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Abstract

In today’s modern world, energy system is the most important framework and a new energy revolution is evolving on a
global platform for maintaining a reliable and sustainable energy supply. Integration of energy sources is one of the biggest
challenges and also the biggest opportunity in this revolution. This challenge is due to the differences of various Renewable
energy sources (RESs) based on the availability, weather conditions and many other factors. In this paper, modelling and
control of a Solar/Wind/Small Hydro/Battery integrated system have been presented. All the systems have been integrated
to form a DC-AC Integrated Renewable Energy System (IRES) to increase the system effectiveness. For coupling the AC and
DC bus, bidirectional Converter is used and whole system has been attached to the control system designed for the battery,
designed and developed with an objective to provide an uninterrupted power supply, reduce human errors, improve the
power quality and lead to cost saving. The proposed system here presents the power-control strategies for grid-connected
solar, wind and hydropower system providing resourceful power transfer. The system also acknowledges the maximum
utilization of easily available RESs like photovoltaic energies. We have included battery storage system with fuzzy
controller. The main work of the controller is the collection of data for the different RESs and schedule the power required
by the load. The controller controls charging and discharging phenomenon of battery. The analysis and modeling have been
done using MATLAB/SIMULINK environment. The validation for the proposed work is done by comparing the results to that
of a PID controller-based battery control showing that fuzzy logic gives far better results in terms of all the aspects.

Keywords: Integrated Renewable Energy System, Solar Photovoltaic, Wind Energy System, Small Hydro, Energy
Management System, Battery Control system, Fuzzy Logic Control, MPPT

the depletion in fossil fuels and the
environmental problems associated with it. RES

Introduction

Ever since the oil crisis in 1973, most of the
countries have justified in maintaining a
perpetual interest in RESs, as a result of which
many programs related to renewable energy
have been developed. Past then the research and
development (R&D) in this field have been more
promising and reliable [1]. Use of RESs is a very
important part and has been increasing due to

isnowadays used in every sector of our lives and
is very crucial part in our daily routine. Each of
the RES has its own advantage, as a result of
which they can be wused for different
applications. The integration of these sources is
a very challenging task due to the intermittent
nature of these resources and their dependency
on the weather and climatic conditions [2]. This
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integration brings along many technical as well
as non-technical challenges. Due to the
intermittent nature of the RESs, the prediction
related to the energy generated is very difficult.
So, to overcome this problem it is very
important and necessary to consider all the
possible weather and climatic conditions
including the speed of the wind, temperature
change, movement of cloud etc. [3]. The
researchers today are trying to make this
prediction more accurate in order to improve
the process of energy generation by RESs [4-7].
Apart from predicting the climatic conditions, it
is also necessary to predict the amount of
electrical energy consumption so that the rapid
increase in the demand load can be accomplished
beforehand and necessary requirement can be
made and any problem arising due to the
unpredictable load can be avoided [8-9].

Various types of integrated renewable energy
systems are being developed and designed by
the researchers. The most recurrent being the
solar- wind hybrid energy system (HES). Gonz et
al. [10] developed a Solar and Wind HES, in order
to study the life cycle cost (LCC) but without the
energy storage system. Singh et al. [11] provided
an optimal Solar and wind HES, coupled along
with a battery storage system for a remote
location in India. Many optimization techniques
like Genetic Algorithm (GA), Cuckoo Search and
Particle Swarm Optimization (PSO) were used
for the analysis the resources against the capital
cost of the system for obtaining a system which
can provide minimum cost of energy generated.
Tao Ma ate al. [12] also proposed a mathematical
model of PV/Wind with a storage bank for
analysing the effect of the variable nature of
saturation by rising the saturation of one
resource while decreasing the other one on the
size of the battery, state of charge (SOC), excess
energy, net present cost (NPC), levelized cost
and the payback time. Most researchers have
published in this direction, mainly focusing on
the integration of two or at most three sources
of renewable energy. Deng et al. [13] established
amodel with hydro and solar PV considering the
regulating capacity of reservoir, solar
generation characteristics, the cost of solar PV
and hydro with long distance transmission

