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1. Introduction  
As increase in population and industrialization [1] energy plays an important role in human, social and economic development hence it 
is a basic requirement of the nation. In parallel to developing technology, more energy demand makes us seek new energy sources [2]. 
Since the early eighties, power generation from fossil fuels have been accepted and used as an electricity generating system in 
geographically remote and demographically sparse areas, hence it serves an entire isolated load [3][4]. But the main target was to 
secure both fuel saving and the reliable power supply and which in a way are conflicting objectives. The majority of energy 
production is strongly based on very limited non-renewable energy resources like diesel. But diesel power generation is not always the 
best option as every liter of diesel releases about three kilograms of carbon dioxide (CO2) which obviously pollutes the environment 
and therefore the alternate option is RES [5]. From last four decades, it is one of the most efficient solution for sustainable energy 
development, hence there is an urgent need of it. The increasing number of RES and distributed generators requires new strategies for 
their operations in order to maintain or improve the power-supply stability and quality [6].  
From all RES, Solar and Wind are world's fastest growing sources and is a perfect match, because wind speed tends to lower in 
summer, when solar energy can compensate, and higher in winter, when sunshine falls to very low levels. They have low or zero 
emission of pollutant gases means most environment-friendly type, most abundant and omnipresent, inexhaustible sources, less 
operational and maintenance cost, and has easy availability [7][8], but unfortunately they have two major problems: the conversion 
efficiency of electric power generation is very low (9-17%), especially under low irradiation conditions and the electric power 
generated by solar and wind changes continuously with weather conditions because they depend on daily and seasonal patterns [6] i.e. 
uncontrollable meteorological conditions [9]. And therefore, they are integrated together as HES which combine RES and 
conventional energy (diesel) as a small scale alternative source of electrical energy, where conventional generation is not practical e.g. 
remote villages in developing countries or ranches located far away from the main power lines [4]. It is considered as a complete 
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Abstract:  
The main objective of this paper is the cost optimization of Hybrid Energy System (HES) - a combination of a solar Photovoltaic 
(PV), Wind Turbine (WT), battery and a Diesel Generator (DG). In recent years, HES has become one of the most significant and 
promising system, which requires safer means of maintaining the system’s security, stability and reliability and with a large 
number of distributed generation access, it cannot be ignored. These have become common in remote space, power generation 
applications as a result of advancements in renewable energy technologies. The main aim is to cover the load demand under 
varying weather conditions and to control the power delivered by a 100 KW HES and also overall Power Management Strategy 
(PMS) is designed for HES to manage the power flows among the different energy sources and the storage unit in the system. The 
control of internal powers and PMS should be implemented to satisfy the stand-alone requirements while maximizing the benefit 
of Renewable Energy Source (RES) and optimizing the operation of each storage unit. HOMER is used to evaluate the optimal 
sizing of the components in HES and reliability is also fulfilled at the same time.  In this, the electrification costs like capital, 
replacement, operation and maintenance cost and fuel cost are considered for optimal designing.  
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“green” power generation system because the main energy sources and storage system are all environmentally friendly [10]. In most 
remote areas, solar and wind are available but, they are not fully controllable as their availability depends on daily and seasonal 
patterns. Therefore, conventional energy source like DG and also energy storage system are used in conjunction with renewable 
energy for reliable operation or is a good option for 24 hours load for base load and also for critical loads and this system founds an 
optimal control strategy model to operate the hybrid system [4]. 
Ghassan Halasa et al. [11] presented the electrical power generation using solar and wind energy for the country of Jordan. Sights are 
chosen to produce electricity using, the wind in the Mountains. Presently, with the oil prices are on the ascent, the cost of electrical 
output power is really gamey. Chaitanya Marisarla et al. [12] propose a HES consisting of wind, photovoltaic and fuel cell. Battery 
storage is designed to supply continuous power and provide the deficit power when the combined wind and photovoltaic sources 
cannot meet the net load demand. Balamurugan T. et al. [13] reported the optimum power flow internal control for Grid Connected 
Photovoltaic/Wind Turbine/Diesel Generator (GCPWD) Hybrid System with hybrid storage system. HES is for continuous power 
flow management and a DG is additional to make sure uninterrupted power. The developed GCPWD Hybrid System gives continuous 
power to the AC/DC, hundreds and it has two power sink (AC & amp ; DC loads). Ugur Fesli et al. [14] work covers the realization of 
a hybrid renewable energy system for a domestic application, which runs under a microcontroller to utilize the solar and wind power. 
Boucetta. Abdallah et al. [15] deals with power management of a solar and wind hybrid generation system for interconnection 
operation with electrical distribution system. 
The speedy development in solar and wind power is due to favorable world political climate towards these energies and in America, 
some nations have enacted Renewable Portfolio Commonplace (RPS) law that entails utilities to sell a particular % of the energy from 
property energy sources at intervals cheap stipulated times, despite the fact that Europe and North America have the biggest put in 
capability of turbine capability, China, India, and developing world bear the biggest potential for wind generation [2]. 
 
