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Abstract. Hybrid renewable energy systems, combining various kinds of technologies, have 
shown relatively high capabilities to solve reliability problems and have reduced cost 
challenges. The use of hybrid electricity generation/storage technologies is reasonable to 
overcome related shortcomings. While the hybrid renewable energy system is attractive, its 
design, specifically the determination of the size of PV, wind, and diesel power generators and 
the size of energy storage system in each power station, is very challenging. Therefore, this 
paper will focus on the system planning and operation of hybrid generation systems, and 
several corresponding topics and papers by using intelligent computing methods will be 
reviewed. They include typical case studies, modeling and system simulation, control and 
management, reliability and economic studies, and optimal design on a reliable hybrid 
generation system.  

1 Introduction 
The limited reserves of fuel oils and their unstable prices have significantly increased the interest in 
renewable energy sources. The alternative energy sources are non-polluting, free in their availability, 
and continuous. The motivation behind the use of renewable energy sources is the reduction of CO2 
emissions. This is especially true in isolated, standalone, small islands where the access to renewable 
energy sources is the only solution to meet their energy needs. Today, wind and PV generators are 
utilized in such applications as water pumping, lighting, electrification of remote areas and 
telecommunications. For remote systems like radio telecommunication, satellite earth stations, or at 
sites that are far away from a conventional power system, the hybrid generation systems have been 
considered as preferred [1]. At present, standalone solar photovoltaic and wind systems have been 
promoted on a comparatively larger scale; however, these independent systems cannot provide 
continuous source of energy. Therefore, energy storage systems will be required for each of these 
systems in order to satisfy the power demands. Usually storage system is expensive and the size has to 
be reduced to a minimum possible for the renewable energy system to be cost effective. Hybrid power 
systems can be used to reduce energy storage requirements [2]. 

In the world, a significant number of villages may never be connected to the national grid due to 
their remoteness, or communities are far from the conventional electrical grid due to natural obstacles 
and environmental constraints. For the people living in these communities, access to renewable energy 
sources may be the only solution to meet their energy needs. Therefore, the design and operational 
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experience of hybrid power systems for small micro grids are important. In order to meet sustained 
load demands during varying natural weather conditions, different renewable energy sources need to 
be integrated with each other. Therefore, dynamic modeling of various components in isolated 
systems and steady-state/transient simulation works are required. Furthermore, an overall control 
strategy for power management among different energy sources in a multisource energy system is 
needed. The controller should determine the online operation modes for each generation subsystems 
and switch from power regulation to maximum power conversion. Reliability evaluation and 
economic analysis are also very important in the planning of hybrid energy system for a particular site. 
In order to efficiently and economically utilize the renewable energy resources, one optimum sizing 
method considering system reliability and economical benefit for the hybrid generation system is 
necessary. The optimum sizing method can help to guarantee the lowest investment with full use of 
the PV array, wind turbine and energy storage system, so that the hybrid system can work at the 
optimum conditions in terms of investment and system reliability. Different sizing methods, such as 
probabilistic approach, iterative approach and artificial intelligence method, can be applied to reach a 
techno-economically optimum hybrid renewable energy system. Whichever sizing and optimization
technique are used, they must ultimately search for an optimum combination of the system reliability 
and cost. 

This paper will concentrate on reviewing significant research issues and current state about the 
hybrid renewable generation system. These topics include several typical case studies of renewable-
based micro-grids, modelling and simulation for renewable energy systems, control and management 
of hybrid renewable energy systems, reliability and economic studies, and optimal design of a reliable 
hybrid generation system. A number of intelligent computing methods have been utilized in these 
researches and most of them will be summarized in this paper. 

