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Abstract

Due to the fast increase of electrical demand and the high cost of electrical network
infrastructure expansion in rural areas, a Hybrid PV/diesel generator/battery system is
presented as an optimal solution because of its high reliability and low energy cost
compared with other conventional energy sources. This thesis aims to obtain the
optimum controlling dispatch-size strategy as per the requirements and concerns of the
operating conditions, the used methodology in this thesis is to study, simulate, and
summarize the main, three controlling dispatches with their operating strategies of
hybrid PV/DG/Battery. While the overall optimal controlling dispatch-size strategy
found in this thesis is Cycle Charge dispatch, for each requirement (reduction in PV-
Battery size, reduction in a time when batteries at minimum state of charge, reduction in
the diesel generator working minutes, reduction in the frequent switching between
diesel and batteries, increasing sharing energy from renewable source, reduction in
consumed fuel and reduction in unused excess energy percentage) an optimal

controlling dispatch-size strategy can be obtained.

The summery comparison results between different strategies is as the following:

e Intuitive method simulation showed 59% of the consumed energy came from
renewable parameters while 41% was generated from the diesel generator. 2800
minutes of the simulated time, batteries were at the minimum value of state of
charge. 24% of the generated energy is considered as excess energy of the system

and 328 Liters of fuel was consumed

e Cycle Charge simulation showed 90% of the consumed energy came from
renewable parameters while only 10% was generated from the diesel generator.

Only 26 minutes of the simulated time, batteries were at the minimum value of state

Xl



of charge. 35% of the generated energy is considered as excess energy of the
system and 156 L.iters of fuel was consumed

Load Following simulation showed 73% of the consumed energy came from renewable
parameters while 27% was generated from the diesel generator. 708 minutes of the
simulated time, batteries were at the minimum value of state of charge. 71% of the
generated energy is considered as excess energy of the system and 226 Liters of fuel

was consumed.

Keywords: Hybrid System, Modeling, Diesel generator, Photo voltage, Optimum
Method, Controlling dispatch, renewable Energy, Energy Storage, State of Charge.
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Chapter One

Introduction

The rapid depletion of fossil resources and rising energy consumption have sparked
concerns about future energy supplies [1]. Furthermore, the usage of conventional
energy sources derived from fossil fuels has led to massive increases in CO2 emissions,
the principal driver of global warming [2]. in [3], the author shows that 70% of emitted
Green House Gasses (GHG) (includes water vapor, carbon dioxide, methane, nitrous
oxide, ozone) comes from fossil fuel burning, and in order to limit the effects of CO2
emission in the form of global warming, there are two main options, either to leave the
fuel in the ground or to use carbon capture storage. As a result of these concerns,
researchers have identified alternative energy sources that have the potential to
minimize pollution and generate a long-term energy supply [4]. The unpredictability
and intermittent nature of renewable energy sources (RES) power generation is,
however, a key disadvantage, such as bioenergy, direct solar energy, geothermal energy,
hydropower, wind, and ocean energy [2,5].

In remote areas, where is the electrical network is hard to reach since the initial cost of
network extension is high, commonly, load demand covered by using a diesel generator
(DG). Even though the DG solves the reliability issue, it still makes the same issue of
environmental impact, fuel needs to be transported through long transportation and the
electricity cost is high [6]. These issues can be fixed by combining several energy

sources to create a hybrid energy system [7].

One type of hybrid power system is a PV/diesel system; such a system has been used all
around the world [8]. This system can be mainly classified into series and parallel
topology [9]. In the first topology “series topology”, the battery could be charged from
the generated energy from either Photovoltaic (PV) or the diesel generator, diesel
generator cannot supply the load directly since it is connected in series with the inverter.
Even series topology has its simple design and it is easy to perform, it suffers from the
following disadvantages [10]:

e Low system components efficiency, such as batteries and inverter efficiencies, lead

to low overall system efficiency and energy loss.



e Large inverter size: since all supplied energy to the load should be transmitted

through the inverter.

In the second topology “parallel topology”, diesel generator, PV, and battery
systems can fully or cooperative supply the load directly which leads to higher
overall system efficiency, compared with series topology, parallel topology has the

following advantages [10]:

Load demand can be covered optimally
o Diesel fuel efficiency can be maximized due to higher average operating power.

e Reduction in maintenance and operation cost of the diesel generator since the

operation time is reduced.

e Reduce the sizing of the system components such as PV, diesel generator, and

battery system.
e  System ability to feed the load peak demand.

A typical PV-diesel-battery hybrid system includes a PV array that consumes sunlight
and converts it to Direct Current (DC), a diesel generator that converts the thermal heat
by burning the fuel to generate Alternating Current (AC), a battery system to store
surplus energy as a chemical reaction ready to resupply this energy in the times where
the PV power is not capable to supply the load and to avoid the frequent turning on of
the diesel generator, and other power electronic components such as DC-DC converters,
AC-DC converters, ATS (automatic transfer switch), and charge-controllers.

In general, a Hybrid system such as PV/Diesel-battery system can achieve the aimed
advantages from both traditional energy sources represented by the high reliability and
the ability to feed the load continuously and the low electricity cost by the renewable
energy sources, as well as the reduction of both disadvantages represented as the high
maintenance and operational cost of fuel consumption generators and the low reliability

of renewable sources.

For a Hybrid PV/Diesel-battery system, many software can design, size, and optimize

systems such as HOMER, TRNSYS, While and Hybrid2 [6], HOMER software is a
2



powerful tool that is capable to size the system parameter using numerical analysis to
find the optimum value with respect to capital cost and maintenance and operational
cost [5,11,12].

Finally, in this research, the main hybrid PV/Diesel/battery controlling strategies which
are: intuitive method (INT) strategy, load following strategy (LF), and cycle charge
strategy (CC), will be studied to model their algorithms.

1.1 Problem Statement

A complex modeling is required for such a hybrid system because of its dispachable
components and the way they behave [5], optimization and simulation of hybrid
PV/DG/Battery system using software will optimize the system parameter values
financially without specifying the operator needs of preferred energy supply sharing
between the hybrid system component (PV-Diesel-Battery) which can be affected by
many variables such as fuel price, fuel transportation, fuel storage, generator
maintenance, battery maintenance, battery replacement, excess energy percentages, etc
[13], the simulation results cannot be shown as data to check the optimal operational
strategy as the operator requirements as the main code is not shared

1.2 Objectives

In this research main four objectives that aimed to be fulfilled as below:
1.2.1 To model Cycle Charge dispatch strategy.

1.2.2 To model Load Following dispatch strategy.

1.2.3 To model Intuitive Method dispatch strategy.

1.2.4 To conduct a comparison between these three dispatch strategy.

1.3 Research Methodology

WP.1 Literature Review
T 1.1 literature review on hybrid PV/Diesel system concept and components.

T 1. literature review on hybrid PV/Diesel system sizing methods.



T 1.3 literature review on hybrid PV/Diesel system operation strategy.
T 1.4 literature review on diesel generator consumption models.

T 1.5 Solar radiation data collection for Palestine.

WP.2 Measure a real load in Palestine

WP.3 Design of the hybrid PV/diesel/battery system sizes using the main three
methods

T 3.1 Load Following sizing method.

T 3.2 Cycle charge sizing method.

T 3.2 Intuitive sizing method.

WP.4 Validation of the designed sizes using HOMER

T 4.1 Validate Load Following size based strategy using HOMER.
T 4.2 Validate Cycle Charge size based strategy using HOMER
WP.5 Generate simulation codes

T 5.1 Create Matlab code to simulate Load Following Strategy.
T 5.1 Create Matlab code to simulate Cycle Charge Strategy.

T 5.1 Create Excel sheet to simulate Intuitive Method Strategy.
WP.6 Simulate Hybrid PV/Diesel/Battery system

T 6.1 to simulate the proposed Load considering load flowing strategy with the different

sizes.

T 6.2 to simulate the proposed Load considering cycle charge strategy with the different

sizes.

T 6.3 to simulate the proposed Load considering intuitive method strategy with the

different sizes.



WP. 7 Performance comparisons between the main strategies and sizes
T 7.1 to conduct a comparison between these strategies with the different sizes.

T 7.2 to conduct an overall comparison between these strategies.



Chapter Two

Literature Review

2.1 Hybrid PV/DG/Battery System Concept

In a comparison between traditional diesel generator (diesel_only) that used to be the
favored solution for electrical energy supply, due to the low price, in remote areas
where grid infrastructure cannot be extended, and the cooperation between renewable
energy, diesel generator and battery system (Hybrid PV/DG/Battery system), the

following advantages can be provided [14]:

Reduce environmental impact

Reduce maintenance and operational cost

Increase system reliability

Reduce energy cost

The concept of the hybrid system is to share supplying the load demand between
different sources (renewable PV and at least one diesel generator) with the support of a
storage battery system [16], as shown in Fig.1, parallel configuration of such hybrid
system can be divided into two main sides, An Alternating Current bus-bar (AC-Bus)
that is connected with a both diesel generator and the load, and Direct Current bus-bar
(DC-Bus) that is connected with both PV modules and Battery system. Both AC-Bus

and DC-Bus are coupled with either a single or bi-directional inverter [16].

Fig.1
Hybrid PV/DG/Battery system component
DC Bus bar AC Bus bar
Load
= ™
Converter DC/AC
Converter
Charge —P 1
Controller ﬁ_
Genecaton
My W Diesel generator
Battery




2.2 Hybrid PV/DG/Battery System Components
As mentioned previously, a Hybrid PV/DG/Battery system is consisting of two Bus-
bars, with some connected components of each bus-bar depending on the current type,

either alternating or direct current (AC or DC), these components are as the following:

2.2.1 PV Modules

A PhotoVoltaic system is considered as the most elegant strategy to generate electrical
energy just from converting the ample sunlight into electricity in the form of Direct
Current without the need for any mechanical movements or emission impact or noise
[16].

The output energy of the PV modules can be affected by many variables such as Solar
Radiation (diffused and direct SR), Ambient Temperature (Ta), Humidity, Dust, Shade,
Wind velocity, and Wind direction. The most effective variables of PV modules output
energy are Global Solar Radiation(G) and the Ambient Temperature(Ta) [17].

The modeling of generated energy of the PV system by the time [w/min] with both
variables G & Ta, the following modeling is needed to be considered [18]:

( o )_ aT[TC(t) - Tstandard] * Nwire (1)

Gstandard

va(t) = Ppeak *

Where Ggiangarg 1S the standard testing condition solar radiation [1OOOW/m2], Tstandard 1S

the standard testing condition temperature [25 C],

ot is PV module output power temperature coefficient [-0.370% / C“],

Mwire is the efficiency of the wires.

Tc is the cell temperature which can be calculated from the following equation [19]:

To(t) = Ta(®) + =G (t) @

Where NOCT is the nominal operating temperature of the PV module which can be
measured when the PV module is under 800 W/m? solar radiation and 20C° ambient

temperature.

