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Abstract 
 
The distributed generation (DG) today attracts a large interest due to an even increasing demand 

of energy and the growth of awareness about the impact of conventional energy sources on the 

environment.  

 
Photovoltaic (PV) and wind power are two of the most promising renewable energy technologies. 

Fuel cell (FC) systems also show enormous potential in future DG applications, due to a fast 

technology development, high efficiency, environment friendliness and modularity. Hybrid 

systems encompassing wind, photovoltaic and FC generators are today revised as a viable solution 

to overcome the inner unreliability of renewable energy sources. 

 

The modelling and control of a hybrid wind/PV/FC DG system is addressed in this dissertation. 

Dynamic models for the main system components, namely: wind and PV energy generators, fuel 

cell, electrolyser, power electronic interfaces, battery, hydrogen storage tank, gas compressor, are 

developed and verified by experimental tests and simulation studies. 

 

Five different architectures of stand-alone hybrid power systems are considered, exploiting 

connections through DC and AC buses. Each configuration is managed through a specific  control 

methodology. Based on suitable dynamic models, the five proposed stand-alone hybrid energy 

system configurations have been simulated using the MATLAB/Simulink/SimPowSysTM software 

environment.  

  

A comparison among those configurations has been performed on the basis of purposely 

developed performance indexes. According to obtained results the high voltage DC bus (HVDC) 

configuration reaches the best score among the five configurations. 

 

A Fuzzy logic based management of a stand-alone hybrid generator based on high voltage DC bus 

configuration has been developed to dynamically optimize the power flows among the different 

energy sources. The performances of the proposed strategy are evaluated by simulation in 

different operating conditions. The results confirm the effectiveness of the proposed strategy. 

 

A further goal of the thesis has been the development of a probabilistic approach to size step-up 

transformers for grid-connected wind farms. This approach is mainly based on the evaluation of 

the Loss of Produced Power Probability index (LPPP); the costs of the wind farm equipments are 

also taken into consideration.  

 

 

 

 



iii 

 

 

 

 

Acknowledgments 
 

I am grateful to acknowledge and thank all persons and institutions who assisted me during the 

course of my PhD study. 

 

This work has been done in collaboration with the Excellency School of Catania and National 

Research Council of Italy-Messina / Institute of Advanced Energy Technologies (CNR-

ITAE/Messina). Acknowledgements are given to aforementioned institutions for their financial 

support. 

 

The research activity was carried out under the supervision of Prof. Antonio Testa from the 

Department of Industrial Chemistry and Materials Engineering (DCIIM) at Messina University. 

My deepest gratitude goes to Prof. Testa for his valuable guidance, encouragement and 

professional support during the elaboration of my PhD thesis.  

 

I’m deeply indebted to Prof. Alfio Consoli, the Coordinator of PhD program, from Department of 

Electrical Engineering, Electronics and Systems (DIEES) at Catania University for his support 

and professional guidance. 

 

I would like to express my thanks to Eng. Gaetano Cacciola the director of CNR-ITAE/Messina 

for facilitating my research mission in the institution. I’m obliged to thank Dr. Vincenzo 

Antonucci the manager of energy technology system group (CNR-ITAE/Messina), Giuseppe 

Napoli and Marco Ferraro for their professional guidance, valuable hints and support. I want to 

thank also all of my colleagues in CNR-ITAE/Messina for their friendly companionship in 

particular Alessandro Stassi, Giorgio Dispenza, Francesco Sergi, Giovanni Brunaccini, Laura 

Andaloro and Alessandra Di Blasi. 

 

I’m also grateful to Prof. Mario Cacciato and Giacomo Scelba from the University of Catania and 

Salvatore De Caro from the University of Messina for their guidance and friendship. 

 

Special thanks to my PhD colleagues at the Excellency School of Catania; especially I’m obliged 

to thank Tommaso Scimone, Alberto Gaeta, Vittorio Crisafulli, Muhammad Alsayed, Novella 

Papa and Alessandro Contino for their assistance, helpful scientific discussion and friendship. 

 

I should express the deepest and sincere appreciation to my parents, my wonderful wife Dalia and 

two sons Islam and Ali for their great sacrifices during my study in Italy.  

 

 



iv 

 

 

Table of contents 
 

Abstract   ii 

Acknowledgment iii 

Table of Contents iv 

Nomenclature vii 

  

Chapter  1:  Introduction 1 

  
1.1 Background, Objectives and Motivation 1 

1.2 Main Contribution  4 

1.3 Thesis Outlines  5 

  

Part I : Distributed Generation Systems Based on Hybrid Wind/Photovoltaic/Fuel   

Cell 

7 

  

Chapter 2: Fundamentals of the Renewable Energy Sources and Energy Storage 

Systems  

8 

  

2.1 Renewable Energy Sources 8 

   2.1.1 Photovoltaic Energy  8 
      2.1.1.1General Description of a PV Cell 9 
      2.1.1.2 Characteristics of a PV Module 10 
      2.1.1.3Maximum Power Point Tracker (MPPT)  11 
  2.1.2 Wind Energy System 15 
     2.1.2.1 Wind turbine types 15 