2 Case Studies on Small-Scale Hybrid Generation Systems  
In the beginning of designing a small-scale hybrid generation system, the historical power 
consumption of load, load pattern, solar radiation values, and wind character have to be investigated. 
The availability of renewable energy resources is an important factor to develop the hybrid power 
system; that is, weather data are important factor for pre-feasibility study of renewable hybrid energy 
system for any particular site. For example, hourly solar radiation, clearness index, wind speed, and 
wind direction for several years should be collected so that the long-term average annual resource can 
be evaluated. Moreover, from the above given data, the probability functions of wind speed and solar 
radiation can be obtained. In [3], the design and sizing of hybrid power system for small base 
transceiver stations (BTS) in Indonesia are presented. Combination of wind and solar energy sources 
are used as the main source and utility line is used as a backup. The average wind speed in this area is 
about 4-5 m/s, and the average sunshine hour in this site is between 7 to 8 hours a day during the dry 
season and between 5 to 6 hours a day during the rainy season. The design of this hybrid generation 
system includes a 4.8kW PV array, 2.5kW wind turbine, and 1200Ah battery. It will provide 
electricity to a BTS with an average power demand of 4kW. By using this hybrid power system, about 
90 percent of the required power can be supplied by renewable energy sources. Paper [4] proposes the 
most feasible configuration of a stand alone PV/Wind Hybrid Energy System with diesel generator as 
a backup for cellular mobile telephony base station site in isolated areas of Central India. In this case, 
the power requirements for the GSM load are about 2kW continuous, and the proposed hybrid system 
consists of two 7.5kW horizontal-axes type wind turbines, a 5kW Photovoltaic array, a 1kW diesel 
generator, 1.83kWh battery bank and 2kVA Inverter. Paper [5] proposes a photovoltaic/wind based 
hybrid power system connected to a common bus with battery storage and conventional backup source 
to supply a 2kW telecommunication load in Malaysia. The hybrid system consists of 4.5kW PV 
system, 2kW wind system, and 5kWh battery. Paper [6] also presents an innovative wind/PV/diesel 
hybrid system implemented in three remote islands in the Republic of Maldives. In this micro-grid 
system, twenty four 1.8 kW wind turbines are coupled to the micro-grid, and 2.5 kWp of amorphous 
silicon PV modules are connected to AC grid through single phase grid connected inverter. This paper 
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[6] undertakes renewable energy system planning using the software tool HOMER and to analyses the 
various options paying particular attention to the cost per unit of electricity consumed, fuel saved and 
initial capital requirements. In [7], a hybrid system of the pilot project in Lençóis Island located in the 
north area of Brazil is proposed. It composed of 21kW solar PV power, 22.5kW rated wind power, 
120 batteries of 150Ah each, and a 53-kVA/48-kW diesel generator as a backup unit. This paper also 
addressed the field operation results for this system, including power quality and reliability analyses. 
In [8], several types of projects developed in different small islands and remote villages were 
reviewed. Reference [9] analyzed the potential implementation of hybrid photovoltaic (PV)/wind 
turbine/diesel system in southern city of Malaysia, in which seven different system configurations 
were studied. Reference [10] also investigated the potential operation of hybrid energy system in the 
northernmost city in Africa. In which there were several system configurations with and without 
battery storage elements were studied. 

3 Modelling and Simulation of Renewable Energy Systems  
In order to meet sustained load demands during varying natural conditions, different renewable energy 
sources need to be integrated with each other. In addition, dynamic modeling of various components 
of this isolated system should be presented. Several papers have described dynamic modeling and 
simulation results of a renewable energy based hybrid power system. For example, in [11], a detailed 
dynamic model and simulation of a solar cell/wind turbine/fuel cell/ultracapacitor hybrid power 
system is developed. In [12], a PV/Wind hybrid electric power system interface with electric utility 
for solving modeling and simulation problems by using Matlab/Simulink environment have been 
proposed. Solar panels are the medium to convert solar power into the electrical power. A number of 
solar cell models have been developed, but the one diode electrical equivalent circuit is commonly 
used for cell based or module based analysis. The current source generates the photo-current that is a 
function of the incident solar cell radiation and temperature [13-14]. Wind turbines are used to convert 
the wind power into electric power. Based on Betz theory, the maximum converting efficiency of a 
wind generation system is 59%. The developed wind power can be evaluated at a given wind speed 
through the power curve of the wind turbine. Power curves are usually provided by manufacturers of 
wind turbines. In terms of fuel cell, there are two typical types: low-temperature proton-exchange 
membrane FC (PEMFC) [15] and high-temperature solid oxide FC (SOFC) [16]. Both of them show 
great potential in hybrid energy system applications. The PEMFC model is an autonomous model 
operated under constant channel pressure with no control on the input fuel flow into the FC. The 
model was validated by experimental data measured from an Avista Labs SR-12 500 W PEMFC stack 
[15]. The FC will adjust the input fuel flow according to its load current to keep the channel pressure 
constant. 

4 Control and Management of Hybrid Renewable Energy Systems  

An overall control strategy for power management among different energy sources in a multisource 
energy system is needed. The objectives of the control and management of a hybrid energy system are 
to satisfy the changeable load power demand and to maintain the state of charge of the battery bank to 
prevent blackout and to extend the life of the batteries. For these purposes, the controller should 
determine the online operation modes for each generation subsystems and switch from power 
regulation to maximum power conversion. In [17], a comprehensive supervisor control for a hybrid 
system that comprises wind and photovoltaic generation subsystems, a battery bank, and an ac load is 
developed. Robust sliding-mode control laws have been considered in this paper to fulfill the different 
control objectives of the wind and solar subsystems. Paper [18] proposed an overall control strategy 
for a hybrid renewable energy system, in which the wind generation system is controlled by a pitch 
angle controller and a PV electricity generation unit is controlled by a maximum power point tracking 
(MPPT) controller; furthermore, dynamic models have been used for all the components of the system.
At any given time, any excess wind and PV-generated power is supplied to the electrolyzer to generate 
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hydrogen that is delivered to the hydrogen storage tanks. When there is a deficit in power generation, 
the fuel cell stack begins to produce energy for the load using hydrogen from the storage tanks. Paper 
[19] introduces the hardware realization of the energy management and control subsystem of a grid-
connected wind/solar hybrid power system. The system is composed of several modules:
programmable logic controller(FBs-40MAT from FATEK), AC multi-function electric power meters,
Grid-connection control module, human-machine interface (HMI), dc electric power meters, and 
RS485/TCP converter to control and manage the operation of multi-source. Communication plays an 
important role in the system safe, reliable and precise operation for a hybrid renewable energy system. 
In [19], the communication protocol in the subsystem and between subsystems is Modbus RTU, while 
the communication with computer is implemented by RS485/TCP converters. 