Ta is the actual ambient temperature at a time when T¢ is calculated.
7



Solar radiation data in the form of W/m* Minuit has been collected [Fig.2] for 12 days
to represent the 12 months of the year to simulate the generated energy of the PV
system in the Hybrid PV/DG/Battery system.

Fig.2

Solar Radiation profile for a day in Qalgilya [W/m2]
900
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minute

2.2.2 Battery System

The battery has been used as an energy storage source in the hybrid system to alternate
the output power of PV modules and the diesel generator and to adjust any surplus or
deficit of generated energy. The battery bank will start to charge when the total output
power of the solar modules and the diesel generator exceeds the specified load capacity
[19].

Batteries could be charged from either the generated energy from the PV system or the

diesel generator or both as per the operation strategy and the inverter type [20].

The equivalent circuit of the battery is represented in Fig.3 where Voc and Ro are the
battery internal voltage and the battery internal resistance respectively, the magnitude
and direction of the battery current i(t) majorly depend on the system voltage Vpa if the
voltage is greater than the internal voltage it means that the battery current i(t) is
entering the battery as a charging current. On the other hand, if the voltage is smaller
than the internal battery voltage, the current will flow from the battery to the system and
discharge the battery energy [21-22].



The percentage of stored energy in the battery to the battery capacity is called State of
Charge (SOC) and the available energy percentage to be stored is called Depth of
Discharge (DOD).

soc=1—§, 0<S0C<1 3)
DOD =1-S0C 4)

Where Q is the battery charge.
C is the capacity of the battery.

Fig.3
Battery equivalent circuit (Rint Model)

()

— A

Ro

Voc | 4
— Vbait

To understand the modeling of charging and discharging of the battery, it is required to

check each by its assumption and equations [21-22].

2.2.2.1 Charging Mode
When the applied voltage is greater than the internal voltage, the current will flow
toward the battery to charge it, in this case, Voc and Ro will be called V¢, and Ry, then

Ve and Re is given as the following [23]:

Ven = (2+0.148 B)* Ns (5)

SOCinitial
- SOoCmax (6)

B



where Ns is the number of cells in the battery 2V voltage.
SOCinitial is the initial state of charge before charging.

SOCmax is the maximum state of charge of the battery.

0.758+-2:1309
_ 1.06— B
RCh_[ SOCmax Ns (7)

From the equivalent circuit in Fig.3, it can be shown that
Vbatt = Ven +len * Ren (8)

Then the equation can be used to calculate the SOC of the battery
SOC(t+dt) = SOC() [1 = ~== dt |+ K[Viat loat — Ren I pa]l (9)
In which K is the efficiency of charging the battery, D is the rate of battery discharging.

2.2.2.2 Discharging Mode
When the applied voltage is smaller than the internal voltage, the current will flow from

the battery to the system and discharge the battery, in this case, Voc and Ro will be

called Vgisch and Rygisch, then Visch and Rygisen 1S given as the following [23]:

Viisen = (1.926+0.124 B)* Ns (10)
_[o-19+ 2{8?&

Ruaisch= soCmar (11)
Vpatt = Vdisch +ldisch * Raisch (12)

2.2.3 Inverter

As shown in Fig.1 the parallel configuration of the hybrid system consists of two
different bus-bars, one is AC bus-bar and one is DC bus-bar [16]. In order to couple
these bus-bars with each other to allow power flow between the DC and AC system, an

DC to AC converter is required which is named an inverter.

10



As [24], authors point to that the concept of DC/AC converter is continuous-switching
to the DC source either from PV modules or from battery banks in a sinusoidal form

with controlled AC electrical parameters to meet the requirements of the load [24].

There are two types of inverters that could couple the two bus-bars, either single
direction DC to AC converter or bi-directional DC/AC converter, these types are
selected upon the controlling dispatch, the single directional inverter means that the
energy flow only from the DC side to AC side, in other words, charging batteries could
only be occurred from the PV arrays while inverter cannot share the excess energy with
the batteries. On the Bi-directional inverter, energy can flow from any side to another,
batteries can be charged from either PV or DG, the size of the required inverter is
affected by the maximum amount of power that should be transferred and converter,

which means the required size of each type is different from others [23-27].

The efficiency of the inverter is represented as the ratio of the output AC power to the
input DC power as shown in Fig.4 [23].

rlINV: Pout (13)

Pin

While the voltage Total Harmonic Distortion (THD) is defined as the following
equation [23]:

THD = ~—— (14)

Fig.4
Inverter Efficiency curve
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2.2.4 Diesel Generator

Diesel Generator (DG) is the main AC source that can supply the load directly without
transferring its power through the inverter since it is connected to the same AC bus with
the load, DG has been used in hybrid PV/DG/battery as a backup power source in a case
when the generated power from the PV or battery cannot meet the demanded power of
the load [19].

A Diesel generator can either be set to work at its rated power whenever the need to
supply the load which may cause excess energy, or to meet the load demand required
power with no output excess energy which may lead to a reduction in the DG efficiency

(wet staking) due to low fuel temperature and reduction in the generator lifetime [14].

The consumption of fuel in the diesel generator [L/kKWh] changed as per the output
generated energy to the rated energy of the generator, the formula of the fuel
consumption can be modeled as the following formula [14,19,28]:

CFpe = Apnc * Ppco + Bog * Pper (15)
Where CFpg is the consumed fuel of the generator (L/kWh)
Apg is the fuel consumption officiant for rated energy (Apc = 0.246L/kWh)
Bpg is the fuel consumption officiant for output (Bpg = 0.08145 L/kWh)
Pbco is the output power of the DG.
Ppoar is the rated power of the DG.

2.2.5 Load Demand

The main goal of electrical systems (grid-connected, standalone RE, single DG, and
Hybrid system) is to feed the load demand, load demand converts the electrical supplied
energy to another form of energy such as mechanical, thermal, chemical, and radiant
energy [29-31].
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Loads can be defined with different parameters to be categorized as the following [29-
31]:

e Consumer type (residential, commercial, industrial).
e Time of demand (continuous, single period, multi-period, fluctuating).
e The Shape of demand (flat, step load, single peak, double peak).

Each type of load demand can be studied and simulated to give different optimum
strategies & sizes to be chosen for a hybrid PVV/DG/battery system.

In this research, load demand has been chosen to be industrial, continuous, and single

peak shape.

2.2.6 Dumping Load

As author [20] mentioned, in cases where the PV modules or DG (when the controlling
strategy allow the DG to charge the batteries) generates energy that is more than the
required demand energy of the load, and the SOC of the batteries are 100%, excess
energy cannot overcharge the batteries and this surplus energy should be consumed
elsewhere. A dumping load is considered a thermal load that can consume any excess
generated energy and convert it into heat. This excess energy consumption will ensure
the stability of the system [32,33].

2.3 Real Load

In this research, in order to get a real result that can lead to applicable recommendation
and optimization of such hybrid PV/DG/battery system, a real load has been taken from
an industrial consumer (dairy products manufacturing) that consume electrical energy
continuously and the load profile of the load is about to be constant over different
seasons and weekdays and weekend, the factory consumes electrical energy in
pasteurization, storing, heating, cooling, lighting, and packing, load profile of the load

has been measured in minutes for a full day.

Fig.5 shows the daily load demand curve of the real load for 24 hours / 1440 min, the

load consumes total energy of 2566 k\W/minute.
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The load demand can be divided into three categories [34-36]:

1- Baseload: which is the minimum consumed energy with a value of the load power

that is being demanded continuously for 24 hours (base power =1kW).

2- peak load: the value of demanded energy that the load will request for a short
interval of time during the day with the maximum power for all-day (peak power
=4.01 kW).

3- medium load: the value where the load consumes energy in a power range that is
greater than the base and less than the peak where the demanded time is a long

period of time (LkW< medium power < 2.5kW).

Fig.5
daily load curve of the real load
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After studying the real load curve and components, table 1 summarizes the load demand

parameters.

Table 1

load demand parameters.

Energy [kWh] Power (kW)
Baseload 7.133333333 >1kW
Medium load 19.91666667 > 1kW, <2.5kW
Peak load 15.71880144 >2.5kW,
<4.01kW

The maximum energy consumption of the real load falls in the medium load part since

its power value is greater than the base value and the period time is longer than the peak

load, total energy consumption is 42.8 kWh in 1440 minutes per day with a minimum
14



power value of 1kW and peak power value of 4.01 kW, this behavior is due to many
factors, the storage system, in the night where there is no manufacturing required, the
storage system work at its standby value to keep the storage temperature fixed to ensure
than the raw materials will keep safe from getting mold. after working hours starts, the
storage system will keep opening and closing which fluctuates the temperature and the
storage system will keep following the temperature by starting and standby the
refrigerant, after some time, the industrial electrical devices will start consuming the

electrical power which varies the load curve as shown in Fig.5.

2.4 Operational Methods of Hybrid PV/DG/Battery System

In controlling Hybrid PV/DG/battery system after sizing its parameters, the two main
controlling dispatches are either Load Following dispatch (LF) or Cycle Charge
dispatch (CC) [37,38], Load following dispatch strategy tend to be optimal in the
location where the renewable energy sources are rich, usable and reliable [38] which is
effects the renewable to total size fraction of load-following strategy, while Cycle
Charge dispatch strategy tend to be optimal in the location where the renewable energy
sources are poor, unusable, unavailable or unreliable [38] which is effects the renewable
to total system size fraction of Cycle Charge strategy.

Additionally, the intuitive method is considered an inaccurate method to size and
control such a system which may lead to the high cost or low reliability since the
interaction between system components is not taken into account, even the method has
been driven by experiences [39].

Before simulating the different sizes, operational and controlling methodologies
priority, power-sharing, and relations between components should be taken into

account.

2.4.1 Load Following Dispatch Strategy
Fig.6 shows the logical chart of Load Following dispatch controlling strategy modeling.

Modeling starts by importing solar data in minutes for both solar radiation (SR) and
ambient temperature (Ta) of the proposed location and the real load demand curve in

minutes.
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The next step is a calculation of the generated energy from PV for all input data is
required.

Basically, the strategy can be divided into three main cases after a comparison between

the generated power of the PV modules (Ppy) and the load demand P, [37].
Pner=Ppv — PL (16)

The first case is when the net value is equal to zero means that generated energy from
PV modules is equal to the load demand (Pnet=0), the generated energy will directly
supply the load by the required energy, neither diesel generator power is needed nor
discharge current from the batteries, moreover, as well as there is no surplus energy is
available to either charge the batteries or to be dumped as excess energy or deficit
energy in this case [40,41].