based on ratio of solar-hydro hybrid power.
Ghenai et al. [14] proposed a micro grid system
comprising of solar and biomass for electrifying
the Sharjah city. The optimized results of HES
considering different levels of RES contributions
are presented, also giving importance to the
technology costs, energy resource availability
and the efficiency of the renewable energy
system. Sawle et al. [15] presented an optimal
planning of the PV-Wind-biomass HES including
the backup power sources like: battery bank and
the diesel generator. The objective function is
the minimization of the cost of energy (COE)
using GA and PSO. The best possible
configuration of the hybrid system is obtained
on the basis of minimum COE. Neto et al. [16]
proposed a method for the risk analysis and
portfolio optimization of the power generation
assets with hydro, solar and wind power for
Brazil. Innovative stochastic models were used
for the generation of the water inflow synthetic
time series, speed of the wind, solar irradiance,
temperature and the average generation
capacity of Reallocation of Energy Mechanism.
Ahmad et al. [17] carried out a comprehensive
resources assessment through wind, solar and
biomass system, focusing on the HESs techno
economic feasibility of Kallar Kahar district.
Optimization is done for ensuring the cost
effectiveness of the system. The load is shared
among the three resources with the extra power
being supplied to the grid. Singh et al. [18]
presented a HES with PV, wind and biomass
along with a storage system to accomplish the
electrical stipulation for a small area. For the
most requisite sizing of the components, an
algorithm named swarm based artificial bee
colony (ABC) was applied. Murugaperumal et al.
[19] presented an ideal design for the techno-
economic feasibility of hybrid renewable energy
system (HRES) incorporating different RESs like:
solar PV, Biomass, Wind and battery. Using
Artificial Neural Network feedback propagation
(ANN -BP) and Levenburg-Marguardt data
training optimum technique (LM), the overall
load growth for the village was forecasted.
Zhang et al. [20] proposed a new interval
prediction method based on long-short term
memory (LSTM) networks for an integrated
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system consisting of hydro, solar and PV
systems.

Recent works have also been carried out using
more than three sources of renewable energies
for an integrated energy system. Chauhan et al.
[21] proposed an integrated system consisting
the locally available RESs micro hydro power
(MHP), biogas, wind, biomass and solar for
meeting the electrical and cooking demands of
cluster of villages in Uttrakhand state of India.
For the optimization of size for the proposed
IRES, system operation strategy is developed.
For ensuring continuous power supply, Loss of
power supply probability (LPSP) is used as the
reliability criteria. Talaat et al. [22] presented a
dynamic modelling and control for an integrated
system of solar, wind and wave energies. The
complete has been integrated and connected to
a buck boost converter and a single
microcontroller for obtaining the constant
voltage.

HES are attaining more and more attention
because of the fact that it is way more beneficial
in providing uninterrupted power supply and a
large amount of energy can be generated [23].
Therefore, it is important to study all the
different sources of renewable energy and their
integration. As per the literature review,
various researches have been carried out in
integrating two or more RESs.

Among all the renewable energy sources, Solar
energy is the most readily available source
throughout the country due to the weather
conditions in India. Apart from solar, various
other sources like: wind, hydro, biomass etc. are
also easily available in different parts and
regions of the country. Work has been done in
integrating these different sources of energy
but to form a complete energy management
system using different control strategies is a
promising task specially in controlling the
battery of the system which acts a secondary
source and avoids any kind of interruption or
discontinuation of energy supply.

This paper lays the emphasis upon the
integration of three different sources of
renewable energy: solar, wind, small hydro

along with battery storage. Solar, wind and
hydro are the most widespread sources used
now. The integration is done practically using
the bidirectional converter and simulation using
MATLAB/Simulink.  An intelligent battery
controller has been designed which can be used
for any renewable energy system say- micro
grid, IRES, HES etc. The main work of this control
is to charge the battery when the generation is
well enough to supply to the load and when the
renewable power sources generation is not
enough to supply the load, the battery supplies
the power to the load. The control has been done
using Fuzzy logic and the results have been
compiled using MATLAB. The results have been
compared with PID based battery control
system for validation.