    2.1.2.2 Wind energy model 16 

    2.2.2.3 Wind energy control system 17 

  2.1.3 Fuel Cells 18 
2.1.3.1  Fuel Cell work principle  19 

    2.1.3.2 Fuel Cell types and characteristics  19 

   2.1.3.3 Fuel cell Polarization Curve 20 

2.2 Energy Storage System (ESS) 21 
   2.2.1 Lead Acid Battery Energy Storage System 21 

   2.2.2 Fuel cell - Electrolyser (FC/E-ESS) 23 

   2.2.3 Vanadium Redox Flow Battery  (VRB- ESS) 26 

  
Chapter 3: Stand-Alone Hybrid Distributed Generation System  28 

  

3.1 Distributed Generation System 28 

3.2 Hybrid Power Systems  29 
3.3 Topologies of Hybrid Power Systems 30 
3.3.1 DC Bus Coupled Topology 30 
3.3.2 AC Bus Coupled Topology 30 

3.4 Stand-alone Hybrid System versus Grid Connected System 31 



v 

 

3.5 Stand-Alone Hybrid System Plant Architectures 33 

3.5.1 High Voltage DC Bus Configuration (HVDC) 33 

3.5.2 Low Voltage DC Bus Configuration (LV-DC) 33 

3.5.3 High voltage AC Bus configuration (HVAC) 34 
3.5.4 High Voltage AC-rectified Bus Configuration (HVAC-Rect.) 34 
3.5.5 Double Bus Low and High DC Voltage (LV/HV-DC) 35 
3.6 Hybrid System Input Data 36 

3.7 Hybrid system components parameters 37 

  

Chapter 4: Modelling and Control of the Stand-Alone Hybrid System Components 40 

  
4.1 Modelling and control of PVG 40 
4.2 Modelling and control of WEG 43 
4.3 Modelling and control of Fuel cell 46 
4.4 Modelling and control of the electrolyser, H2 storage tank, Compressor and Dump load 48 
4.5Modelling and control of BSS and DC bus 51 

  
Chapter 5: Possible Configurations for a Stand-Alone Hybrid Generator  53 

  
5.1 Introduction 53 

5.2 Bus Voltage Configurations for a Stand-Alone Hybrid Generator 53 

  5.2.1 HV-DC bus configuration 54 

  5.2.2 LV-DC bus configuration 58 
  5.2.3 HVAC bus configuration 59 

  5.2.4 HVAC rectified bus configuration 61 

  5.2.5 Double bus configuration 62 

5.3 Comparative analysis 63 

5.4 Performance Indexes 64 

5.5 Simulation results 66 

  5.5.1 Global Efficiency   66 
  5.5.2 Efficiency of energy transfer from RES to BSS 67 
  5.5.3 Efficiency of energy delivered from BSS to load 68 
  5.5.4Fraction of useful renewable energy performance index 69 
5.6 Sensitivity of performance indexes to seasonal load variation 70 
5.7 Conclusion 71 
  

Chapter 6: Fuzzy Logic Based Management of a Stand-Alone Hybrid Generator 72 

  
6.1 Introduction 72 
6.2 System Configuration 72 
6.3 Power Management Strategy Methodology 74 
6.4 Fuzzy Logic Controller 76 
  6.4.1Background information 76 
  6.4.2 Fuzzy Logic Controller Design  78 

6.5Simulation Results 82 
  6.5.1 Time Domain Performance Indexes 82 
  6.5.2 Performance of FL based management 83 
  6.5.3 Comparison between the FL based strategy and a conventional one based on a 

deterministic approach. 

87 

6.6 Conclusion 89 

  



vi 

 

Part II: Sizing Step up Transformers for Grid Connected Wind Farms   90 

  

Chapter 7: A Probabilistic Approach to Size Step-Up Transformers for Grid 

Connected Wind Farms 

91 

  
7.1 Introduction  91 

7.2 Schematic of the Proposed Wind Farm  92 
7.3 The Proposed Approach 94 

  7.3.1 Wind Farm Without ESS 95 

  7.3.2 Wind Farm Plant With ESS 98 

7.4 Sizing Step-Up Transformers Analysis 100 

  7.4.1 Sizing Step-up transformers for Wind Farm plants without ESS 101 
  7.4.2 Sizing Step-up transformers for Wind Farm plants with  ESS 104 
7.5 Conclusion 108 

  

References  109 

  



vii 

 

 

Nomenclature 

 

             List of Abbreviation  

 

AC Alternating Current 

BSS Battery Storage System 

DC  Direct Current 

DG Distributed Generation 

E Electrolyser 

ESS Energy Storage System 

FC Fuel Cell 

FL Fuzzy Logic 

GHG Global Greenhouse Gas 

LPF  Low Pass Filter 

LPPP Loss of Produced Power Probability 

LPSP Lost of Power Supply Probability 

MPPT Maximum Power Point Tracker 

PI  Proportional Integral 

PID Proportional Integral Derivative  

PV Photovoltaic 

PVG Photovoltaic Generator 

Pu Per Unit 

PWM  Pulse Width Modulation 

RE Renewable Energy 

RES Renewable Energy Sources 

RMS Root Mean Square 

SOC State of Charge 

THD Total Harmonic Distortion 

WEG Wind Energy Generator 

WT Wind Turbine 

  



1 

 

 

Chapter 1 
 

Introduction 
 

This chapter presents the background, objectives and the motivation of the thesis, continuing with 

a list of the main contributions and finishing with the outline of the thesis. 