The second case is when the difference between the generated energy from the PV
modules and the load demand is positive (Pnet= +Vve) or in other words, the generated
energy from PV modules exceeds the required energy from the load (Ppyv>PL), the
required load demand will be covered from the generated energy of the PV modules and
an amount of excess energy appears [37]. On the first hand, if the battery system is full
and its state of charge is 100% (SOC= SOCwax = 1), excess energy will be damped in
dumping load and to be considered in the excess energy matrix, neither energy is
needed from the diesel generator nor energy needed from batteries nor deficit energy is
considered. On the second hand, if the battery system state of charge is less than the
maximum state of charge (SOC<SOCwax), the excess energy will be directed toward
the batteries as a charging current to raise its state of charge, the new SOC needed to be
calculated for the next comparison step, still no energy is needed from the diesel

generator and no deficit energy is considered.

The third and final case is when the difference between the generated energy from the
PV modules and the load demand is negative (Pnet= -ve) or the generated energy from
PV modules is less than the demanded energy from the load (Ppy<PL), in this case, there

are two subcases,

e The first subcase is when the battery system is having stored energy which means

either it was not used before (SOC = SOCwmax) if the system started with fully
16



charge batteries or the battery state of charge is greater than the minimum state of
charge (SOC > SOCwn) [51], then the demanded energy by the load will be
covered by shared energy between the generated energy of PV modules and the

stored energy in the batteries.

hence, the system requires a calculation of a new state of charge is required while
no energy is needed to be drawn by the diesel generator and there is no deficit

energy.

The second subcase is when the battery is empty, which means the state of charge
of the battery system is less or equal to the minimum state of charge (SOC <
SOCwmn), in this subcase, the energy demand by the load should be fully supplied

by a drawn current from the diesel generator, and here there are two scenarios,

1- The first scenario is when the diesel generator is capable to supply the load, it
means that the maximum peak of the DG is greater or equal to the load peak
at that time (Ppg > PLoap), the diesel generator will start and supply only
enough power to that required by the load demand [49]. Moreover, if there is
any generated energy by the PV modules, this energy will be transferred to
the batteries to charge them and to calculate the new state of charge of the
battery system after charging, otherwise, this energy will be considered as
excess energy to be damped at the dumping load if the state of charge either
at its maximum value or its reach its maximum value. Fuel consumption

should be calculated and no deficit energy is considered.

2- The second scenario is when the diesel generator maximum peak value is less
than the load peak at that time (Ppc < PLoap), in this scenario, neither the
diesel generator nor the shared energy of PV and battery system can supply
the load demand, the load demand energy will be considered as deficit energy

of the system.
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Fig.6
algorithm of Load Following dispatch controlling strategy modeling
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2.4.2 Cycle Charge Dispatch Strategy
Fig.7 shows the logical chart of Cycle Charge dispatch controlling strategy modeling.

Modeling as the same as Load Following strategy modeling starts by importing solar

radiation (SR), ambient temperature (Ta), and load demand data in minutes.
Then, a calculation of the generated energy from PV for all input data is required.

The first two cases of modeling Cycle Charge dispatch are the same as the first two

cases in the Load following [42,43],

The first case is whenever the generated energy by PV modules is equal to the required
energy by the load, PV energy will directly supply the load with no drawn power from

the DG or charging/discharging of the battery system [42].
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The second case is when the net generated energy from PV modules is larger than the

demanded energy by the load, the PV will supply the load and the surplus energy will

be directed to either the batteries if its state of charge is less than the maximum state of

charge [49], or will be dumped in the dumping load if the battery state of charge reaches

its maximum value of 100%.

The third and final case is when the difference between the generated energy from the

PV modules and the load demand is negative (Pnet= -ve) or the generated energy from

PV modules is less than the demanded energy from the load (Ppy<PL), in this case, there

are two subcases [43],

The first subcase is when the battery system is having stored energy which means
either it was not used before (SOC = SOCwax) if the system started with fully
charge batteries or the battery state of charge is greater than the minimum state of
charge (SOC > SOCwn) [40], then the demanded energy by the load will be
covered by shared energy between the generated energy by PV modules and stored
energy in the batteries [38], hence, a calculation of the new state of charge is
required while no energy is needed from the diesel generator and there is no deficit

energy.

The second subcase is when the battery is empty, which means the state of charge
of the battery system is less or equal to the minimum SOC (SOC < SOCwn), in this
subcase, the energy demand should be fully supplied from the diesel generator [42],

and here there are three scenarios,

1- The first scenario is when the diesel generator is capable to supply the load, it
means that the maximum peak of the DG is greater or equal to the load peak at
that time (Poc > PLoap), the diesel generator will start generating at its rated
power to supply the required energy by the load demand [38]. The surplus
energy of the DG be transferred to the batteries to charge them if the SOC is less
than the maximum SOC, then, calculate the new state of charge of the battery
system after charging, otherwise, this surplus energy will be considered as
excess energy and to be damped at the dumping load [42]. Fuel consumption
should be calculated and no deficit energy is considered.
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2- The second scenario is when the diesel generator maximum peak value is less
than the load peak at that time (Ppc < PLoap) and the battery system is fully
charged or greater than the minimum state of charge, in this scenario, both diesel
generator and battery system will contribute to supply the load by its required

energy.

3- The third scenario is when DG maximum peak value is less than the load peak at
that time (Ppoc < PLoap) and battery system SOC is less or equal to the minimum
SOC, neither the diesel generator nor the shared energy of PV and battery
system nor shared energy of DG and battery system can supply the load demand,
the load demand energy will be considered as deficit energy of the system [40].

Fig.7

algorithm of Cycle Charge dispatch controlling strategy modeling
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2.4.3 Intuitive Method Strategy
Fig.8 shows the logical chart of intuitive controlling strategy modeling.

Modeling starts by calculating the generated energy from PV modules with the help of

solar data in minutes for both solar radiation (SR) and ambient temperature (Ta).

The strategy can be divided into two main cases after comparing with the load demand

power PL with the references peak value (peak) [44].

The first case is when the load is consuming energy at the peak (P >Ppeax). On the first
hand, if diesel generator rated power is less than the required power of the load, diesel
generator could not supply the load and the load demand will be taken as deficit energy.
On the other hand, if the diesel generator rated power is equal to or greater than the
required power of the load, the diesel generator will run at its full rated power to supply
the load, the surplus energy will be directed to the battery as a charging current to raise
its state of charge until it is maxed (SOC=SOCwmax) [37], then the surplus energy will be

damped at the dumping load and fuel consumption will be calculated.

The second case is when the load is requesting power that is less than the peak value, in

this case, two subcases are needed.

e The first subcase is when the power drawn by the PV modules is greater than or
equal to the required by the load (Ppyv >P.), PV will directly supply the load with its
generated energy and no energy is needed from the DG, the surplus power if appear
will charge the battery system if its state of charge is less than the maximum state

of charge (SOC<SOCwmax) otherwise will be considered as excess energy [37].

e The second subcase is when the generated power of the PV modules is less than the

required power for the load demand, in this subcase, there are two scenarios.

1. In the first scenario, if the batteries are at a state of charge that is greater than the
minimum state of charge (SOC > SOCpn), load demand will be supplied by a
shared power between PV modules generated energy and discharging energy
from the battery system, a new state of charge will be calculated, no diesel
generator supply is required, no deficit energy and no excess energy in this
scenario.
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2. The second scenario is when the state of charge of the battery is equal to or less
than the minimum state of charge (SOC < SOCwmn), then, the generator will run
at its full power, since it already checked that the rated power of the diesel
generator is greater than the required energy of the load demand at this time, and
supply the load, while the excess power of the diesel generator will be a
charging current of the batteries [37], a new state of charge will be calculated, no
deficit energy and no excess energy unless the batteries reach their maximum

state of charge, the fuel consumption will be calculated in this scenario.

Fig.8
Logical chart of Intuitive controlling modeling
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Chapter Three
Hybrid PV/DG/Battery Sizing strategies

After reviewing researches [45-52], sizing the main components of hybrid
PV/DG/battery system which are PV modules, Diesel generator size, and battery
capacity for the initial point can be assumed differently depending on the controlling
strategies of the system, basically, these system components will be sized as the load
demand parameters (base, medium, and peak) to be into two parts: first, battery capacity

and PV modules, secondly, diesel generator, as the following.

3.1 Strategies Sizing

3.1.1 Hybrid PV/DG/Battery Sizing Using Intuitive Method Strategy

To design a hybrid PV/DG/battery using the intuitive method, the battery has to be
designed first, battery capacity should supply the stored energy for the base and medium
energy value of load demand for the number of nominal days assumed no source could

charge the batteries in these days.

Secondly, PV modules should be calculated in order that the generated energy of the
maximum solar radiation of the year should supply the battery to charge it from zero to
full charge.

Finally, the diesel generator will supply the load in the peak demand and the rated
power of the generator should exceed the maximum power of the load and no loss of

load will be occurring.

3.1.2 Hybrid PV/DG/Battery Sizing Using Load Following Strategy (LF)

At designing the system in the load following strategy, the battery has to be designed
first. Firstly, battery capacity should supply the stored energy for double the base
demand and medium demand for the number of nominal days since PV is the only

source to charge the batteries.

Secondly, PV modules should be calculated in order to charge the batteries fully from
empty to fully charged in one day, assuming this is the maximum solar radiation day of

the year.
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Finally, diesel generator full rated power should be selected to ensure that no-load

power will be requested above this value.

3.1.3 Hybrid PV/DG/Battery Sizing Using Cycle Charge Strategy (CC).
Sizing of hybrid PV/DG/battery using Cycle Charge strategy, the battery has to be sized
first then the PV modules in parallel with the diesel generator as the following:

Battery capacity should be able to supply the stored energy for only the medium
demand energy of load demand for a number of nominal days since the capability of the
DG to supply the excess energy to the batteries in case no solar radiation and no output
are generated energy of PV modules.

PV modules should be sized so that the generated energy of the maximum day solar
radiation of the year will be transferred to the battery to charge it from zero states of

charge of the battery to fully charge it.

The diesel generator will supply the load in the case where no other source is capable to
cover the demand energy or power to the load, the rated power of DG should cover the

maximum peak demand of the load.