Modelling and Simulation of the
Proposed System Components

Proposed Integrated System

In this study, a simulated model of each of
solar/wind/small hydro and a battery are
integrated to form a hybrid model. Fig.l
describes the basic block diagram of the
proposed model system. A bidirectional
Converter is being used for integrating the
different sources and ensure their effectiveness
which is being approved by the simulation in
MATLAB. The integrated system is connected to
a converter circuit consisting of PWM- IGBT
inverter which is followed by a LC filter for
smoothing of signals and then the power is
delivered to the load side and is connected to the
grid system.
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Figure I: Basic diagram of the Proposed System

Mathematical Modeling

Mathematical modelling of an integrated
system is a crucial part for fulfilling the
objective function of the system. It provides
information regarding the performance of the
system elements in different operating
conditions. The mathematical models of the
different sources used solar PV, Wind energy
system, small hydro system, battery, dump load
and the controller are discussed below:

large to that of series resistance and so, the Rs
can be neglected for the simplification purpose.
Now, the PV cells are basically grouped together
in larger units termed as PV modules which are
further connected in series or in parallel for
forming of PV arrays used for the generation of
electricity. The equivalent circuit for PV array is
shown in Fig. 3.

Figure 2:. Equivalent circuit of the PV Cell
Figure 3: Equivalent Circuit of PV Array
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The voltage-current characteristic equation of a
solar cell is provided: Photo-Current of the solar
module, Iph:

O O 0

Y oy OTpmma (1)

Here, Isc: Module short circuit current (A)
Ki: short-circuit current of solar cell (A)

T: Module operating temperature (K)

Ir: Irradiation of the cell (W/m2)

Irs: Reverse saturation current of Module (A)

Here, g: Charge of the electron = 1.6 x 10-19 C;
Voc: open circuit voltage of solar cell (V); Ns:
number of series connected solar cells; n: Diode
ideality factor; k: Boltzmann’s constant = 1.3805
x10-23J/K.

The module saturation current, 10 is varying
along the temperature of the cell, normally

Modelling of Solar Photovoltaic (PV) modulgiven by:

The equivalent circuit of a PV cell is shown in
Fig. 2. The solar cell photocurrent is represented
by Current source Iph. Solar cell shunt and series
resistances are represented by Rsh and Rs,
respectively. Normally, shunt resistance is quite

O OTA@B Ao 17 0 Q¢ "Yp (2)
Here, g: Charge of the electron = 1.6 x 10-19 C;

Voc: open circuit voltage of solar cell (V); Ns:

number of series connected solar cells; n: Diode
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ideality factor; k: Boltzmann’s constant = 1.3805
x 10-23 J/K.

The module saturation current, I0 is varying
along the temperature of the cell, normally
given by:

'O 0 WY A@B q
Y pTY

0O Tt Qp 3)

Here, Tr: nominal temperature = 298.15 K; EgO0:
Semiconductor band gap energy = 1.1 eV. The
output current of PV module is:

O 0O o 0 O AgBR o
} 3 Téo Z) F p (4)
0
With,
) 0 Y (5)
And
O ®w 6ju O Y ¥Y (6)

Here: Np: Parallelly connected PV modules;
Rs: Solar cell series resistance (R ); Rsh: Solar cell

speed ratio of rotor blade tip speed to wind
speed and & is the blade pitch angle (degrees).
Equation (7) can be normalized in per unit (pu)
system as follows:
0 Q6w (8)
Where, Pm_pu represents the per unit power
of the theoretical power for any particular
values of 8 and A, Cp_purepresents the per unit
performance coefficient for the maximum value
of Cp, Vwind_pu is the per unit wind speed of the
base wind speed and kp is the power gain for
Cp_pu =1 pu and Vwind_pu =1 pu and kp is
always <1.
A generic equation is basically used for the
modelling of Cp (é , & ). The wind turbine
characteristics are shown in Fig.4. This equation

Turbine Power Characteristics (Pitch angle beta = 0 deg)

shunt resistance (B ); Vt: thermal voltage of the . e
diode (V).

Wind Turbine Modeling ;M,“f‘,“iwi'i‘Eaief‘"fi“ie“f‘f@i’af“f*f’f?"i“ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
Modeling of the wind turbine generally depends uponéﬁ e

the steady state power characteristics of the turbine. Th§“" —

friction factor as well as the turbine inertia should be \\\7
combined to that of the generator which is coupled to: - )
the turbine and also the driveitratiffness is infinite.