 

1.1 Background, Objectives and Motivation 
 

As shown in Figure 1.1 electricity generation is still largely based on conventional energy sources, 

which however, sooner or later, are going to be depleted.  This makes the future dangerously 

vulnerable, as fossil fuel demand will shortly exceed the production capacity of even the largest 

suppliers, and the nuclear power generation, once considered as an unlimited energy source, is 

today quite unpopular and worrying, especially after Chernobyl and Fukushima Daiichi nuclear 

power plants disasters in Ukraine and Japan, respectively.  Moreover, the generation of electrical 

energy using conventional technologies over decades has severely affected the environment.  As a 

result, the whole world is today engaged in a challenge to reduce the negative impact of the 

energy generation on our planet and find out how to generate the required amount of energy from 

clean energy sources. 

 

 
Figure 1.1. World net electricity generation by fuel, 2007-2035 [1] 

 

The world electric power generation is expected to rapidly increase in the next two decades, 

Figure 1.2 shows the strong growth of the total electric power and total energy consumption in the 

in the past two decades and its projection over the next two decades. 
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Figure 1.2.  Growth in world electric power generation and total energy consumption, 1990-2035 [1] 

The share of electrical energy over the total energetic demand is increasing and grows up faster 

than those of liquid fuels, natural gas, and coal in all end-use sectors except transportation. This 

increases the total energy consumption, the global warming and the worries about shortage of 

conventional fuels, powering a great interest about large scale generation from renewable energy 

sources (RES) as a viable solution to the energetic problem. 

 

Figure 1.3. World crude oil prices based on the first week data of January in each year 1978-2011 [2] 

Renewable energies is a fast-growing segment as depicted in Figure 1.1.  The total electricity 

generation from RES increases by 3.0 percent annually, and the renewable share of world 

electricity generation will grow from 18 percent in 2007 to 23 percent in 2035. It is good practice 

to mention that almost 80 percent of the increase is in hydroelectric and wind power [1]. 

Among RE technologies, photovoltaic (PV) and wind turbines (WT) are indeed the most popular, 

although their diffusion has been hampered by high costs and technological problems. However, 

in the last two decades the efficiency and reliability of photovoltaic and wind generators have 

been remarkably improved and the capital costs lowered.  

The solar energy that hits the earth’s surface in one hour is about the same that is consumed by all 

human activities in one year. Electricity can be generated from sunlight through photovoltaic (PV) 

and solar thermal systems. PV energy will be discussed throughout this dissertation. 
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There are four primary applications for PV power systems as reported in [3]: off-grid domestic, 

off-grid non domestic, grid connected distributed and grid connected centralized. PV energy is 

one of the fast growing renewable energy technology. Figure 1.4 shows the cumulative installed 

grid-connected and off-grid PV power in the IEA-PVPS1 countries, About 6.2 GW of PV capacity 

were installed in the IEA PVPS countries during 2009 while total PV capacity installed worldwide 

during 2009 is estimated to be a little over 7 GW [3].   

 

Much the same amount was installed in the previous year which is considered a good indication to 

healthy growth rate of PV energy market despite the global economic slowdown.  

 

 
Figure 1.4. Cumulative installed grid-connected and off-grid PV power in the reporting countries [3] 

 

In 2009 the average price of photovoltaic modules in the IEA PVPS countries was about 2.6 

USD/W, a decrease of 35 % compared to the corresponding figure for 2008. Prices as low as 3.5 

USD/W were reported for grid-connected systems in 2009 but typically prices were in the range 4 

USD/W to 6 USD/W [3]. 

 

Wind energy is a clean energy source that increasingly contributes to reduce the dependency from 

fossil fuels, taking full advantage from a progressive cost reduction of wind generators in times in 

which the cost of traditional fuels instead increases [4]. According to the Figure 1.5 released by 

the Global Wind Energy Council (GWEC) in 2010 the wind energy generation has grown  

exponentially in the last two decades. 

 

                                                             
1 IEA-PVPS : International Energy Agency – Photovoltaic Power Systems Programme. There are 19 countries participating 

in this program. The top three PV countries, Japan, Germany, and the U.S. Over 90% of the world total PV capacity is 
installed in the IEA-PVPS countries. 
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Figure 1.5. Growth of the world’s wind installed capacity [5] 

 

Fuel Cell technology is an attractive option to compensate the discontinuity of some renewable 

energy sources like solar irradiation and wind, thanks to a high efficiency, a fast load response, 

the modularity, and large fuel flexibility [6]. A FC is an electrochemical device that generates 

electricity directly from the chemical energy of a fuel, generally hydrogen or hydrocarbon. The 

yearly amount of annual patent applications related to the FC technology today exceeds 3500 [7], 

reflecting a rapid technological progress, leading to a massive introduction of FC systems into the 

market in a near future. 

 

Hybrid generation stand-alone power system composed of wind energy generator (WEG) and 

Photovoltaic energy generator (PVG) with proper control methodology and configuration have 

great potential to provide higher quality and more reliable power to customers than a system 

based on a single resource due to the overlap of the availability of the two primary sources. In this 

context FC technology is an attractive option to compensate the discontinuity of solar irradiation 

and wind, thanks to a high efficiency, a fast load response and modularity [6].  

 

The matter of finding out the optimal system configuration, for a of a hybrid wind/PV/FC DG 

system is first addressed along this work. Proper power electronic interfaces and power 

management techniques are examined and comprehensively discussed. In the second part of the 

thesis, a design technique is proposed to optimally select the step-up transformer on conventional 

wind farm plants and those with ESS. It is based on the evaluation of initial and operating costs. 