3.2 Hybrid PV/DG/Battery Types of Selected Parameters
In order to size and calculate the hybrid PV/DG/battery system parameters, the

following PV and battery types have been selected:

PV modules as shown in Fig.9-10 (Canadian solar max power cs6u-340m).
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Fig.9
Data Sheet for selected PV module
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Data Sheet Information for selected PV module
ELECTRICAL DATA / STC* MECHANICAL DATA
C56U 330M 335M  340M  345M Speciﬁcatinn Data
Mominal Max. Power (Pmax)  330W 335W 340W 345W Cell Type Mono-crystalline, & inch
Opt. Operating Voltage (Vmp) 375V 37.8Y 378V 381V Cell Arranigement 72 (6x12)
Opt. Operating Current (Imp) BBOA BETA BS7A 9.06A Dimensions 1960 x 992 x 40 mm (77.2 x 39.1 = 1.57in)
Open Circuit Voltage (Voc) 459V 461V 462V 464V Weight 22.4 kg (49.4 |bs)
Short Circuit Current (lsc) 931A 941A 948A 956A Front Cover 3.2 mm tempered glass
Madule Efficiency 16.97% 17.23% 17.49% 17.74% Frame Material Anodized aluminium alloy
Operating Temperature -40°C - +85°C J-Box IP&7, 3 diodes
Max. System Voltage 1000 ¥ (IEC) or 1000 V (UL) Cable 4 mm* (IEC) or 4 mm” & 12 AWG
Module Fire Performance TYPE 1 (UL 1703) or 1000V {UILY, 1160 mm (45.7 in)

CLASS C(IEC 61730) Connector Td (IEC/UL)

Max_ Series Fuse Rating 154 Per Pallet 26 pieces, 535 kg (1400 |bs)
Application Classification Class A Per Container (40 HQ) 624 pieces
Pawer Tolerance 0-+5W

® Urder Stanidard Test Condiiors {STC) of irradiance of 1000 Wi, spectrm S8
1.5 and coll temiporature of 25T

ELECTRICAL DATA / NOCT* TEMPERATURE CHARACTERISTICS

C56U 3300 335M 340M  345M Specification Data
Nominal Max. Power (Pmax) 238W 242W 245W 249W Temnp. Coefficient (Pmax) D41 %S °C
Opt. Operating Voltage (Vmp) 342V 345V 346V 347V Temp. Coefficient (Vac) D31%/°C
Opt. Operating Current (Imp)  696A 701A 7.10A 7.17A Temp. Coefficient (Isc) 0.053%/°C
Open Circuit Voltage (Voc) 421V 423V 424V 426V Mominal Operating Cell Temperature 4512 °C
Short Circuit Current (Isc) Th4A TEIA TETA TT4A

¥ Undesr Mominad Operating Cell Tempssrature (HOCT), rradance of BO0 Wi,
spactrum AM 1.5, amknt tempesrature 20°C, wind speed | ms
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PV module has a maximum generated power of 340 Wp per module with an efficiency
of 17.74 at standard testing condition

The selected battery is (Enersys Powersafe tvs5) Lead-Acid battery with 1.02 kWh

nominal storage, 2V DV voltage, and 20% minimum state of charge.

3.3 Hybrid PV/DG/battery Sizing Calculation
from the above review of different sizing methodologies of hybrid PV/DG/battery
system components and the real load data and parameters, three sizes are calculated in

this research.

3.3.1 Intuitive Method Calculation
The first sizing calculation is the intuitive method sizing of the real load

e Battery capacity sizing:
battery capacity = (base energy + medium energy) x Nd a7

batteries capacity

number of batteries = (18)

stored energy for one battery
where Nd is the number of nominal days (Nd=2)
o PV module sizing:

number of batteriesxcapacity of the battery
PV kWp = , — (19)
maximum day solar radiation

Where PV kWp is the peak kilowatt peak of the PV modules

Maximum solar radiation of the proposed load that is in Qalgilya city = 7.7 kWh/m?/day
as per HOMER Global Horizontal Irradiance (GHI) in Fig.11 (Appendix-C page 74)
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e Diesel generator sizing:

As mentioned in the sizing strategy, DG rater power should be greater than the
maximum power that the load will request at any time of the load curve, Hence the
selected rated power of the DG = 4.5 kW

3.3.2 Load Following Calculation
battery capacity = (2xbase energy + medium energy) x Nd (20)

o Diesel generator sizing:

As mentioned in the sizing strategy, DG rater power should be greater than the
maximum power that the load will request (4.01kW) at any time of the load curve,
Hence the selected rated power of the DG = 4.5 kW

3.3.3 Cycle Charge Calculation
battery capacity = (medium energy) x Nd (21)

e Diesel generator sizing:

As mentioned in the sizing strategy, DG rater power should be greater than the
maximum power that the load will request (4.01kW) at any time of the load curve,
Hence the selected rated power of the DG = 4.5 kW.

3.4 HOMER Software

To simulate and size such a hybrid system, there are many computer software that is
considered powerful tools to do so such as HYBRID, RETScree, TRNSYS, iHOGA,
SAM, PVsyst, and HOMER [11], where HOMER is considered one of the best
optimization tools, that is widely used for electrical supplying systems where renewable

and non-renewable sources are used [53].

HOMER is a powerful micro-power design tool created by the National Renewable
Energy Laboratory in the United States in 1992. HOMER simulates and optimizes
stand-alone and grid-connected power systems with any combination of wind turbines,
photovoltaic arrays, hydropower, biomass, Generators, fuel cell, battery system, and
hydrogen storage, serving both electric and thermal loads. All costs (including any
pollution) are also included [11,53-55].
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In order to size and simulate these systems and estimate the output power from
renewable resources, HOMER imports the necessary database of solar radiation,
clearness factor, wind energy, average temperature, and other factors from NASA
surface meteorology and solar energy database as per the considered site coordination
[53].

HOMER simulates a variety of system topologies before deciding on the best one with
the lowest total Net Present Cost (NPC) and Cost of Energy (COE) [11,53].

Since the economic part is playing an important role in the simulation process of
HOMER software, it is important to mention that renewable and non-renewable sources
are different in the characteristic of cash flow components. In general, renewable energy
sources have a high capital cost comparing the low Maintenance and Operational Cost
of M&O, while non-renewable energy sources are having a low capital cost comparison
with the high maintenance and operational cost. So that the life cycle of the energy
resources and storage systems should be taken into consideration with all other system
parameters such as capital cost, maintenance cost, operational cost, replacement cost,
salvage value and any constrain that effects analysis of NPC and M&O for Homer to
achieve the optimum economical size for different controlling strategies after comparing
large system sizes and configurations and a varying amount of conventional and

renewable energy sources [55].
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Chapter Four
Simulation, Results, and Discussion of Hybrid PV/DG/Battery

Systems

4.1 Hybrid PV/DG/Battery Sizing Results
The resulted hybrid PV/DG/battery parameter sizes from the calculation equations (17-

21) are as the following:

4.1.1 Intuitive Method Size Results
Referring to equations number (17) and (18), 53 batteries are needed with a total
capacity of 54.1 kWh

The required PV as per equation (19) is 7.02 kWp
Diesel generator required power is 4.5 kW

4.1.2 Load Following Size Results
Referring to equations number (20) and (18), 67 batteries are needed with a total
capacity of 68.36 kWh

The required PV as per equation (19) is 8.86 kWp
Diesel generator required power is 4.5 kW

4.1.3 Cycle Charge Size Results
Referring to equations number (21) and (18), 39 batteries are needed with a total
capacity of 39.83 kWh

The required PV as per equation (19) is 5.16 kWp
Diesel generator required power is 4.5 kW

4.2 HOMER Sizes Results and Comparison with Calculated Sizes

In order to ensure the proposed load hybrid PV/DG/battery system sizes, HOMER
software has been used since the main dispatch strategies used in HOMER are Load
Following strategy and Cycle Charge strategy [52] which are the same dispatch strategy

of this research.

29



Fig.12 (Appendix-C page 74) shows the components as a schematic diagram of the
hybrid system with both DC and AC bus-bars coupled by DC/AC inverter as the
parallel configuration, with the connected diesel generator and load demand on the AC

bus-bar while PV modules and battery system is connected to the DC bus-bar.

Fig.13 (Appendix-C page 75) is the map and coordination with latitude and longitude
of the real load location (Qalgiliya 23°11.1'N, 34°59.8°E), so that HOMER imports the
solar, wind, temperature databases for the selected location as Fig.14-16, while Fig.17

shows the daily load curve of the load demand. (Appendix-C page 75-76)

After simulating the system with both Load Following and Cycle Charge controlling
strategies, the results as shown in Fig.18-19 (Appendix-C page 77) are summarized in
table.2.

Table 2
HOMER simulation results for LF & CC strategies

HOMER results

size based strategy PV [kWp] DG [kW] Number of batteries
SLF 8.86 4.5 67
SCC 5.9 4.5 36

While Table.3 compare hybrid PV/DG/battery system sizes between the calculation and

the simulated results

Table 3
sizing comparison between calculation sizes and HOMER sizes
HOMER results Calculated results

size PV [kWp] DG [kW] Number PV [kWp] DG [kW] Number

based of of
strategy batteries batteries
SLF 8.86 45 67 8.7 45 67
SCC 59 45 36 5.16 45 39
Sint 7.02 45 53

As shown in table-3 the calculated sizes for LF and CC are close enough to that resulted
by the simulation at HOMOR software, it means that the result of the calculated size is
accepted to be simulated in the generated Matlab code to achieve the goals of this

research.
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4.3 Simulation of Hybrid PV/DG/Battery Systems
To achieve the desired results of this research, the calculated sizes have been simulated

using the three proposed controlling strategies.

Optimization software of hybrid systems are available to be used such as HOMER
which is considered as a techno-economic assessment software for such system [44], the
issue is not only that it considered as a black box since its source code is not available to
the users, in case of any modification or improvement is required [13], many variables
are supposed to be taken into account when the decision-maker is going to decide the
optimal size and controlling strategy as per his requirements.

To solve these issues, Matlab codes for each Load Following and Cycle Charge
dispatch have been generated in Appendix-A and Appendix-B consecutively with the
help of the modeling equations and operational methods that have been discussed in the
previous chapters.

For the Intuitive method, Excel Sheet has been created with the modeling and
operational method formulas to obtain the results for later comparison with other

dispatches.

Each of these methodologies simulates the proposed real load for twelve days for the
three calculated sizes, the twelve days represent the different solar radiation of the year

to see the behaver of the system components in poor and rich solar radiation conditions.

The input data of solar radiation and load demand is shown in Fig.20 (Appendix-C
page 77) for one day (1440 minutes/day) while Fig.21 (Appendix-C page 77) shows
the input data for 12 days (17280 minutes/12 days).

Hybrid PV/DG/battery systems simulations as the following

4.3.1 Load Following Dispatch Simulation

For a better understanding of the behavior and relations between hybrid system
components under Load Following controlling dispatch, calculated sizes (SLF, SCC,
Sint) in table.3 were simulated individually using the generated Matlab code in

Appendix-A.
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4.3.1.1 Load Following Simulation for SLF Size (LF-SLF)
Load following size based strategy (SLF) in the load following dispatch simulation

results can be shown in Fig.22. (Appendix-C page 78)

Load Following dispatch at its own sizing strategy has a high dependence on the
renewable energy source represented by the high renewable fraction [28], that appears
when the solar radiation and the output generated power from the PV modules are high,
the system runs smoothly supplying the load and charging battery system while some
excess energy (EE) appears and less need to diesel generator supply, the battery keeps

charging and discharging without reaching the minimum value.

The issue appears when the solar radiation is reduced resulting in the output energy
from the PV modules being reduced, batteries and PV modules will keep supplying the
load until there is not sufficient energy from the PV modules to handle the load as well
as battery system reaches its lowest state of charge since the only source of charging the
batteries is PV modules [56].