The turbine output power is given by the following 7 P I o o
equation (7):
0 6 A " dcw (7)

Where,

P represents the output mechanical power
of wind turbine (W), C, is the turbine’s
performance coefficient, 8 is the density of air
(kg/m?3), A is the swept area of the turbine (m2),
Vwind is the speed of the wind (m/s), & is the tip
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based on the modelling turbine characteristics
of [24]:

6 _h 6

6 @ 6 | 6 (9)
With,

pI_  prf_ T8y T8t o Ul P

Figure 4: Wind Turbine Characteristics

(10)

Small Hydro Turbine Modeling

Based on the available discharge and head of
the site,
0 O w® 0 O 7 - Tpmm
(11)
The annual energy of MHPS can be computed

by:

0 o 0 O YXoTm (12)
Where Q, Hnet, } w, 80 are the discharge, net
head, water density and conversion efficiency of

MHPS respectively.

Battery Modeling

Here we are considering 200 volts, 6.5 Ah Ni-
MH battery which is charged in case of excess
power generation and also provides electricity
in case the demand is greater than the
generation.

For this type of battery, the discharging and
charging equations are as follows:

For discharging, when (i* > 0)

"Qp ';QT(gﬁfDdoh [OJY 070 _Qoa
0 0F0 "Q0Q0 RO &N H®Q
v p  Owr TYQh m (13)

For Charging, when (i*< 0)

Q¢ MO GH O 0 0TS ™0 @

0 0F0 "QOQO RO O 4O O Q
v p Owrni TYQa pry (14)
Where,

EO represents constant voltage (V), Exp(s)
represents the dynamics of the exponential

zone (V), Sel(s) shows the battery mode, Sel(s) =0
during the discharge of battery, Sel(s) = 1 during
charging of battery, Kis polarization constant, in
Ah-1, i* is current dynamics for the low
frequency in A, i is battery current, A is
extracted the capacity, in Ah and Q is maximum
battery capacity, in Ah.

The aging factor of the battery (0) is expressed as

- & -&¢ p IO E p C
Ot ¢ 0O FOLG p OQQWF
¢ T3 &€ pOEINI VA Q

(15)
Where,

DOD represents the depth-of-discharge (%) of
the battery after a duration of half-cycle.
N is maximum number of cycles and is given by:

0 & 'OR OO0t Tpmmv Aog
2 pryY pr"Y & ROQ@HL ¢
FVv R [F p ROGBLE FV R IF
G 7

(16)
Where,

H represents a number constant of the cycle
(cycles), 3 is the DOD exponent factor, y is cycle
number’s Arrhenius rate constant,
‘OQ"@DU represents the average discharge
current for battery during a half cycle duration
(A), 'O GX®H ) is average charge current of the
battery during a half cycle duration, 21 is
exponent factor for the discharging current and
22 is exponent factor for the charging current.
The minimum State of Charge (SOC) depends on
Depth of discharge (DOD) of the battery as given
by equation (17):

(17)

RYO®H D08 p 00O

Formulation of Energy Management
Algorithm

As shown in Figure 5, the Generated powers
from different renewable energy sources ie.,
solar, wind and hydro are calculated along with
the load. The total load connected to the system
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is connected to the battery controller and the
balance load is calculated as:

O OAMIOHADE OQDI ¢ addi Qe
0. QI £ (18)

If the Balance_load is greater than O or we can
say that the load is greater than generated
power, the grid will be providing the signal to
the battery converter for starting the battery
controller and as aresult the controller will give
signal to the battery to start i.e., battery will be
providing the remaining power to the load.

In case, the generated power is greater than the
load, the extra power will be used to charge the
battery if the SOC of battery is less than 90% and
if not, then the extra power will be used as dump
load.

BatteryController Design
Energy Storage System

The proposed system mainly consists of two
controllers: one is implemented at the control of
inverter and other at the battery side. We have
used Fuzzy Logic for the battery controller. So,
at any time given time of the day, the control
system of the battery determines the required
power from the ESS in order to maintain the

Figure 5: Battery Management Algorithm
Flowchart

power below the specified value of the
Maximum power allowed from the grid. Energy
storage for a system acts as a supportive power
source. In addition to this, it adds various other
benefits including the smoothing of
Intermittent power flow for solar PV, stiffening
of the voltage for grid remainder and also peak
shaving. It also helps in extending the solar
power generation during day time by the
shifting of PV output with peaks.