This work is very important as traditional method of sizing step up transformers leads to huge 

power losses and network stability problems. 

 

1.2 Main Contribution  

 

1. Dynamic modelling, control and validation of the main components of a hybrid wind/PV/FC 

DG system using Matlab/Simulink/SimPowSysTM. These components include: 
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• PVG with maximum power point tracking (MPPT). 

• WEG with maximum power point tracking (MPPT). 

• FC and Electrolyser (E) with the required control strategies. 

• Battery storage system (BSS) with the required control strategy. 

• Power electronic interfacing equipments with control strategy. 

• Accessories  

 

The developed models are based on real commercial devices installed in lab. The models were 

validated using experimental and simulation studies. 

 

2. An investigation, accomplished through simulations, about different requirements of stand-

alone and grid-connected hybrid power systems in terms of power electronic interfacing 

devices, control methodologies and the capacity of the required storage system. 

 

3. The identification of possible stand-alone hybrid power system architectures featuring 

different bus voltages. Among those architectures are: 

 

• High voltage DC bus configuration (HV-DC),  

• Low voltage DC bus configuration (LV-DC),  

• High voltage AC bus configuration (HV-AC), 

• High voltage AC rectified bus configuration (HV-AC rect.) and 

• Double buses low and high voltage DC bus configuration (LV/HV-DC).  

 

4. The above configurations are modelled and controlled using different control strategies.  

 

5. The identification of the optimal configuration based on special performances indexes 

designed specially for this purpose. 

 

6. The design of a power management strategy for a stand-alone hybrid system based on both 

conventional controller and fuzzy logic controller. 

 

7. The design of a probabilistic methodology to size step up transformers for conventional grid 

connected wind farms plants and those with ESS on the basis of the statistical distribution of 

the wind energy in the selected site and the mathematical model of the plant.   

 

1.3  Thesis Outlines   

 
Chapter 1 presents the background, objectives, motivation and main contribution of this research.  

 

Chapter 2 reviews the fundamental concepts and principles of the new and renewable energy 

sources utilized in this study. Some types of energy storage systems are also reviewed. 

  

In chapter 3 the distribution generation (DG) system and topologies of the hybrid power systems 

are presented in addition to simulation studies to define the main features of the stand alone and 
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grid connected systems, it also introduces different architecture of stand-alone hybrid system. The 

input weather data for a specific site and daily load demand in cold season is also included with 

the real hybrid system components parameters utilized in the study. 

 

In Chapter 4, the stand alone alternative energy hybrid system components are modelled and 

controlled.  

 

In Chapter 5, the control of  different configurations for a stand-alone hybrid generator and the 

comparison analysis between those configurations are presented. 

 

In Chapter 6, a power management strategy for a stand-alone generator based on a fuzzy logic 

controller is developed. 

 

In Chapter 7, a probabilistic approach to size step-up transformers for grid connected wind farms 

on the basis of statistical distribution of the wind energy is carried out.   
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Distributed Generation Systems Based on Hybrid 
Wind/Photovoltaic/Fuel Cell   



8 

 

 

 

Chapter 2 
 

Fundamentals of Renewable Energy Sources and Energy 

Storage Systems  
 

 

This chapter reviews the fundamental concepts and principles of renewable energy sources 

utilized in this study. Three types of energy storage systems will be reviewed as they are 

considered in this research.  

 
2.1 Renewable Energy Sources  

 
Sun is the source of all types of renewable energies, earth receives solar energy as radiation from 

the sun which makes the planet heated up and in consequence the wind, rain, rivers, and waves are 

generated. The biomass that is used to produce electricity and transportation fuel is originated 

from the sun as well.  

The hydrogen which can be extracted from many organic compounds and water is considered a 

source of energy once separated as it doesn’t occur naturally as a gas but combined with other 

elements. 

Renewable energy sources (RES) can’t be exhausted or run out and cause so little damage to 

environment. Photovoltaic, Wind and Fuel Cells energy conversion systems will be discussed in 

some details as they are the main energy sources utilized in this research. 

 

2.1.1 Photovoltaic Energy  

 

Before going into details of PV energy conversion system, it is good practice to define some 

important terminologies. 

 

• Solar radiation: It is a collection of beam, diffusion and albedo radiations that come directly 

and indirectly from the sun [8]. 

• Solar constant: The solar radiation that falls on a unit area above the atmosphere at a vertical 

angle. It equals to 1367 W/m² [8]. 

• Irradiance: A measure of power density of sunlight (W/m2). 

• Air mass: It is defined as the ratio of the mass of atmosphere through which the solar radiation 

passes to the mass it would pass through if the sun were at the zenith. 
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2.1.1.1 General Description of a PV Cell 

  
PV cells are used worldwide to convert sunlight into electricity and considered one of the 

technologies with the fastest growth rate. Due to many incentives PV power supplied to utility 

grid is increasing and become more visible [9].   

 

The PV cell contains two layers of positive and negative charge semiconductor materials. As the 

sunlight strikes and enters the cell, some photons are absorbed by semiconductor atoms, freeing 

electrons that travel from the negative layer of the cell back to the positive layer. In consequence 

of this process the voltage is created. The flow of electrons through an external circuit produces 

electricity [10]. Figure 2.1 shows the basic solar cell structure. 

 

 

Figure 2.1.  Basic solar cell structure [10] 

 
There are no moving parts inside a PV module resulting in a life time exceeding 25 years.  