Diesel Generator will start running on about the required power of the load until
batteries are charged to a specific value then supplying the load will be switched to the
battery system for some time reputedly [52]. This switching between batteries and the

diesel generator may result in an early replacement and maintenance need.

Still, there is no Deficit energy (DE) since the diesel generator is capable to handle the

load as its rated power is greater than the peak value of the load curve.

4.3.1.2 Load Following Simulation for Sint Size (LF-SInt)
Intuitive Method size based strategy (SInt) in the load following dispatch simulation

results can be shown in Fig.23. (Appendix-C page 79)

Since load following dispatch has a high dependence on the renewable energy source
and the PV modules size of Intuitive method strategy (Sint) size is less than the Load
Following size based strategy (SLF), the advantage of renewable source represented by
the PV modules feeding the load demand falls even in the rich day of solar radiation,
even though there is more required time of the diesel generator to supply the load
demand, batteries mostly stayed at low state of charge specially in low solar radiation

days, the state of charge stayed at the minimum state of charge (SOCwn=20%) for the
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most of day which appears in the rapid falls at the first day when batteries enters the day
at maximum stored energy since the only charging current comes from the PV modules
and the diesel generator generates energy at the power of the required demand only
[56], still a high switching between batteries and diesel generator occurs, especially in
days where the solar radiation is available but with low intensity, this switching may

results to an early replacement and maintenance need [58-60].

there is no Deficit energy (DE) since the diesel generator is capable to handle the load
as its rated power is greater than the peak value of the load curve and no excess energy

in the system.

4.3.1.3 Load Following Simulation for SCC Size (LF-SCC)
Cycle Charge size based strategy (SCC) in the load following dispatch simulation
results can be shown in Fig.24. (Appendix-C page 80)

As shown in table-3, Cycle Charge size based strategy (SCC) has the lowest renewable
fraction between the different sizes since the PV modules and the number of batteries is
the lowest size while diesel generator size stayed the same, the advantage of renewable
source represented by the PV modules feeding the load demand about to disappear in
the poor radiation days while it’s still weak even in the rich days of solar radiation,
simulation shows that supplying load demand mostly came from the diesel generator

around the twelve days (17,280 minutes/ 12 days).

As shown in Fig.24, the battery system state of charge falls rapidly on the first day to its
minimum state of charge value (SOCyin =20%) and stayed on that level for a long time
before surplus energy charges it from PV modules. the diesel generator generates
energy at the required power of the load demand only, a very high switching between
batteries and diesel generator occurs due to low solar radiation charges the batteries,
especially in days where the solar radiation is available with low intensity, this
switching may results to an early replacement and maintenance need [58-60].

there is no Deficit energy (DE) since the diesel generator is capable to handle the load
as its rated power is greater than the peak value of the load curve and no excess energy

in the system.
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4.3.2 Intuitive Method Simulation
For a better understanding of the behavior and relations between hybrid system
components under the Intuitive controlling method, calculated sizes (SLF, SCC, SiInt) in

table.3 were simulated individually using the Excel sheet with modeling formulas.

The Intuitive method is a controlling strategy that depends on scheduling the Hybrid
PV/DG/battery system components each as its rule [41] unless a constrain that cannot

be obtained.

4.3.2.1 Intuitive Method Simulation for SLF Size (Int-SLF)
load following size based strategy (SLF) in the Intuitive Method simulation results can

be shown in Fig.25. (Appendix-C page 81)

As shown in table-3, Load Following size based strategy is considered oversize
comparing to Intuitive method own sizing, which is resulting to a high battery system
state of charge in all days even in the days with low solar radiation since PV is not the
only charging source of the batteries and the diesel generator scheduled to run daily at
specific load peak value considering the peak value cannot be handled by PV modules
or Battery system [57], the behavior of batteries is that they will keep supplying the load
until PV modules energy drawn and handle the load before the peak value of the load
occurs, in a time when PV modules supply the load and there is surplus generated
energy, this energy will charge the batteries to raise its state of charge, at the peak value
of the load appears, diesel generator will work at its rated power and supply the load,
hence, the surplus energy of the diesel generator charges the batteries until their state of
charge reaches the maximum value, when state of charge is maxed, any surplus energy
will be considered as excess energy of the system and to be damped at the dumping load
as shown in Fig.25. (Appendix-C page 81)

The divided load supplying time between PV, DG, and battery system can be noticed in
Fig.26. (Appendix-C page 82)

Even with no deficit energy in the system and the load is supplied smoothly without any

switching, there is high excess energy in the systems.
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4.3.2.2 Intuitive Method Simulation for Sint Size (Int-Sint)
Intuitive Method size based strategy (SInt) in the Intuitive Method simulation results

can be shown in Fig.27 . (Appendix-C page 82)

Intuitive method simulation under its own size is working under the correct scheduled
timing between its components in the rich solar radiation days. In consecutive poor
radiation days, the state of charge reaches its minimum value without the ability of PV
modules to handle the load demand by themselves resulting in frequent switching
between the diesel generator working at rated power to charge the battery system by the
surplus energy and the battery system stored energy [57], therefore, early maintenance

and replacements my needed for either generator components or batteries [58-60].

Even that there is no deficit energy in the system since the diesel generator is capable to
supply the load whenever there is a shortage in renewable energy sources, high amount
of daily unused excess energy in the system.

The divided load supplying time between PV, DG, and battery system can be noticed in
Fig.28. (Appendix-C page 83)

4.3.2.3 Intuitive Method Simulation for SCC Size (Int-SCC)
Cycle Charge size based strategy (CC) in the Intuitive Method simulation results can be

shown in Fig.29. (Appendix-C page 83)

As shown in table-3, Cycle Charge size based strategy is considered as undersized
comparing to Intuitive method own sizing, the less number of batteries resulting in
reduction of the amount of energy to be stored, therefore a rapid decrease of battery
system state of charge in all days even in the days with high solar radiation since, as
well as that, reduction in the peak value of PV modules reduce the charging source of
the batteries and the diesel generator runs in both scheduled time and the time where the
batteries reach their minimum state of charge while PV modules cannot handle the load
demand [57], as noticed in Fig.29 (Appendix-C page 83) battery system state of charge
reaches the minimum value in every day, each time PV charge batteries to specific
value, diesel generator will stop and allow batteries to supply the load since the cost of
energy from batteries is cheaper than the energy generated from the diesel generator

[57], batteries with low state of charge cannot supply the load for a long time and it will
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falls again to the minimum state of charge to oblige diesel generator to rerun again, this
frequent switching between batteries and diesel generator will cause an early
maintenance and replacement of the components [58-60]. in a time when PV modules
supply the load and there is surplus generated energy, this energy will charge the
batteries to raise its state of charge, at the peak value of the load, the diesel generator
will run at its rated power and supply the load, hence, the surplus energy of the diesel
generator charges the batteries until their state of charge reaches the maximum value
when the state of charge is maxed, any surplus energy will be considered as excess

energy of the system and to be damped at the dumping load.

The divided load supplying time between PV, DG, and battery system can be noticed in
Fig.30. (Appendix-C page 83)

Even with no deficit energy in the system, there is high excess energy in the systems.

4.3.3 Cycle Charge Dispatch Simulation

For a better understanding of the behavior and relations between hybrid system
components under Cycle Charge controlling dispatch, calculated sizes (SLF, SCC, Sint)
in table.3 were simulated individually using the generated Matlab code in Appendix-B.

4.3.3.1 Cycle Charge Simulation for SLF Size (CC-SLF)
Load following size based strategy (SLF) in the Cycle Charge dispatch simulation
results can be shown in Fig.31. (Appendix-C page 84)

As shown in table-3, Load Following size based strategy is considered as oversize
compared to cycle charge dispatch’s own size. the Cycle charge method has its lowest
renewable fraction between the other dispatches since batteries can be charged from

different sources of energy [61].

Hybrid PV/DG/battery system working under Cycle Charge controlling dispatch with
Load Following size based strategy resulting in high feeding dependency on both
battery system and PV modules mainly in the rich solar radiation days, on the other
hand, at the poor solar radiation days, batteries may reach the minimum value of the
state of charge without enough generated power from PV modules, that obliged diesel
generator to run and supply the load since Cycle Charge dispatch runs the diesel

generator at its full rated power [61], surplus power is going to be directed to charge
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batteries and raise its state of charge to high value[62], then batteries and PV modules
will supply the load again. No deficit energy at the system and a small amount of excess
energy appear only when the generated energy from PV modules exceeds the required
energy of the load and the state of charge of the battery system at its maximum value.
Still, there is no Deficit energy (DE) since the diesel generator is capable to handle the
load as its rated power is greater than the peak value of the load curve.

4.3.3.2 Cycle Charge Simulation for SLF Size (CC-SInt)
Intuitive method size (SInt) in the Cycle Charge dispatch simulation results can be
shown in Fig.32. (Appendix-C page 85)

As table-3, the Intuitive method size in the PV module’s peak value and the number of
batteries is greater than the cycle charge dispatch’s own size. However, both battery
system and PV modules supply the load demand most of the time while diesel generator
runs at full rated power for most of the rich and poor solar radiation days whenever PV
modules and battery system could not supply the load and charge batteries with any

surplus power [61-62],

The Cycle charge method has its lowest renewable fraction between the other dispatches
since batteries can be charged from different sources of energy [61].

It’s clear from the simulation result in Fig.32 that the battery system has been charged
from both sources (PV & DG) which results in a variance state of charge percentage

without prejudice to either maximum or minimum state of charge value.

No deficit energy in the system, a small amount of excess energy damped in the
dumping load whenever a surplus power from PV modules or DG could not be

transferred to batteries due to a mixed state of charge.

Whenever the diesel generator runs for a specific time and power, diesel consumption

will be calculated.

4.3.3.3 Cycle Charge Simulation for SLF Size (CC-SCC)
Cycle Charge size based strategy (SCC) in the Cycle Charge dispatch simulation results

can be shown in Fig.33. . (Appendix-C page 83)
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At Cycle Charge Dispatch simulating under its own size, battery supply the load
demand most of the time, when PV modules are having generated energy due to solar
radiation availability, either both systems will supply the load with a shared power from
batteries or be totally supplied by the PV and any surplus power will be used to charge
the batteries [63]. Due to the low renewable fraction of Cycle Charge size based
strategy, diesel generator runs at rated power once or twice a day to fulfill the lack of
renewable generated/stored energy at supplying the load [62], hence no deficit energy,

fuel consumption will be calculated every time diesel generator runs.

The battery system state of charge varied from minimum to high value without reaching

a maximum state of charge value, hence no excess energy in the simulated system.