Generally, lifetime of battery depends upon
frequency of charging and discharging of it, it
can shorten the lifetime of the battery, and we
should keep in mind that battery should not
overcharge or insufficiently charge. The power
is usually unstable which is generated from
RESs. The main issue with these RE systems is

the time and process of battery charging for the
best effectiveness and in delaying the present

( Start o
L
Check Psolar, Pwind, Phydro, load.

Evaluate Balance_load = Load -
(Psolar + Pwind + Phydro)

P

Yes 1 Balance_load > 0 i No
l ~_Generation < load__

L ]
Grid will provide signal to converter to
start the battery controller

| |

Battery will provide the balance power to
the load

l y
= =y Use Dump
(_Stop ) Load

time. If the generated power is in excess, it
should charge the battery. It is very problematic
to decide when should a battery acquire
charging mode or discharging mode
mathematically, so we have implemented fuzzy
logic as the empirical rule-based system tend to
be more effective.

Check Battery SOC

Yes No

S0C>90%

]
Charge
Battery

Fuzzy Logic Based Battery Controller

For complete optimization of a system, Fuzzy
control theory is designed and implemented.
Fuzzy Logic Control is one of the strongest tools
translating the linguistic control rules into the
practically operated mechanism [25]. For
maintaining a maximum operating point, the
designing criteria needs a maximum power
point tracker for both the solar as well as wind
energy system. For the charging and discharging
of the Li-ion battery, the difference of the actual
load and generated load is taken into account.
For the improvement of life of battery, it is
necessary to maintain and control the SOC with
the fuzzy control.

The fuzzy controller is designed for
controlling battery charging and discharging,
for the achievement of the desired SOC. ASOC
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and AP are defined as the input variables of the
fuzzy controller and Al as the output variable.

FIS Variables Mermbership function plote %t P9 181
i & Ly P wB
PO V00
P Cument
S0C
input variable "P*
Current Variable Current Membership Function (click on MF to select)
Name P Name B
IzE L e frimf v
Params
[-1.5-1-05]
Range )
DepayRange | (11) ‘ Help Close | ‘

Ready ‘

Design of Fuzzy Controller

AP
Al

NB NS ZO PS PB

NB PB PB PB PB PB

NS PB PB PS PS PB

Asoc  ZO ZO ZO ZO PS PB
PS NS NS NS NS PB

PB NB NB NB NB PB

The definition of input and output variables are
listed as follows-
Y'Y0 6 "YO 6

YO 6 (19)

Yoo 0 0 0 (20)

The power difference AP is the difference of
the required power by the load and generated
total power by the integrated system. This
generated power is generated from the RESs
used which are: Power of solar energy source

Psolar, Pwind is defined as the power from the
wind turbine and PL as the load power for the
proposed HES. Fuzzy Logic input as well as
membership functions for the output comprises
of five grades: Negative Big (NB), Negative Small
(NS), Zero (ZO), Positive Small (PS) and Positive
Big (PB). By scaling the input factors say K1 and
K2, we regulate membership grade of the fuzzy
system and replace it into the control rules of
fuzzy for obtaining the current output for the
charging and discharging variation Al, of Li-ion
battery.

Membership function of the input power are
NB, NS ZO, PS, PB and are explained in Fig. 6.

In case if AP is negative, the power produced
by the RESs are not enough to compensate the
load. Thus, the battery will be operating in
charging mode and in case of SOC, if ASOC is
negative which shows that, SOC of the battery is
more than the required SOC. Thus, the battery is
operating in discharging mode.

The designing of fuzzy controller comprises
of several methods involving the formation of
rules and membership functions. Here, we
incorporated the Mamdani rule base for
simulation of fuzzy controller. These rules are
mentioned in Tablel.