 

There are different types of PV cell technologies [11]: 

 

• Single crystalline silicon PV cell with efficiency range:  10 - 15%. 

• Multi-crystalline silicon with efficiency range: 9% - 12%. 

• Thin-film amorphous silicon with 10% efficiency. 

• Thin-film copper indium diselenide with 12% efficiency. 

• Thin-film cadmium telluride and dye-sensitised nano-structured materials with 9% efficiency. 

• Novel technologies such as the thin-layer silicon with 8% efficiency. 
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2.1.1.2 I-U Characteristics of a PV Module 

The electrical model of PV cell is simply a current source in parallel with a diode as shown in 

Figure 2.2; the current is proportional to the intensity of light that falls on the cell.  

 
Figure 2.2. Electrical model and characteristics of a PV cell 

 
Figure 2.3 shows the I-V characteristics of a PV cell. The open circuit voltage is obtained when 

the PV cell is not connected to any load. In such a working condition the voltage across the PV 

cell is maximum.  

 

When a load is connected to the PV cell, current flows through the circuit and the voltage goes 

down. The current is maximum when the two terminals are directly connected with each other and 

the voltage is zero. The current in this case is called short circuit current. The point where the 

maximum power is obtained is called the maximum power point as shown in Figure 2.3. 

 

 
 

Figure 2.3. I-V characteristics of a typical PV cell 

 
The amount of generated energy from PV cell mainly depends on its size and material. Solar 

radiation and temperature also affect the PV cell characteristics. Current is directly and highly 

affected by the amount of solar radiation while voltage is not highly affected.  
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Figure 2.4 shows the I-V characteristics of BP 585 high-efficiency mono-crystalline PV module at 

different irradiations at 25C° [12]. 

 

 
Figure 2.4. I-V and P-V characteristics of BP 585 high-efficiency mono-crystalline PV module at different 

irradiations and 25 ◦C. 
 
On the other hand, the voltage is more affected by changes in the temperature of the PV cell than 

the current. Figure 2.5 shows the characteristics of BP 585 high-efficiency Mono-crystalline PV 

module at 1000 W/m2 with different cell temperature [12]. It is clear that as the solar cell 

temperature increases the amount of open voltage decreases.   

 

 
Figure 2.5. I-V and P-V characteristics of BP 585 high-efficiency mono-crystalline PV module at different 

temperatures and 1000W/m
2
  

 
As the power generated from a typical single PV cell is less than 2W at approximately 0.5V DC, a 

typical PV module is made up of around 36 or 72 cells connected in series. An array of PV 

modules is made up by connecting number of modules in series and in parallel in order to have the 

required capacity of power and voltages. Figure 2.6 shows the PV cell, module and array.  

 

2.1.1.3 Maximum Power Point Tracker (MPPT) 
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The I-V characteristic is very sensitive to solar radiation and temperature. It is observed from I-V 

characteristics that at different values of temperature and solar radiation correspond different 

points of maximum power (MPP). 

 

 

Figure 2.6. PV cell, module and array 

 

It is essential to force a PV module to always work at the MPP corresponding to actual conditions 

of solar radiation and temperature, in order to obtain the best energetic efficiency. Working at 

MPP is essential in PV power generation, because the input energy is free while the capital 

investment is relatively high.  

 

Various MPPT techniques can be found in literature [13]. Among these, the most important are: 

 

• The perturbation and observation method (P&O). 

• Incremental Conductance method.  

• Current-Based MPPT. 

• Voltage-Based MPPT. 

 
The perturbation and observation method (P&O) 

 
This method is widely used in MPPT because of its simple structure and the few measured 

parameters. The working principle is summarised as follows: The array terminal voltage is 

periodically perturbed (increased or decreased) and the gradient of the PV output power is 

analysed. If the perturbation produces an increment of the output power, a further perturbation 

with the same sign is exerted, otherwise the sign of the perturbation is changed [14]. 

 

The flow chart of a P&O MPPT algorithm is shown in Figure 2.7. The algorithm reads the values 

of PV module output current and voltage, then computes the gradient of the output power. The 

main disadvantage of this method is that as the voltage is perturbed every MPPT cycle even at 

constant or slowly weather conditions, the algorithm causes an oscillation of the working point 
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around the point of maximum power of the PV which causes some power loss, this could be 

reduced by reducing the perturbation step [14]. 

 

 
 

Figure 2.7. Flow chart of P&O MPPT algorithm 

 

 
Incremental conductance MPPT algorithm  

This method solves the problem of the perturbation and observation (P&O) method to track the 

fast varying weather conditions.  

The basic idea is that at the MPP, the derivative of the power with respect to the voltage is zero 

because the MPP corresponds to the point of maximum of the power curve as shown in the right 

side of  Figure 2.4, i.e. dP/dV = 0. In the same Figure we note that at the left side of the MPP the 

power is increasing with the voltage, i.e. dP/dV > 0, and it is decreasing to the right of the MPP, 

i.e. dP/dV < 0 [14]. 

 

These relations can be rewritten in terms of the array current and voltage using 

 

dP/dV = d(lV)/dV = I + V dI/dV                                                  (2.1) 

 

Hence by measuring the incremental and instantaneous array conductances (dI/dV and I/V, 

respectively) and making use of the above dP/dV relations, the PV array terminal voltage can be 

adjusted to reach the MPP. One disadvantage of this algorithm is the increased complexity when 

compared to the perturb and observe approach. 
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Current-Based Maximum Power Point Tracking CMPPT [13] 
 
A linear relationship between the current at maximum power point (Imp) and the short circuit 

current (Isc) has been observed. This can be written in eq. (2.2). 