4.4 Simulations Result

Simulations outputs, represented by Battery to load energy percentage, PV to load
energy percentage, DG to load energy percentage, number of minutes that battery
system reached the minimum state of charge, number of minutes generator was running,
number of minutes battery was charging, number of minutes battery was discharging,
number of minutes PV supplied the load, percentage of excess energy to total demanded
energy, percentage of deficit energy to total demanded energy, the total consumed fuel,
number of times that DG started to run, number of time that Battery started to charge
and number of time that battery started to discharge of the three calculated sizes
simulated in the three dispatched of load following, Intuitive method, and Cycle charges
are summarized in table-4, table-5 and, table-6 consecutively.
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Table 4
Load following dispatch simulations summery

size based LF int CcC
strategy
energy 5upp|y batt 34.8 24.3 16.3
to load PV 55.5 48.9 38.3
from(%) DG 9.7 26.8 45.4
S0OC=0.2 61 203 444
. DG operating 2589 6937 10460
number of time ——- " h 4834 5259 5487
(minuets) -
batt disch 10080 6712 4333
PV to load 8713 7732 6360
EE(%) 1.9 0.0 0.0
total DE(%) 0.0 0.0 0.0
CF (L) 28 76 121
DG op 61 203 444
number of time Batt Ch 90 235 479
Batt Disch 88 231 468
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Table 5

Intuitive method simulations summery

size based .
strategy LF int CcC
energy 5upp|y batt 47.0 48.0 39.2
to load PV 15.6 13.7 12.1
from(%) DG 37.4 38.3 48.8
S0C=0.2 0 166 2634
. DG operating 3516 3682 6149
number of time ——- " h 4005 4865 6057
(minuets) -
batt disch 11318 11457 9439
PV to load 2446 2211 2173
EE(%) 14.0 15.5 41.1
total DE(%) 0.0 0.0 0.0
CF (L) 86 90 151
DG op 12 83 500
number of time Batt Ch 28 102 511
Batt Disch 28 102 511
Table 6
Cycle Charge dispatch simulations summery
S'Sztfa'i’g‘;;d LF Int cc
batt 40.8 43.1 43.4
e’;ﬁ;%yffgm% )to PV 55.1 484 392
DG 4.2 8.6 175
S0C=0.2 3 8 15
) DG operating 1012 2058 3278
number of time batt ch 4677 4960 5547
(minuets)
batt disch 11755 11835 11733
PV to load 8930 8707 7992
EE(%) 4.7 2.9 0.0
total DE(%) 0.0 0.0 0.0
CF (L) 25 51 81
DG op 3 8 15
number of time Batt Ch 28 30 36
Batt Disch 28 30 36
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For more clarification of tables 4,5 and 6, a comparison between tables can be divided

as the following:

4.4.1 Supplying Load Demand Energy Between Hybrid PV/DG/Battery System
Components

For load following dispatch strategy, load demand energy supplied mostly by renewable
source (PV) and storage system that charged from the PV modules at strategy own size
as expected [28], however, as the renewable source size reduced the diesel generator
sharing percentage increased as represented in table-4 when the SCC size simulated, the
DG took 45.5% of the load supplied energy, PV sharing percentage took an accepted
percentage of load demand supplied energy starting from 55.5% ending 38.3% as the

PV size reduced.

For the Intuitive method strategy, the diesel generator sharing percentage was high in all
different sizes since the strategy select the schedule timing even if renewable or storage
systems are having enough power to feed the load [41], like PV and Battery size
reduced, the diesel generator sharing percentage increased. The least amount of energy

is supplied by PV modules with a maximum value of 15.6%.

For the Cycle Charge dispatch strategy, since the battery is supplied from both PV
modules and diesel generator surplus power, diesel generator ran to supply the load
demand for a small percentage at any of calculated sizes while PV sharing percentage
took an accepted percentage of load demand supplied energy.

4.4.2 Components Behavior with Respect to Time

For load following dispatch strategy, as renewable fraction decreased, the time that
batteries reached their minimum state of charge increased, operating time of diesel
generator increased, charging time of battery barely increased and both of discharging

time of battery system and the time of PV modules feeding the load are decreased.

For Intuitive Method simulation results in table-5, the battery system did not reach the
minimum value when it was at high PV modules and batteries number, while as the size
or renewable energy source and storage system reduced, a rapid increase in the time
where the state of charge at the minimum value, it can be noticed at SCC size, 15.2% of
the time, state of charge was at the minimum value (SOCyin=20%). As PV size and

battery storage increased, both battery system charging time and diesel generator
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operating time is increased while battery system discharging time decreased, for PV
modules supplying energy to load barely reduced as renewable fraction decreased.

For Cycle Charge dispatch strategy, battery system state of charge reached its
minimum value for a maximum of 15 minutes in the simulated time (17,280 minutes) at
the strategy own size, both operating time of diesel generator and charging time of
battery system slowly increased and PV modules supplying time to load demand
decreased as the PV and battery system sizes decreased, battery system discharging time
can be considered fixed as different sizes simulated in the Cycle Charge dispatch

strategy.

4.4.3 Deficit Energy, Excess Energy, and Fuel Consumption
All strategies simulation with the different calculated sizes have no deficit energy in the

simulated days because of two reasons:

1- Diesel generator rated power is higher than the maximum demanded power of the

load.

2- In any case, when neither PV modules nor battery system nor both could not supply

the load demanded energy, diesel generator runs to supply the load.

Excess energy to total demanded energy increased as the size of both PV modules and
Battery system decreased, however, the Intuitive method showed a high unused excess
energy in the system where it reached h 41.1% at SCC size, both of Load Following and

Cycle Charge have either small or zero excess energy in the system.

The amount of consumed fuel in a liter (L) is varied between different dispatch
strategies, as shown in table-5, Intuitive method draws the biggest amount of consumed
diesel liters compared with other strategies, while the Cycle Charge dispatch strategy

consumed the least diesel liters in all different sizes.

4.4.4 Fluctuating of The Battery System and Diesel Generator

As mentioned in [57,60], the frequent switching between battery system and diesel
generator will cause early maintenance of diesel generator and replacement of batteries,
Load Following dispatch strategy suffers from high frequency switching for load
feeding between battery systems and diesel generator especially in poor radiation days
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and small PV and Battery system sizes as shown in table.4 and Fig.22-24 while
Intuitive method strategy started to appear when the PV and battery sizes are reduced to
reach the maximum number of diesel generator runs and number of time battery has

either discharged or charged as shown in table.5 and Fig.25,27,29

Cycle charge dispatch strategy did not have any frequent switching between battery
system and diesel generator in any simulated size all days as shown in table.6 and
Fig.32,33,34

4.5 Controlling Strategies Comparison
For better understanding results for controlling strategies simulation results, table.7 has

been generated for each strategy dispatch as a total with all strategies sizes.

For intuitive method controlling strategy, most of the supplied energy drawn from the
battery storage system and diesel generator, while energy from PV modules directly
supplied to load demand did not exceed more than 14%, it can be noticed that batteries
suffer from long timing with the minimum state of charge and the high fluctuating
between battery system and diesel generator for supplying the load, only 24% excess
energy appears in the simulated results while the 328 liters of diesel consumed in the

twelve days simulation.

Load Following dispatch strategy has its highest amount of supplying switching
between battery system and diesel generator and high energy supplying directly from
the PV to the load, 708 minutes of simulated time battery state of charges at the
minimum value, 71% excess energy to load demanded energy is drawn in the system

and 226 liters of diesel was consumed.

For the Cycle charge controlling strategy, 90% of direct load supplying energy comes
either from PV modules or from batteries which keeps 10% of supplied energy comes
from the diesel generator, the system has no frequent switching between battery system
and diesel generator and only consumed 156 liters of diesel in 12 days, 35% excess

energy to load demanded energy in the system.

Table.8 can be used for further comparison between overall controlling strategies.
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Table 7
controlling strategies results for all different sizes

strategy int cC LF
batt 44.7 42.4 25.2
usage of (%) PV 13.8 47.5 47.5
DG 41.5 10.1 27.3
SOC=0.2 2800 26 708
DG operating 13347 6348 19986
number of batt ch 14927 15184 15580
minuets
batt disch 32214 35323 21125
PV to load 6830 25629 22805
EE(%) 235 35.3 70.6
total DE(%) 0.0 0.0 0.0
CF (L) 328 156 226
DG op 595 26 708
number of time Batt Ch 641 94 804
Batt Disch 641 94 787

Battery system supplying energy appeared mostly in the INT method followed by CC
dispatch while both LF and CC have equal usage of PV percentage, diesel generator

used mostly in INT method which reflects the highest fuel consumption.
Both INT and LF are having high switching fluctuating compared to CC strategy.

CC dispatch strategy has the best usage of renewable source and storage system, least
time batteries spent with minimum state of charge, lowest fuel consumption, and lowest

switching between batteries and DG.
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Table 8
Comparison results between different strategies

strategy int ccC LF
batt 39.8 37.8 22.4
(%) PV 12.7 43.7 43.6
DG 52.6 12.8 34.6
SOC=0.2 79.2 0.7 20.0
DG operating 33.6 16.0 50.4

(%) batt ch 32.7 33.2 341
batt disch 36.3 39.8 23.8
PV to load 12.4 46.4 41.3
EE 18.2 27.3 54.5

(%) DE 0.0 0.0 0.0
CF 46.0 22.0 31.8
DG op 44.8 2.0 53.3
number of time Batt Ch 41.7 6.1 52.2
Batt Disch 42.1 6.2 51.7

4.6 Discussion

From the previous nine scenarios simulations and simulations result, the following

recommendations are obtained:

The best overall controlling strategy is the Cycle Charge dispatch strategy.

Load Following and Intuitive method strategies are not recommended to be used as
a controlling strategy of Hybrid PV/DG/battery system if the PV and battery size

are at Cycle Charge size based strategy.

In case when fuel consumption is the highest concern to be minimized, Cycle
Charge controlling strategy with Load Following size based strategy (CC-SLF) is

recommended.

In case when renewable source size is the highest concern to be minimized with the
highest energy supply, Cycle Charge controlling strategy with Cycle Charge size
based strategy (CC-SCC) is recommended.

The optimal scenario when the concerns are reduction PV source size, highest

possible sharing energy to load from a renewable source, reduction in diesel
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generator sharing energy, reduction in fuel consumption, reduction in time when
batteries reach the minimum state of charge, reduction in unused excess energy and
avoid the frequent switching between diesel generator and batteries, Cycle Charge

controlling strategy with Intuitive size based strategy (CC-Sint) is recommended
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Chapter Five

Conclusion and Future Work

5.1 Conclusion

The main objective of this thesis is to study different controlling strategies (load
following, Cycle Charge, and Intuitive method) with their sizing methods of hybrid
PV/DG/Battery systems.

Nine scenarios were simulated and compared with each other, where all of these
scenarios had the ability to fulfill the required demanded proposed load, where the
proposed load required continuous energy supplying for twelve days with different solar
radiations that represent a year, different simulations behavior study between system
components and the output results study, used to classify the optimum scenario to be
used as the requirement and consideration of the operator, these considerations are the
renewable fraction of the system, the time that batteries reach the minimum value of the
state of charge, diesel generator working time, percentage of unused excess energy, fuel
consumption and the frequent switching between battery system and diesel generator at

supplying the load.