2. System Components 
HES components should be selected carefully and must ensure that they are well managed and monitored properly. It comprises of 
PV, WT, battery bank and DG as shown in Figure 1.  
 

 
Figure 1: Block Diagram of HES 

 
These components are integrated and complement each other to meet the load demand. In this, PV panel and WT are connected to DC 
bus and DG is connected to AC bus and energy from PV panel, WT and DG are converted into electricity then sent to loads or stored 
in a battery bank. 
 
2.1. PV System 
PV system is made up of PV cells and devices, which convert light energy into electricity directly [16]. PV cells are commonly known 
as solar cells, it converts energy from sunlight into DC electricity then into AC by DC-DC converters and inverters [17]. If several 
such cells are connected in series and parallel circuits on a panel (module), then high power is achieved. In other words, solar array or 
panel is a group of several modules, which are electrically connected in series-parallel combination to get the required current and 
voltage [7]. Output of PV panel includes the impact of geographic location like solar radiation and temperature [18] means output 
power begins from zero at sunrise, rises to a peak at noon time, and returns to zero at sunset [19].  
For standalone PV system, consumers should clear that they want to use DC from PV or convert the power into AC, because 
appliances and lights for AC are much more common and cheaper, but the DC into AC power conversion can consume up to 20 % of 
all the power produced by the PV system [16]. The total development of solar PV system has exceeded 151 MW, ranking India in 4th 
place in the world after Japan, USA and Germany. 
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2.2. WT System 
WT converts kinetic energy from wind (also called wind energy) into mechanical energy and the process is known as wind power. 
Wind power is basically electricity produced by generator, driven by a turbine according to flowing air’s aerodynamics [16] and it's 
been practiced for many years for sailing, grinding grain and for irrigation [2]. If this mechanical energy is used to produce electricity, 
then the device is called as WT or wind power plant. For WT, appropriate wind speed and direction are the key elements and it should 
be subjected to non-turbulent wind and mounted higher than trees and other obstacles [16]. They are usually connected in parallel, not 
in a series. Several WT can be connected in parallel to match the system current requirements. The energy and output current of WT 
for each time instant is calculated on the basis of local weather conditions and actual installation height of turbines [18].  
PV and wind is a perfect match, because PV-wind hybrid system suits to conditions where sun light and wind has seasonal shifts i.e., 
in summer the daytime is long and sun light is strong enough, while in winter the days are shorter and there are more clouds [16].  
 
2.3. DG System  
DG set convert fuel energy (diesel or bio-diesel, in this case diesel) into mechanical energy by means of internal combustion engine 
then into electric energy by means of electric machine which works as generator [17] i.e. it consumes fuel to produce electricity, 
which is the blood of the engine [16]. It causes significant impacts on environment because every litre of diesel releases about three 
kilograms of CO2 but the continuous operation of DG is not needed because it consumes high amount of fuel [5]. Its properties are - 
maximum and minimum electrical output power, expected lifetime in operating hours, type of fuel it consumes and its fuel curve, 
which relates the quantity of fuel consumed to the electrical power produced [16].  
 
2.4. Battery System 
A battery is defined as a combination of individual cells. A cell is the elemental combination of materials and electrolyte constituting 
the basic electro-chemical energy storer. A storage cell is recharged after discharge by passing a direct current through the cell in the 
opposite direction to the discharge current. In other words, battery is used as a backup for long run applications means it stores the 
excess energy generated by HES and supply that energy during low generation period [18].  
In this, priority is given to solar and wind energy system and recommended to keep always online. Battery and diesel power 
generation are designed to operate depending on load demand and availability of power [20]. 
 