 

Imp = Kc * Isc                                                                                  (2.2) 

 

Where: 

Isc: short circuit current 

Imp: current at maximum power point. 

Kc: current factor control and assumed to be 0.9. 

 

The main disadvantage of this method is the need to measure the short circuit current, which 

needs a high power resistor.  

 

Voltage-Based Maximum Power Point Tracking (VMPPT) [13] 

 
The idea of this method is similar to CMPPT, in which a linear relationship between the voltage at 

maximum power point (Vmp) and the open circuit voltage (Voc). This can be written in eq. (2.3). 

 

Vmp = Kv * Voc                                                                               (2.3) 

 

Where: 

 

Voc: open circuit voltage. 

Vmp: voltage at maximum power point. 

Kv: voltage factor control, and assumed to be 0.75. 

 

A direct measurement of the open circuit voltage (Voc) makes possible to generate a reference 

voltage according to a feed forward voltage control scheme to bring the solar PV module voltage 

to the point of maximum power. The main drawback of this method is that open circuit voltage 

should be measured very often since it depends on the temperature. To do this, the load must be 

disconnected from the PV module, this reduces the power generated. 

 

The perturbation and observation method (P&O) and the Incremental Conductance method are the 

most common strategies used to achieve a maximum power point tracking in PV plants.  

 

Incremental Conductance method has a good performance during the varying weather conditions, 

but, as it uses four sensors for measurements and making decision, a large amount of power will 

be lost specially if the system requires more conversion time [15]. The complexity and the cost of 

the system is higher than P&O method which uses only two sensors. 

 

Power losses decrease if the sampling and execution speed of the perturbation and observation 

method is increased [15]. According to the previous presentation, perturbation and observation 

(P&O) method is selected in this research as a trade-off between accuracy, complexity and the 

cost of the control system. 
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2.1.2  Wind Energy System 
 
Wind energy systems captures the kinetic energy of wind by means of aerodynamically designed 

blades and convert it into electrical energy or use it to do other work, such as pump water, grind 

grains, etc.  

 

The generated low-speed, high-torque mechanical power is converted to electrical power using a 

gear-box and a standard fixed speed generator. Alternatively, the gear-box can be eliminated 

exploiting multi-pole generator systems. Between the grid and the generator a power converter 

can be inserted. The generated electrical power can be AC or DC, in the last case an AC/DC 

power converter is required. 

 

The wind power generation has zero fuel cost and zero emissions. The natural variability of the 

wind speed and direction during the day and season is considered a major drawback, making  

difficult the integration of wind powered generators into conventional utility grids, especially in 

the case of grids that were not designed for fluctuations. 

 

2.1.2.1 Wind turbine types 

 

Two different turbine configurations are available as shown in Figure 2.8. The horizontal-axis 

turbine which is called Danish wind turbine and the vertical-axis configuration that looks like an 

egg beater and is called Darrieus rotor after its inventor.  

 

 
 

Figure 2.8. Horizontal-axis and vertical-axis wind turbines [16] 

 

In the Danish turbine the axis of blade rotation is horizontal with respect to the ground and 

parallel to the wind stream. Most wind turbines are built today with the horizontal-axis design, 

which features cost-effective realization and installation and an easy control through adjustment 

of the blade pitch [17].  
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The advantages of vertical-axis Darrieus machine are [17]: 

 

• It is unidirectional and requires no yaw mechanism to continuously orient itself toward the 

wind direction. 

• Its vertical drive shaft simplifies the installation of the gearbox and the electrical generator on 

the ground, making the structure much simpler.  

• Has a balanced structure compared with a horizontal-axis turbine. 

 

The disadvantages of vertical-axis Darrieus machine are [17]: 

• It requires guy wires attached to the top for support limiting its applications at offshore sites.  

• Not widely used because of output power control problems at high winds. 

• It is unable to effectively use higher wind speeds using a higher tower. 

 

The wind turbines can be classified into three main class according to the size. Small turbines 

rating less than 10kW. They are mainly used to electrify single homes. Intermediate-sized 

systems, with a capacity between 10 and 250 kW. They can be used to electrify a village or 

groups of homes and buildings. Utility-scale turbines can generate several megawatts and usually 

are grouped together into power plants often called “wind farms,” and connected to the electrical 

utility grid; their power is sold to utility customers. The number of blades is normally three.  

 

2.1.2.2 Wind energy model 

 

The mechanical power extracted from the rotor is equal to the difference between the upstream 

and downstream wind power as given in eq. (2.4) [17-19]. 

 

P� =  
�
� ρa C� A� V�

                                                                                   (2.4)                                                                                            

 

At is swept area of the turbine, �a is the air density, Cp is the power coefficient, V is the upstream 

speed of the wind approaching the rotor blades. Eq. (2.4) discloses that the power varies linearly 

with the density of the air sweeping the blades and with the cube of the wind speed. The blades 

cannot extract all of the upstream wind power, as some power is left in the downstream air that 

continues to move with reduced speed. 

 

Cp is defined as shown in eq. (2.5) [17]. 