Based on the results and comparisons between these simulations, the overall optimum
controlling strategy is the Cycle Charge dispatch, while the optimal controlling strategy
with a specific size is to operate the Cycle Charge dispatch strategy with Intuitive

method size based strategy of hybrid PV/DG/Battery system components (CC-Sint).

5.2 Future Work

This thesis achieved its goal by simulating and comparing different scenarios to define
the optimum size and strategy of the hybrid PV/DG/Battery system to be used for a
specific load.

e |t is recommended to apply this simulation and comparison for a different load
demand with different behavior to check whether the results of this thesis are

applicable with other load demands
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e More parameters can be taken into accounts such as the diesel generator fuel
temperature, timing of the diesel generator to start feeding the load to achieve the

maximum efficiency and inverter losses due to temperature
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List of Abbreviations

Abbreviation

Meaning

AC
COE
DC
DG
DOD

GHG
GHI

M&O

Nd
NOCT
NPC

P
PV
RES
SCC
Sint
SLF

SOC

SOCmax
SOCmin

SR
Ta
THD

Alternating Current

Cost Of Energy

Direct Current

Diesel Generator

Depth of Discharge

Energy

Global Solar Radiation
Green House Gasses

Global Horizontal Irradiance

Maintenance and Operational Cost

Number of nominal days
Nominal Operating Cell Temperature
Net Present Cost

Power

Photovoltaic

Renewable Energy Sources

Cycle Charge Size based strategy
Intuitive Method Size

Load Following Size based strategy

State Of Charge

Maximum state of charge
Minimum state of charge

Solar Radiation
Ambient Temperature
Total Harmonic Distortion
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Appendices

Appendix-A

%% (1) importing data
fileName="real12.xIsx";
sheetName="Sheet1";
G =xIsread(fileName, sheetName, "A2:A17281");
T= xIsread(fileName, sheetName, "C2:C17281");
P_L= xIsread(fileName, sheetName, "B2:B17281");
%%(2) system specification
W=0; %% still no discharge at the batteries
SOC1=1;
Battery_SOCmax=100;
SOCmax=1; %% maximum state of charge
SOCstart=1; %% starting state of charge at the first day
DOD=; %% depth of discharge
WM=; %% battery watt minuit
P_PVmax=;
IDiesel=; %% diesel generator rated power
SOCmin=SOCmax/(1-DOD);
SOC3=0.2;
SOCmin=; %% minimums tate of charge
K=0.8;
D=1e-5;
ns=;%% number of 2V batteries in series
SOC2=S0C1;
A=0.2461;%% alpha
CT=0.081451;
n=0; %% diesel generator is not working
%%(3)SAPV simulation
P_PV=P_PVmax*[G/1000+(alpha*(T-25))];
SOC=[]; %% battery state of charge matrix
P_Load=[];%% load demand matrix
P_Charge=[]; %% battery charging energy matrix
P_Discharge=[];%% battery discharging energy matrix
P_Deficit=[]; %% deficit energy matrix
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P_Damp=[]; %% excess energy matrix
P_Diesel=[]; %% diesel generator generated energy matrix
C_F=[]; %% consumed fuel matrix
P_Battery=[]; % input and output battery energy matrix
L=length(P_L);

t1=(1/(10*WM));

fori=1:1:L;
P_net(i)=P_PV/(i)-P_L(i);

x(i)=i;

%% (4) IPV=IL

if P_net(i)==0;

if n==0;

P_Load(i)=0;

P_Charge(i)=0;

P_Discharge(i)=0;

P_Deficit(i)=0;

P_Damp(i)=0;

P_Diesel(i)=0;

C_F(i)=0;

P_Battery(i)=0;

ifi==1;

SOC(i)=SOCstart;

Iseif W==0;

SOC(i)=S0C1;

elseif W==1;

SOC(i)=SOC(i-1);

end

end

% (5) IPV>IL

elseif P_net(i)>0 && n==0;
P_Load(i)=P_L(i);

fi==1;

SOC(i)=SOCstart;

P_Charge(i)=0;

P_Discharge(i)=0;

P_Deficit(i)=0;
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P_Damp(i)=P_net(i);
P_Diesel(i)=0;
C_F(i)=0;
P_Battery(i)=0;

elseif i>1;

if W==0;
SOC(i)=SOCstart;
P_Charge(i)=0;
P_Discharge(i)=0;
P_Deficit(i)=0;
P_Diesel(i)=0;
C_F(i)=0;
P_Battery(i)=0;
P_Damp(i)=P_net(i);
else W==1;

if SOC(i-1)>=SOCmax;
OC(i)=S0OC1;
P_Charge(i)=0;
P_Discharge(i)=0;
P_Deficit(i)=0;
_Damp(i)=P_net(i);
P_Diesel(i)=0;
C_F(i)=0;
P_Battery(i)=0;

elseif SOC(i-1)<SOCmax;
P_Charge(i)=P_net(i);
_Discharge(i)=0;
P_Battery(i)=0;

P_Deficit(i)=0;

P_Damp(i)=0;

P_Diesel(i)=0;

C_F(i)=0;

%% find new SOC after charging
for t=(1);

B=SOC2?;

V1=(2+0.148*B)*ns;



R1=(0.758+(0.1309/(1.06-B)))*ns/SOCmax;
R1=double(R1);

syms v;

ee=double(int((K*V1* P_Charge(i)-D*SOC2*SOCmax),v,0,t1));
SOCNn=SOC1+SOCmax"-1*ee;
SOC2=S0OCn;

End

SOC2=double(SOCn);
SOC(i)=SOC(i-1)+abs((SOC1-SOC2));
if SOC(i)>SOCmax;

OC(i)=SOCmax;

End

SOC2=S0C(i);

End

End

End

%% (6) IPV<IL

elseif P_net(i)<O0 || ( P_net(i)>0 && n>0);
%%(6.1)

if W==0;

SOC2=SOCstart;

if n==0;

P_Discharge(i)=P_L(i)-P_PV(i);
P_Load(i)=P_L(i);
P_Battery(i)=P_Discharge(i);
P_Charge(i)=0;

P_Deficit(i)=0;
P_Damp(i)=0;
P_Diesel(i)=0;
C_F(i)=0;

for t=(1);
B=SOC2;

V1=(1.962+0.124*B)*ns;
R1=(0.19+(0.1037/(B-0.14)))*ns/SOCmax;
syms v;

e=double(int((K*V1*P_net(i)-D*SOC2*SOCmax),v,0,t1));
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SOCn=SOC2+SOCmax”-1*ee;
SOC2=S0OCn;

End

SOC2=double(SOCn);
OC(i)=S0Cz2;

if SOC(i)<SOCmin;
SOC(i)=SOCmin;

end

SOC2=S0C(i);

W=1;

End

elseif W==1;

if SOC(i-1)>SOCmin & n==0;
P_Discharge(i)=P_L(i)-P_PV/(i);
P_Load(i)=P_L(i);
P_Battery(i)=P_Discharge(i);
P_Charge(i)=0;

P_Deficit(i)=0;
P_Damp(i)=0;
P_Diesel(i)=0;
C_F(i)=0;

for t=(1);
B=SOC2;

V1=(1.962+0.124*B)*ns;
R1=(0.19+(0.1037/(B-0.14)))*ns/SOCmax;
syms v;
ee=double(int((K*V1*P_net(i)-D*SOC2*SOCmax),v,0,t1));
SOCn=S0OC1+SOCmax”"-1*ee;
SOC2=S0Cn;

end

SOC2=double(SOCn);

SOC(i)=SOC(i-1)- abs((SOC1-SOC2));

if SOC(i)<SOCmin;

SOC(i)=SOCmin;

end

%% (6.2) enter diesel Generator
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elseif SOC(i-1)<=SOC3 || n>0;

if IDiesel>=P_L(i);

P_Load(i)=P_L(i);
P_Diesel(i)=P_Load(i);
P_Discharge(i)=0;

P_Deficit(i)=0;

if SOC(i-1) <SOC1,
P_Charge(i)=P_PV(i);%%charging current from the PV only if available
P_Battery(i)=-1*P_Charge(i);
P_Damp(i)=0;

for t=(2);

B=SOC2;

V1=(2+0.148*B)*ns;
R1=(0.758+(0.1309/(1.06-B)))*ns/SOCmax;
R1=double(R1);

syms v;

ee=double(int((K*V1* P_Charge(i)-D*SOC2*SOCmax),v,0,t1));
SOCNn=SOC1+SOCmax”-1*ee;
SOC2=S0Cn;

End

SOC2=double(SOCn);
SOC(i)=SOC(i-1)+abs((SOC1-SOC2));
if SOC(i)>SOCmax;

SOC(i)=SOCmax;

End

SOC2=S0C(i);

else

P_Charge(i)=0;

P_Battery(i)=0;

P_Damp(i)=P_PV(i);
SOC(i)=SOC(i-1);

End

C_F(i) = (A*P_Diesel(i))+(CT*IDiesel);
n=n+1;

%%R6.4

elseif IDiesel<P_L(i);
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P_Discharge(i)=0;
P_Load(i)=0;
P_Battery(i)=0;
P_Charge(i)=0;
P_Deficit(i)=P_L(i);
P_Damp(i)=0;
P_Diesel(i)=0;
C_F(i)=0;

End

if n>=4 && SOC(i)>0.2010 ;
n=0;

end

end

end

end

end
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Appendix-B
%% (1) importing data
fileName="real12.xIsx";

sheetName="Sheet1";

G =xlIsread(fileName, sheetName, "A2:A17281");
T= xlsread(fileName, sheetName, "C2:C17281");
P_L= xlIsread(fileName, sheetName, "B2:B17281");
SOCmax=1;

V_B=12;

SOCstart=1;

DOD=0.8;

WM=;%% battery watt minuit

P_PVmax=5.16;

IDiesel=4.5; %% rated power of diesel generator
SOCmin=SOCmax/(1-DOD);

alpha=-0.00437,

SOC3=0.2;

SOCmin=0.2;

K=0.8;

D=1e-5;

ns=6;

SOC2=S0C1;

A=0.2461;

CT=0.081451;

n=0;%DG not working

%%(3) PV simulation
P_PV=P_PVmax*[G/1000+(alpha*(T-25))];
SOC=[I;

P_Load=[];

P_Charge=[];

P_Discharge=[];

P_Deficit=[];
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P_Damp=[];
P_Diesel=[];
F_Cf=[];
P_Battery=[];
L=length(P_L);
t1=(1/(10*WM));
fori=1:1:L;

x(i)=i;
P_net(i)=P_PV(i)-P_L(i);
%%(4) IPV=IL

if P_net(i)==0;

if n==0;
P_Load(i)=0;
P_Charge(i)=0;
P_Discharge(i)=0;
P_Deficit(i)=0;
P_Damp(i)=0;
P_Diesel(i)=0;
F_Cf(i)=0;
P_Battery(i)=0;

if i==1,
SOC(i)=SOCstart;
elseif W==0;
SOC(i)=S0C1,
elseif W==1,;
SOC(i)=SOC(i-1);
End

end

%% (5) IPV>IL
elseif P_net(i)>0 && n==0;
P_Load(i)=P_L(i);
if i==1;
SOC(i)=SOCstart;