For example, if AP, the input variable is
defined as NB and ASOC, the other input variable
is defined as NS, then the output variable AT will
be defined as PB which means that the degree at
which the current is discharging is large.
However, if AP, the input variable is defined as

NB and E SOC, other input variable is defined
as PS, then the output variable E I will be NS.
Figure 6: Membership Function of Power Inputs

Table 1: Fuzzy Control Rules

Simulation Model

The Proposed IRES has been simulated in
MATLAB using the simulation model for all the
different sources of energy: solar, wind, hydro,
battery and load. The individual Simulink
models of all the sources as well as the
integrated model have been discussed in this
section.
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Solar Energy

In the solar energy model as shown in Fig.7,
the solar panel is connected to the converter
which converts the DC output of the solar
system into AC. The irradiance and temperature
parameters are varying incorporating the
weather fluctuations which can possibly be
present in the practical system. The charge
controller used is the MPPT which enhances the
power output of the system. The open circuit
voltage taken here for the system is 406 V. The
detailed parameters for the system are given in
Appendix A.

Figure 7: Simulink Diagram for Solar Energy System

conditions and the non-linear characteristics of
solar PV array. Various types of approaches and
techniques have been used for MPPT with the
most popular one being considered the
Incremental Conductance method, Perturb and
Observe (P&0), FLC & ANN, but because of the
good yield which is offered under the rapid
change in the atmospheric conditions,
Incremental Conductance (I & C) is widely used
[28]. The basic flow chart for I & C technique is
shown in Fig. 8 [29].

Calculate Voltageand Current

@V =VKi V (k1)
@l =1k | (k-1)

Increasethe Voltage

‘ Decrease the Voltage ‘

‘ Decrease the Voltage

‘ Increasethe Voltage

Figure 8: Flow Chart for I & C MPPT Technique [28]

Wind Energy

Wind Energy system comprises of a wind
turbine having pitch angle and wind speed as its

Maximum Power Point Tracking Technique input variables. The wind speed is considered

A Maximum Power Point Tracking controller
(MPPT) is a DC to DC converter which is used to
optimize the connection between a PV panel and
utility grid. It is used convert the high voltage
DC output from the solar panels to alow voltage
needed for the charging of batteries [26]. The
maximum or peak voltage at which the
maximum power is produced by the solar panel
is termed as Maximum Power Point (MPP)
depending upon the radiation, temperature as
well as the solar cell’s ambient temperature.
This also improves the efficiency of the solar
panel [27]. Tracking of the actual Maximum
Power Point is a crucial and demanding task
because of the varying environmental

varying and for the control of pitch angle, a pitch
angle controller is applied. The output of the
turbine is fed to the Permanent Magnet
Synchronous Generator (PMSG) which in turn is
attached to the rectifier. The detailed
parameters for the system are mentioned in
Appendix B.

For controlling the rotational speed of the
turbine, pitch control method is generally used.
In this part, the conventional control strategies
of the pitch angle have been developed. The
reference pitch controlled by the input values,
which may be as follows: The measurement of
the speed of the wind directly, makes the
control strategy much simpler; but this not
being a pertinent procedure due to the difficulty
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in measuring the speed if the wind much
accurately. In fact, in case of the speed of the
wind exceeding the maximum rotor speed, to
reduce the torque of the turbine, pitch angle is
increased. The simulation diagram for the wind
energy system is shown in Fig. 9.

Figure 9: Simulink Diagram for Wind Energy
System

Hydro Power

The hydro energy system comprises of
hydraulic turbine and an excitation system as an
input to the synchronous machine of 200 MVA
and 13.8 kVA rating. In order to guarantee
universality of the research, we have selected a
typical electric power system, synchronous
machine and excitation system to simulate the
generator system; transformer (T), electric
transmission line (Line), load (Load), standard
voltage source (source) and measurement
elements are used to simulate the infinite-bus
power system. The detailed parameters of the
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system are mentioned in Appendix C. The
Simulink diagram is shown in Fig. 10.
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Figure 10: Simulink Diagram for Hydro Energy
System

Battery

A Ni - MH battery of 200 V, 6.5 Amp -hr.
rating has been used in the system. The Simulink
diagram of the battery system is shown in Fig.11.

]
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13
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v +o IL6 *
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"
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Uonbattery
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Figure 11: Simulink Diagram for Battery Energy
System

The parameters have been mentioned in
Appendix D.

Battery Controller

Wb 1167
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The detailed explanation and working of the
Fuzzy logic-based battery controller is
explained in previous sections. The simulation
diagram of the control system is shown in Fig. 12.

Figure 12: Simulink Diagram for Battery Control
System

Integrated Model

The proposed integrated system is combined
of three renewable energy sources: solar, wind
and hydro along with battery and a battery
controller using Fuzzy logic control technique.
The whole system has been simulated in
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MATLAB and the simulation diagram is shown in
Fig. 13.