5 Reliability Studies of Hybrid Renewable Generation Systems  

Reliability evaluation is very important in the planning of hybrid energy system for a particular site. 
The reliability is estimated in terms of the number of the critical load interruptions over a certain 
period of time; this choice is because the reliability of a system depends on the complexity of the 
system itself and not only on the number and the failure rates of its components. Typically, the 
reliability evaluation methods can be broadly classified into two types namely deterministic and 
probabilistic techniques[20]. Probabilistic techniques can be further classified into two types. They are 
analytical and Monte Carlo Simulation (MCS) methods. Several reliability indices are introduced in 
literature. Loss of Load Expected (LOLE), Loss of Energy Expected (LOEE) or Expected Energy not 
Supplied (EENS), Loss of Power Supply Probability (LPSP) and Equivalent Loss Factor (ELF) are 
some of the most common used indices in the reliability evaluation of generating systems. In general, 
the reliability assessment of hybrid generation system can be done by the following procedure:  
- To collect required atmospheric data such as hourly solar radiation, hourly ambient temperature 

and hourly wind speed.  
- To estimate hourly output power available from each type of source by using power generation 

models and considering outage schedules generated randomly using failure rates of units.  
- To obtain total available generation with reliability index. 

Reliability evaluation of PV/Wind hybrid energy system using well-being approach and Monte 
Carlo Simulation (MCS) method is discussed in [21], in which the “well-being” approach is 
implemented by combining deterministic and probabilistic approaches for applying to hybrid energy 
systems. Furthermore, the effects of different energy types, effects of changes in peak load and 
renewable capacity on system health and fuel savings are also studied in that paper. Paper[22]
presented an evaluation model and applied it to analyze optimum generation expansion of small
isolated systems using PV and wind energy sources. Paper [23] studied reliability and cost 
implications of PV and Wind Energy utilization in small isolated power systems. A Monte Carlo 
simulation approach has been utilized to incorporate the numerous random variables and their
interactions. Paper [24] developed an analytical method for well-being assessment of small 
autonomous power systems having solar and wind energy systems. 

6 Optimal Design of a Reliable Renewable Energy System 
One of the most important issues in hybrid renewable systems is to optimally size the hybrid system 
components with possible minimum investment and operating costs. There are many studies about the 
optimization and sizing of hybrid renewable energy systems [25-29]. For example, References [25]
reviewed different issues related to the modeling, analysis, optimal sizing, control and energy 
management strategies for hybrid system that are interconnected with wind power, solar photovoltaic 
and fuel cells. Reference [26] presented different sizing techniques and optimization techniques for 
off-grid PV–Wind hybrid systems. It also demonstrated that hybrid energy systems can significantly 
reduce the total life cycle cost of stand-alone power supplies and may constitute the most economical 
solution in many applications. Reference [27] designed and optimized (multi-objective optimization) 
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the size of hybrid energy systems under smart grid theories that divide the load into high and low 
priorities. High priority load that should be supplied at any time but low priority load will be supplied 
only in case of the generation from wind/PV are greater than high priority load and the battery are full, 
otherwise this load can be shifted to next hour. Reference [28] applied the preference-inspired 
coevolutionary algorithm to the design of multi-objective hybrid renewable energy system. Three 
objectives, including the annualized cost of system, the loss of power supply probability and the fuel 
emissions, are minimized. Reference [29] modeled an optimal design of a PV/battery/micro-turbine 
hybrid energy system to supply power to remote communities by using genetic algorithm, in which 
the objective function minimizes the cost of energy production while covering the load demand with a 
specified value for the loss of load probability. Reference [30] designed techno-economically 
optimized systems by simulating behavior of various combinations of renewable energy systems with 
different sizing, including wind turbine (WT), photovoltaic (PV), fuel cell (FC), and battery banks. 

7 Conclusions 
The limited reserves of fuel oils and their unstable prices have significantly increased the interest in 
renewable energy sources. At a particular site, it is an important economical task for electrification of 
villages in rural areas or telecommunications. Therefore, the design of hybrid renewable power 
systems has received considerable attention in the last decade. In any hybrid generation system, sizing 
represents an important part of these system designs, including the optimal sizes of various renewable 
energy sources and storage systems. This paper has reviewed several typical case studies on hybrid 
renewable energy systems, including their modeling and simulation, control and management, 
reliability and economic studies, and the optimal size design by using intelligent computing methods. 
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