P_Charge(i)=0;
P_Discharge(i)=0;
P_Deficit(i)=0;
P_Damp(i)=P_net(i);
P_Diesel(i)=0;
F_Cf(i)=0;
P_Battery(i)=0;
elseif i>1;

if W==0;
SOC(i)=SOCstart;
P_Charge(i)=0;
P_Discharge(i)=0;
P_Deficit(i)=0;
P_Diesel(i)=0;
F_Cf(i)=0;
P_Battery(i)=0;
P_Damp(i)=P_net(i);
else W==1;

if SOC(i-1)>=SOCmax;
SOC(i)=SOCmax;
P_Charge(i)=0;
P_Discharge(i)=0;
P_Deficit(i)=0;
P_Damp(i)=P_net(i);
P_Diesel(i)=0;
F_Cf(i)=0;
P_Battery(i)=0;
elseif SOC(i-1)<SOCmax;
P_Charge(i)=P_net(i);
P_Discharge(i)=0;
P_Battery(i)=0;
P_Deficit(i)=0;
P_Damp(i)=0;



P_Diesel(i)=0;
F_Cf(i)=0;
%% find new SOC after charging
for t=(2);
B=SOC2;
V1=(2+0.148*B)*ns;
R1=(0.758+(0.1309/(1.06-B)))*ns/SOCmax;
R1=double(R1);
syms v;
ee=double(int((K*V1* P_Charge(i)-D*SOC2*SOCmax),v,0,t1));
SOCn=SOC1+SOCmax”"-1*ee;
SOC2=S0Cn;
End
SOC2=double(SOCn);
SOC(i)=SOC(i-1)+abs((SOC1-SOC2));
if SOC(i)>SOCmax;
SOC(i)=SOCmax;
End
SOC2=S0C(i);
End
end
end
%% (6) IPV<IL
elseif P_net(i)<0 [|( P_net(i)>0 && n>0);
%%R6.1
if W==0;
SOC2=SOCstart;
if n==0;
P_Discharge(i)=P_L(i)-P_PV(i);
P_Load(i)=P_L(i);
P_Battery(i)=P_Discharge(i);
P_Charge(i)=0;
P_Deficit(i)=0;
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P_Damp(i)=0;

P_Diesel(i)=0;

F_Cf(i)=0;

for t=(2);

B=SOC2;
V1=(1.962+0.124*B)*ns;
R1=(0.19+(0.1037/(B-0.14)))*ns/SOCmax;
syms v;
ee=double(int((K*V1*P_net(i)-D*SOC2*SOCmax),v,0,t1));
SOCn=SOC2+SOCmax”"-1*ee;
SOC2=S0Cn;

End

SOC2=double(SOCn);
SOC(i)=SOC2;

if SOC(i)<SOCmin;
SOC(i)=SOCmin;

End

SOC2=SOC(i);

W=1;

End

elseif W==1;

if SOC(i-1)>SOCmin && n==0;
P_Discharge(i)=P_L(i)-P_PV(i);
P_Load(i)=P_L(i);
P_Battery(i)=P_Discharge(i);
P_Charge(i)=0;

P_Deficit(i)=0;

P_Damp(i)=0;

P_Diesel(i)=0;

F_Cf(i)=0;

for t=(1);

B=SOC2;
V1=(1.962+0.124*B)*ns;

70



R1=(0.19+(0.1037/(B-0.14)))*ns/SOCmax;
syms v;
ee=double(int((K*V1*P_net(i)-D*SOC2*SOCmax),v,0,t1));
SOCn=SOC1+SOCmax”"-1*ee;
SOC2=SOCn;

End

SOC2=double(SOCn);

SOC(i)=SOC(i-1)- abs((SOC1-SOC2));

if SOC(i)<SOCmin;

SOC(i)=SOCmin;

end

%% (6) enter diesel Generator

elseif SOC(i-1)<=SOCmin || n>0;

%%R7.1

if IDiesel>=P_L(i);

P_Load(i)=P_L(i);

P_Diesel(i)=IDiesel;

P_Discharge(i)=0;

P_Deficit(i)=0;

if SOC(i-1)<SOC1;
P_Charge(i)=P_PV(i)+IDiesel - P_L(i);%%charging current should come from the DG
P_Battery(i)=-1*P_Charge(i);
P_Damp(i)=0;

for t=(2);

B=SOC2;

V1=(2+0.148*B)*ns;
R1=(0.758+(0.1309/(1.06-B)))*ns/SOCmax;
R1=double(R1);

Syms v;

ee=double(int((K*V1* P_Charge(i)-D*SOC2*SOCmax),v,0,t1));
SOCn=SOC1+SOCmax”"-1*ee;
SOC2=S0Cn;

End
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SOC2=double(SOCn);
SOC(i)=SOC(i-1)+abs((SOC1-SOC2));
if SOC(i)>SOCmax;

SOC(i)=SOCmax;

end

SOC2=SOC(i);

else

P_Charge(i)=0;

P_Battery(i)=0;

P_Damp(i)= P_PV(i)+IDiesel-P_L(i);
SOC(i)=SOC(i-1);

End

F_Cf(i) = (A*P_Diesel(i))+(CT*IDiesel);
n=n+1;

%%R7.2

elseif IDiesel<P_L(i) && SOC(i-1) >=0.8;
P_Discharge(i)=P_L(i)-IDiesel,
P_Load(i)=P_L(i);
P_Battery(i)=P_Discharge(i);
P_Charge(i)=0;

P_Deficit(i)=0;

P_Damp(i)=0;

P_Diesel(i)=IDeisel,

F_Cf(i)=0;

for t=(2);

B=SOC2;

V1=(1.962+0.124*B)*ns;
R1=(0.19+(0.1037/(B-0.14)))*ns/SOCmax;
Syms v;
ee=double(int((K*V1*P_Discharge(i)-D*SOC2*SOCmax),v,0,t1));
SOCn=SOC1+SOCmax”"-1*ee;
SOC2=S0Cn;

End
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SOC2=double(SOCn);
SOC(i)=SOC(i-1)-abs(SOC1-SOC2);
if SOC(i)<SOCmin;
SOC(i)=SOCmin;

End

SOC2=SOC(i);

W=1;

%%7.3

elseif IDiesel<P_L(i) && SOC(i-1)<=0.3;
P_Discharge(i)=0;
P_Load(i)=0;
P_Battery(i)=0;
P_Charge(i)=0;
P_Deficit(i)=P_L(i);
P_Damp(i)=0;
P_Diesel(i)=0;
F_Cf(i)=0;

End

if SOC(i)>0.8;

n=0;

end

end

end

end

end
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Fig.11

GHI for Qlgilya city [HOMER]

Manthly Average Solar Global Horizontal Irradiance (GHI) Data

Appendix-C

Cleamess Daily Radiation
Morth |\ ex | (Wimlday 3
January 0438 2710 E ]
~ -
Februay 0502 3430 £
X 5+
March 0583 4720 B
il 057 6040 ;5,
My 067 7190 52
e 0679 7790 611
0 -
Jul 0676 7620
uly N
dugust 0658 6880 §
4 ¢
September 0646 5850
October 059 4360 Downloaded at 10/15/202110:04:13 PM from:
NASA Surface meteoralogy and Slar Energy database,
November 0340 3130 Global horizontal radiation, monthly averaged values over 22 year period {July 1983 - June 2003).
December 0483 2490 Lk L
CellDimensions: 1 degree x 1 degree
CellMidpointLatitude: 323
Annual Average (kWh/m?/day}: 5,19 CellMidpaintLongitude: 35.5

Fig.12
HOMER schematic diagram

AC DC
Gen Electric Load #1 P =
~
4312 kWhy/d
4.01 KW peak
inwerter

74




Fig.13

selected real load coordination in HOMER

Checkpoint ( 32°11.1'N , 34°59.8'E )

32°10°4484" N35°01°05.64" E

[

Location Search
Fig.14
HOMER global solar radiation data
Monthly Average Solar Global Horizontal Irradiance (GHI) Data
. 9 1
Cleamess | Daily Radiation
Month |\ dex | (kWh/m?/day) Fe 09
January 0488 2710 T7 :g .
G
February 0502 3430 % ‘: o5 2
March 0553 4720 = N 05 E
April 0597 6040 % . 2'; 3
May 0.647 7.190 Y2 02
June 0679 7.790 &1 01
Jul 0676 7.620 ¢ 0
uly ! I i N
August 0658 6380 ;’é\ .é"é\ .§E & $ § 3 g ¢ &5{ & 4
< : 3 & v &’5"9 f f
September  0.646 5.850 o <
October 0.596 4,360 Downloaded at 8/30/2021 8:02:28 PM from: ~
NASA Surface meteorology and Solar Energy database.
November  0.540 3.150 Global horizontal radiation, monthly averaged values over 22 year period (July 1983 - June 2005).
December 0483 2490 CxIRmizs 12225
CellDimensicns: 1 degree x 1 degree
CellMidpointLstitude: 32.5
Annual Average (kWh/m*/day}: 5.19 CellMidpointLongitude: 35.5
v

Fig.15

HOMER wind speed data
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Fig.16
HOMER wind speed data
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Fig.18
Load Following dispatch results in HOMER
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Fig.22
load following dispatch simulation of the load following size based strategy (LF-SLF)
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Fig.23

load following dispatch simulation of the Intuitive method size based strategy (LF-Sint)
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Fig.24
load following dispatch simulation of the Cycle Charge size based strategy (LF-SCC)

Trfetatages i i g4
3 g 3 I
g § § § §
< -
s g g <<y s
i3 g s > g g
Z 5 z : <£ 5 I
<Nk ; 8| 8 |8
3 3 '8 5 |4
q
g : g 5 |8
g E g § 8

80



Fig.25

Intuitive Method dispatch simulation of the Load Following size based strategy (Int-SLF)
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Fig.26
divided load supplying time between PV, DG, and battery system(Int-SLF)
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Fig.27

Intuitive Method dispatch simulation of Intuitive Method size based strategy (Int-Sint)
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Fig.28
divided load supplying time between PV, DG, and battery system
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Fig.29
Intuitive Method dispatch simulation of Cycle Charge size based strategy (Int-SCC)
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Fig.31

Cycle Charge dispatch simulation of the load following size based strategy (CC-SI)
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Fig.32
Cycle Charge dispatch simulation of the Intuitive method size (CC-SInt)
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Cycle Charge dispatch simulation of the Cycle Charge size based strategy (CC-Sint)

Fig.33
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