) —

Figure 13: Simulink Diagram for the proposed
Integrated System

Results and Discussions

The Proposed system is simulated in MATLAB
and the results have been carried out which are
been in the form of graphs.

The voltage, current and power graphs for all
the renewable sources and the integrated model
are shown in the graphs below.

Solar PV
Voltage

The solar Voltage shows a fluctuation at
starting up to 300 volts but then settles at 220 V.
This graph shows that by the use of fuzzy logic
the fluctuations which were present at the
starting have decreased and we are getting

almost a constant voltage. The voltage output is
shown in Fig.14.

Figure 14: Voltage output of Solar PV system with
Fuzzy logic-based Battery Control

Current

The solar current output is shown in Fig. 15. The
graph shows that there is a fluctuation at the
starting because of the solar irradiation which
settles down after few seconds. The variation in
current is seen from 3 to 4 seconds after which
the battery comes in charging state and the
current stabilizes at 0.5 Amperes approx.

:

!

Figure 15: Current output of Solar PV system with
Fuzzy logic-based Battery Control

Power

The solar power output is shown in Fig. 16. The
graph shows that the power from the solar
energy system is approx. 150 W. with also
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showing the charging and discharging switching
intervals of the battery.

Figure 16: Power output of Solar PV system with Fuzzy
logic-based Battery Control

Wind Turbine
Voltage
The Voltage output for the solar energy system

is shown in Fig. 17 and the graph shows that the
voltage is approx. 170 V.

Figure 17: Voltage output of Wind Energy system with
Fuzzy logic-based Battery Control

Current

The current output for the wind energy system
is shown in Fig. 18. The graph shows that the
current is approx. 5.7 Amperes.
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Figure 18: Current output of Wind Energy system with
Fuzzy logic-based Battery Control

Power

The power output of the wind energy system is
shown in Fig. 19. The graph shows that the
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power delivered by the wind system is approx.
420 W. with the switching times of charging and

Figure 19: Power output of Wind Energy system with
Fuzzy logic-based Battery Control

discharging of the battery quite evident from
the graph.

Hydro Turbine

Three Phase Stator Current for the turbine
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Figure 20: Three Phase Stator Current of Hydraulic
Turbine

Field Excitation Voltage

The field excitation voltage for the hydraulic
turbine is shown in Fig. 21.

Power

The output power of the hydro system is shown
in Fig. 22. It shows that the power from the
hydro system is approx. 1000 W.
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shows the charging and discharging switching

times.
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Figure 21: Field Exei ta%'z%z Voltage output+of Hydro
Turbine with Fuzzy logic-based Battery Control Figure 23: Output Voltage of Battery System
I I
Current

‘ The current output of the battery is shown in
J Fig. 24. The graph shows that the output current
\

of the battery is approx. 10 A. with the switching

log]c-based Battery Control
Battery Outputs

Voltage

The battery Output Voltage is 220.5 Volts
approx. and is shown in Fig. 23. The graph also

Figure 24: Current Output of Battery System
between charging and discharging clearly
evident from the graph.

Power

The graph shown in Fig. 25 describes the power
output of the battery which is around 110 W.

SOC (95%)
The graph shown in Fig. 26 represents the SOC
of the battery. It shows that after 3 to 4 sec

intervals of time, the battery is in charging
mode and the SOC is initially 95 % which goes
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down in the discharging mode and again attains
its value in charging mode.

Figure 26: SOC of Battery System
Battery Controller

Battery Logical Operation

This Fig. 27 shows the logical operation of the
battery controller i.e., in terms of 0 and 1, the
ON/OFF state of the battery.

Mean

This graph shown in Fig. 28 represents the Mean
current of the complete battery control system.
It is seen that a slight change is seen when the
relay starts at 2sec. and then after a short time

interval of 3 to 4 sec the battery comes at its
charging mode.

F1gjmmﬂﬁmmm—8mﬁwtem
def] mng the ON/OFF of the battery

w4 - - - -
0 05 1 15 2 25 3 35 4
Time(sec)

Figure 28: Mean output of the Battery System
Inverter Outputs

The phase and line voltage for the inverter
control are shown in Fig. 29. The inverter
control has been done using a discrete PI
controller and the inverter used here is the
PWM IGBT Inverter.