3. Power Management Strategy (PMS) 
Contemporary management technique supervises the operation of standard HES which permits the employment of natural resource to 
be optimized. Advanced management techniques also will improve the performance of such systems by up energy management [2].  
Energy management system is designed for multiple energy resources in stand-alone HES, in which a PMS introduced to control the 
power distribution among the power generating system and developed to provide some services to the stand-alone i.e. to improve the 
reliability and power quality of the stand-alone HES system [20]. PMS manages the power flow of energy system and battery to fulfill 
the load demand, i.e. it controls the power flow of energy of individual power generating system and battery (it controls the 
charging/discharging of the battery bank). It is designed such that the use of battery is as low as possible. Hybrid power generation 
system needs, PMS to control the proper active power flow from and to the battery storage system. The combination of hybrid system 
with battery and efficient PMS makes the best  
use of the advantages of each power generating system [21]. 
If load demand changes, then power supplied by the hybrid system must be properly changed or power delivered from the PV, WT 
system as well as from the DG must be coordinated to meet load demand [22].  
 
3.1. PMSs are given below 
 
3.1.1. Total Power Generation (solar + wind) > load demand 
Load will be supplied + Battery charging 
If total power generation (combination of solar and wind) of hybrid system is greater than load demand then load will be supplied and 
excess power is used to charge the battery, i.e. battery is in the State of Charging (SOC) and the charged quantity of the battery at the 
moment of (t) is given by [23]: 

                                                             (1)                                    
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: battery charging efficiency 
Battery Energy Storage System (BESS) is made up of a battery bank, a bi-directional DC/DC converter and control system. It has its 
independent control objective, and by controlling each part, the entire system is operating safely. BESS should be able to operate in 
two directions-battery can be charged to store the extra energy and also can discharge the energy to loads means it can charge and 
discharge to balance the power between the generation system and the load demands and thus improve the stability of the entire 
system [24]. In other words, power management of HES depends on SOC of battery, correspondingly the battery can be charged or 
discharged [21]. Life of a battery is more if it is kept at near 100% of its capacity, or returned to that state quickly after a partial or 
deep discharge [19]. To get efficient power distribution, battery should operate in the high efficiency region and battery SOC should 
be maintained at a reasonable level i.e. between 40 to 80% [21]. The battery bank serves as a short-duration power source to meet the 
load demands which cannot be fully met, particularly during fluctuations or transient periods [24]. 
 
3.1.2. Total Power Generation (solar + wind) < load demand 
Total power generation (solar + wind) + Battery > load demand  
Load will be supplied + Battery discharging 
If total power generation (combination of solar and wind) of hybrid system is less than load demand (if solar and wind are insufficient 
to meet the load demand, then battery power is needed)  or if total power generation (combination of solar and wind) of hybrid system 
and battery is greater than load demand then load will be supplied and battery is allowed to share the required real power (discharge 
the stored power to supply loads) i.e. battery is in the state of discharging and the charged quantity of the battery at the moment of (t) 
is given by [23]:                         

                                                              (2) 
where, 

battery discharging efficiency 
As the output of solar and wind is of random behavior, therefore the battery storage capacity is constantly changing correspondingly in 
hybrid systems [23]. 
 
3.1.3. Total Power Generation (solar + wind) + Battery < load demand 
DG will be operated.  
If total power generation (combination of solar and wind) of hybrid system and battery is less than load demand then only DG will be 
operated. In another way, if renewable resources and the batteries are not able to satisfy the load demand, then only DG is used [18]. If 
wind power output is insufficient to meet the load demand, then DG supplies the power because DGs installed capacity is sized to 
meet the peak power demand. In such systems, rejection of random power disturbances at the output of WT can cause relatively large 
frequency and voltage fluctuations [25].  
 
4. Experimental Set Up and Results 
Based on the model and control methods, the proposed HES can be implemented in Hybrid Optimization Model for Electric 
Renewable (HOMER) software as shown in Figure 2. In this part, HOMER results have been presented in Figure 3 and cost summary 
is also given in Figure 4. 
 

 
Figure 2: Proposed HES in HOMER 
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Figure 3: Experimental results with HOMER 

 

 
Figure 4: Cost summary in HOMER 

 
5. Conclusion  
It includes the relevant papers on design, modeling, control and optimization of HES, which helps to review that the most frequent 
systems are made up of PV system and/or WT system and/or DG system with energy storage in the battery, where solar and wind 
generation systems are the main power generation devices. This system is a good option for 24 hours load for base load and also for 
critical loads under varying weather conditions with minimum cost in rural and remote areas. The main aim of this paper is to 
calculate the optimal sizing of HES components using HOMER and to design an energy management system for multiple energy 
resources in which a PMS is introduced to improve the reliability and power quality of the stand-alone HES system. The system 
configuration and characteristics of the main components for HES has also been presented. HES power fluctuation is less dependent 
on the environmental conditions as compared to the power generated by individual PV and WT systems, this power fluctuation is 
suppressed by battery and DG in this, and it will be the subject of future work. 
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