 

C� =  
�����

�
	
�����

�
	��

�                                                                              (2.5) 

 

Being V0 the downstream speed of the wind leaving the rotor blades. Cp is defined as a fraction of 

the upstream wind power which is captured by the rotor blades and has a theoretical maximum 

value of 0.59. The value of Cp depends on the ratio of the downstream to the upstream wind 

speeds (Vo/V). Figure 2.9 shown the relation between Cp and (Vo/V), it shows that Cp is a single-

maximum-value function [17]. 
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The rotor efficiency is defined as the fraction of available wind power extracted by the rotor and 

fed to the electrical generator. It has a single maximum point. In practical designs, maximum 

achievable Cp is between 0.4 and 0.5 for high-speed, two-blade turbines and between 0.2 and 0.4 

for low-speed turbines with more blades [17]. 

  

 
Figure 2.9. Rotor efficiency vs. Vo/V ratio  

 
The maximum rotor efficiency Cp is achieved at a particular tip speed ratio (TSR,) which is 

defined as the ratio between the peripheral speed of the blades and the wind speed as defined in 

equation (2.6): 

��� =
�
�                                                                                               (2.6) 

Where w, R, and V are: the turbine rotor speed in “rad/s”, the length of a turbine blade (the radius 

of the turbine swept area) in “m”, and the wind speed in “m/s”, respectively. TSR is of vital 

importance in the design of wind turbine generators to extract as much power out of the wind as 

possible. Cp is often expressed as a function of the rotor TSR as shown in Figure 2.10 [17]. The 

optimum TSR depends on the number of the blades. 

 

2.1.2.3 Wind energy control system 

The generated power is proportional to the cube of the wind speed, so a small change in wind 

speed produces a higher power difference. This necessitates a control system to limit the 

converted mechanical power. The power control may be exerted by one of the three control 

systems [11, 20]: 

• Stall control: The output power is regulated through purposely designed rotor blades. In this 

case, when the wind speed is too high, the shape of the blades generates some turbulences 

decreasing the aerodynamic efficiency of the wind turbine. 

• Active stall: the blade angle is adjusted in order to create stall along the blades. 

• Pitch control: the blades are turned out of the wind at higher wind speed. 
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Figure 2.10 Rotor efficiency vs. TSR for rotors with different numbers of blades [17] 

 
It is shown in Figure 2.11 that, according to active and pitch control approaches, when the wind 

speed exceeds the rated value, the power is held constant.  

 

 
 

Figure 2.11. Power characteristics of fixed speed wind turbines. a) Stall control b) Active stall control c) 

Pitch control 

For a stall controlled constant speed system, the output power will reach its peak value somewhat 

higher than its rated value and then decreases as wind speed increases.  

 

2.1.3 Fuel Cells 
 

The worldwide increased interest in FC technology makes relatively huge stationary power plants 

from 200W to 2 MW commercially available, with efficiencies ranging from 30 to 50%. 

Fuel cell is an electrochemical static energy conversion device that produces DC electricity 

through the reaction of hydrogen and oxygen in the presence of an electrolyte, a positive electrode 

(cathode) and a negative electrode (anode). The electrolyte carries electrical charges from one 

electrode to the other. A catalyst is normally exploited to speed up the reaction at the electrodes. 
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2.1.3.1 Fuel Cell work principle  

 

There are several kinds of fuel cells and each one operates a bit differently. The hydrogen atoms 

enter a FC at the anode where a chemical reaction strips them of their electrons as shown in eq. 

(2.7): 

 

H� →  2H� +  2e�                                                                               (2.7) 

 

The hydrogen atoms are now ionized and carry a positive electrical charge. At cathode, the 

reaction shown in eq. (2.8) happens: 

 
�
� O� +  2H� +  2e� →  H�O                                                           (2.8) 

 

The negatively charged electrons provide the current through the wires; the overall reaction is 

shown in eq. (2.9). 

 
�
� O� +  H� →  H�O + Heat                                                                    (2.9) 

 

Figure 2.12 shows a schematic diagram of an individual FC with the reactant/product gases and 

the ion conduction flow directions through the cell [21]. 

 

Figure 2.12. Schematic of an Individual FC 

2.1.3.2 Fuel Cell types and characteristics  

 

There are several different types of fuel cells, most often categorized by the type of electrolyte 

present.  

 

• Polymer electrolyte membrane fuel cells (PEMFC),  

• Solid oxide fuel cells (SOFC),  

• Phosphoric acid fuel cells (PAFC), 
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• Molten carbonate fuel cells (MCFC). 

 

The characteristics of different types of FC are summarized in Table 2.2 [21-22]. 

Table 2.2. Characteristics of Types of Fuel Cells 

 PEMFC PAFC MCFC SOFC 

Electrolyte 
Polymer 

 Membrane 
Phosphoric  

Acid 
Molten  
Mixture 

Ceramic 

Operating 
Temperature 

≤ 80°C 205°C 650°C 800-1000°C 

Power Density > 0.6 W/cm2 0.2-0.3 W/cm2 
0.1- 0.2 
W/cm2 

0.25- 0.35 
W/cm2  

Charge Carrier H+ H+ CO3
- O- 

Catalyst Platinum  Platinum Nickel Perovskites 

 

2.1.3.3 FC Polarization Curve 

 

A single FC generates a small DC current and in order to have a reasonable amount of power, 

several fuel cells are usually assembled into a stack. Each individual FC produces a very small 

voltage; the theoretical potential of a cell at 80°C, 1 atm of pressure and under no load is V0 = 

1.16 V [23]. 

 

A typical polarization curve consists of three regions as shown in Figure 2.13. The first region 

represents the activation voltage drop due to the slowness of the chemical reactions taking place at 

electrode surfaces. The wideness of this region depends on the temperature, operating pressure, 

type of electrode, and catalyst used [21-23]. 

