illustrates the

monthly average solar irradiation at the chosen location
from 9AM to 5PM. Fig. 19 illustrates the monthly average
temperature from 9AM to 5PM .The average annual solar
irradiation and temperature is 529 W /m? and 27.50°C re-
spectively. Fig. 20 illustrates the average monthly wind
speed in the chosen location at 20 meter height and the
average annual of wind speed is 4.15 m/s.

The above data from Solcast is used to predict the av-
erage annual individual power generation from SPV and
WECS for a particular location. The real time data such as
solar irradiation, atmospheric temperature and speed of the
wind are used as inputs for the developed model of SPV
and WECS systems and the simulation results obtained
for hourly average power generated is shown in Fig. 21.
Also, the simulation results for monthly average energy
generated by SPV and WECS are tabulated in Table 6 and
Table 7 respectively.

The sun light in a day may available for nine to ten
hours a day but, peak sun hours to calculate the amount of
power generated by SPV is considered as four hours per
day. The hourly average of solar irradiation over a year
is noted and daily average solar irradiation is calculated
for four hours (peak sun hours). Hence the average daily
energy generation from SPV according to the data collected
for the month March 2019 is 179 x4 = 716 Wh. For the entire
month the energy generated from SPV alone will be 22.196
kWh.

Similarly, the average daily energy generation consider-
ing 25 percent capacity factor for WECS from the data col-
lected for the month of March is 349 x24x0.25 = 2.09kWh.
Hence, for the month of March 2019 the energy generated
from WECS is 2.09x31 = 64.9 kWh. The total average
monthly energy generation from SPV and WECS for the
duration October 2019 to September 2020 is shown in the
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Table 6. Monthly average energy generated by SPV system.
Month Irradiation Temperature Hourly average Energy
(W/m?) ©) power output (Watts) generated (kWh)
October 350 25.8 92 11.4
November 486 25.7 128 15.3
December 460 23.8 122 15.1
January 637 26.1 167 20.7
February 696 27.5 180 20.8
March 698 30.1 179 221
April 690 324 174 20.8
May 627 32.7 157 19.4
June 461 27.8 118 14.1
July 450 26.5 116 14.3
August 430 26.4 113 14.0
September 368 25.8 97 11.6

Table 7. Monthly average energy generated by WECS system.

Month Wind Speed Hourly average Energy
(m/s) power output (Watts) generated (kWh)
October 3.4 361 67.1
November 3.8 465 82.0
December 431 615 114.3
January 3.56 402 74.7
February 3.72 444 77.2
March 3.35 349 64.9
April 3.5 386 69.4
May 3.56 402 74.7
June 5.3 951 171.1
July 477 764 142.1
August 6.2 1295 240.8
September 49 840 151.1
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The cumulative average monthly energy generation
from both SPV and WECS is calculated and the results
are tabulated in Table 8. Total annual energy generated by
SPV alone is 199.66 kWh and WECS alone is 1330.4 kWh.
An effective integration or hybridization of SPV and WECS
would generate an annual energy of 1530 kWh that would
be sufficient to power up a one Bed Room Kitchen (BHK)
residential unit.

6. Conclusion

A detailed mathematical model of a single cell SPV is pre-
sented with relevant characteristic equations that are de-
veloped based on electrical equivalent circuit. The output
characteristics of SPV are obtained for various irradiance
and temperature conditions and the results are tabulated.
A detailed mathematical model of direct drive PMSG based
WECS is also developed and output characteristics are ob-
tained for various input parameters; wind speed and pitch
angle using simulation results.

The Cp, vs A characteristics for various values of B has
been simulated. Also, the simulation results for turbine
output power for varying wind speed is presented and the
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Table 8. Monthly cumulative energy generation of SPV and WECS system.

SPV WECS Cumulative ener

Month (KWh)  (kWh) (KWh) &
October 11.4 67.1 78.5
November 15.3 82.8 98.1
December 15.1 114.4 129.5
January 20.7 74.7 95.4
February 20.8 77.2 98
March 22.1 64.9 87
April 20.8 69.4 90.2
May 19.46 74.7 94.1

June 14.1 171.1 185.2
July 14.3 142.1 156.4
August 14 240.8 254.8
September  11.6 151.2 162.8

output power developed are tabulated. A hybrid model is
developed by integration of the two sources and the corre-
sponding results are presented. The hybrid system enables
a steady supply of power at the output though individ-
ually they suffer from intermittent existence of favorable
conditions to generate power continuously.

Appropriate value of series inductor on the source side
and filter capacitor on the load side minimize the peak
overshoot and oscillations in the output voltage current
and power waveforms. The simulation results shows that
the output voltage of hybrid PV and wind system is 98 V
DC with a current of 9.78 A and the power being 960 watts.
Data obtained from Solcast website is used as inputs for
simulation studies of SPV and WECS for chosen location
in Peenya, Bangalore. The simulation results show the
individually generated energy by SPV and WECS. The
cumulative energy generated by both SPV and WECS is
also presented. The annual energy of 1536 kWh generated
is sufficient to power-up a single bedroom residential unit.
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