Load

Two three phase RLC loads have been
connected to the system with a circuit breaker
attached a one load to switch on/off the second
load according to the generated power. The load
parameters are mentioned in Appendix E. The
variation of three phase voltage and current
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with and without load are shown in Fig.30, 31,
32,33.

Figure 29: Control of Inverter for three phases

Figure 30: The variation of three phase Voltage
without Ioad

Figure 31: The variation of three phase Voltage with
Load

Integrated System

At starting, the renewable power is very less
because of the irradiance data having small
values at starting time and wind speed too has
small values, when the load is greater than
generation power battery started giving power
to load till 3 sec simulation time. After that for
short interval of time that is 3 to 4 sec battery

attains charging state because load becomes less
than generation. After that it comes discharging
st ntegrated
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For the vahdatlon of the proposed control
system, the results have been compared to that
of a PID based battery control system and are
shown in Table 2. The results and comparison
show that the output with fuzzy is far more
balanced in terms of fluctuations and efficiency.
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The SOC output of the battery for both the the necessity of considering the available status

controllers have been shown in Fig. 35 and 36. of the renewable power resources and the
battery backup in a well synchronized manner
Figure 34: Power output of the Integrated System for the design of the battery controller. The
with the Battery Control Battery controller has been developed in
MATLAB/SIMULINK where the parameters for
Figure 35: SOC of the PID based Battery control all the resources and battery have been
system specified.

From the above graphs, we can see that the

charged battery is providing power to load and

Table 2: Comparison of Fuzzy and PID based battery is charged by the renewable resources.
Battery Control The main work of the control system is to avoid

PID FUZZY any kind of discontinuation of electricity supply
to the load. The three renewable sources of
energy: solar, wind and small hydro are used to

Solar | Current(A)  12.5 05 generate power for the load and in addition

Energy charge the battery. At times, when the
Voltage (V) 650 220 .

generated power is less than the load battery

. starts providing power to the load. The battery

Wind | Current (A) 72 55 is charged when the generate power is more

Energy than the load. For a reliable operation, the SOC

Voltage (V) 300 170 of the battery has been kept as an important

constraint i.e., we don not charge the battery

Battery | Current (A) 50 10 above 95 % of SOC. This Energy Management

system using a fuzzy logic-based battery control

Voltage (V) 200 220.5 system for the solar-wind-hydro integrated

system is used to utilize the generated power

and to maintain a proper balance between the
generation and load. The results have been
compared to that of PID based Battery control
and shows the efficiency and stability of the
system in addition to providing more reliable

6% power.
Appendix A
g™ Open Circuit Voltage | 406 V
%9~
s (VOC)
.l Maximum Power | 336 V
0 05 1 15 2 T‘miéem 3 35 4 45 H Voltage (Vmpp)
Figure: 36. SOC of Fuzzy based Battery control
system Current Output 6.277 A
Conclusion Voltage Output 3209V
This paper proposes an original Energy pgwer Output 8044 W
Management Algorithm has been designed for

maintaining the sustainable balance of power
for the proposed system. The paper focuses on
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Appendix B
Generator type PMSG (Salient- Pole)
Turbine power 8.5e3 W
Turbine base Wind | 12m/s
Speed
Maximum Power at | 0.8
base wind speed
Pitch Gain 500
Appendix C

Installed Capacity of

Water Turbine

200 MVA, 13.8 Kv

Wref. 1
Pref. 0.7516
Xd 1.305
Xd’ 0.296
Xqd” 0.252
Xq 0.474
Xq” 0.243
X1 0.18
References

Nominal Power (Pn) 200e6 VA
Line to Line Voltage | 13800
(Vrms)
Frequency (fn) 50
Stator Resistance (Rs) | 2.8544e-3
Appendix D
Battery Rating 200V, 6.5 Ah
Type of Battery Ni- MH
Initial SOC 95%
Response Time 30 sec.
Appendix E

385V
Vrms
Frequency (fn) 50 Hz
Active Power 2e3'W
Load Flow Type Constant Z
Breaker Switching | [3 4]
Times
Breaker  Resistance | 0.001 ohms
(Ron)
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