 

Figure 2.13 Typical fuel Cell Polarization Curve 

The second region represents the resistive losses due the internal resistance of the fuel cell stack. 

Finally, the third region represents the mass transport losses resulting from the change in 

concentration of reactants as the fuel is used. 

Hydrogen has some unique features that make it an ideal energy carrier [21, 22]: 
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• High conversion efficiency and zero or low emission. 

• Water is the raw material for hydrogen production which is available and abundant.  

• Hydrogen is considered a renewable fuel and can be stored as liquid, gas and solid. 

• Hydrogen can be transported over large distances. 

• FC feature a flexible modular structure and can be placed anywhere in the power system. 

 

2.2  Energy Storage System (ESS) 

 
Various types of energy storage system technologies are currently available they can be classified 

in terms of power capabilities, storage time, transient response time, cost and maturity to be 

applied in real application. 

 
Energy storage systems enhance the distributed generation (DG) as they stabilize the output 

power despite of load and primary power fluctuations, especially for DG based on PV and wind 

systems. 

 
The main performance parameters of ESS for DG are: capacity (Wh), specific energy (Wh/kg), 

energy density (Wh/m3), specific power (W/kg), efficiency, recharge rate, self-discharge, lifetime, 

capital cost, and operating cost [24]. 

 
A fully exploitation of all the available energy from renewable energy sources can hardly been 

accomplished without a suitable energy storage system. Among several possible solutions, three 

types of energy storage system have been considered throughout this dissertation. 

  

2.2.1 Lead Acid Battery Energy Storage System 

 

The lead–acid battery is an electrochemical device with two electrodes reacting with a sulphuric 

acid electrolyte. The charge-discharge reaction shows that both electrodes are converted to lead 

sulphate during discharge [25].   

 

���ℎ�	
��  +  2����  +
���	
����    

����������������������������    
���ℎ�	
����� +  2�� +  

���	
�����     (2.10) 

 

During the charge reaction, the anode and cathode are restored to lead dioxide and metallic lead, 

respectively. The frequent changes in the electrodes limit the number of cycles which normally 

depends on the battery design and depth of charges.  

 

The lead acid technology have a low-cost (300–600$/kW), high reliability, high efficiency and 

mature technology. It is suitable for rapid charge/discharge large storage systems, but the low 

energy density and limited life cycle are major disadvantages [26]. Table 2.2 summarizes the main 

parameters for lead acid batteries [24]. 

The voltage of each lead-acid single cell is a 2.12 to 2.15V. In order to produce higher voltage 

such as 12, 24 and 48V strings, some lead-acid cells are connected in series. These strings may be 

also connected in parallel to produce the required power.   
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Table 2.2. Typical lead acid parameters 

 

Specific energy 20–35 Wh/kg 

Energy density 50–90 Wh/L 

Specific power About 250 W/kg 

Rated cell voltage 2 V 

Electrical efficiency About 80%, depending on recharge rate and temperature 

Recharge rate About 8 hours (possible to quick recharge 90%) 

Self-discharge 1–2% per day 

Lifetime About 800 cycles, depending on the depth of cycle 

 
Deep cycle batteries is an important type of lead acid batteries that is mostly used to store 

electricity in autonomous power systems (e.g. solar, mini- hydro), for emergency back-up and 

electric vehicles. Deep cycle batteries can be classified as following [24, 27]: 

 

Flooded lead acid battery: These batteries have a conventional liquid electrolyte and have two 

sets of lead plates that are coated with chemicals. Standard types have removable caps so that the 

electrolyte can be diluted and the specific gravity measured, such batteries are supplied with 

distilled water as the battery is used. 

 

Maintenance free lead acid batteries: These batteries evolved in two types of lead acid batteries: 

Small sealed lead–acid (SLA) battery, also known under the brand name Gel Cell, and the large 

valve-regulated lead–acid (VRLA) battery. Those types are developed by transforming liquid 

electrolyte into moistened separators and sealing the enclosure. Special valves are normally 

equipped to allow gas venting for safety purposes [24].  

 

A VRLA battery requires a low maintenance and is more tightly packaged if compared with a 

flooded lead-acid battery. However, VRLA batteries are high-priced, less robust and feature a 

shorter life time than flooded lead-acid batteries [24]. 

 

VRLA batteries are normally utilized as standby power supplies in telecommunication 

applications and uninterruptible power supplies. As SLA and VRLA batteries are sealed, they are 

designed to work at low overvoltage potential and avoiding any excess charging which would 

cause gassing and water depletion. This limitation is not included to flooded lead–acid batteries, 

which have wider margin to work at over-voltage and excess charging [24]. 

 

SLA batteries are favored for mobile application for safety and ease of maintenance while VRLA 

batteries have better cost and performance characteristics for stationary applications. 
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Different types of rechargeable electrochemical batteries exist which work according to the same 

principle but with different performances. Table 2.3 shows a comparison between lead-acid 

batteries and Nickel–cadmium, Nickel–metal hydride, Zebra, Lithium ion and Zinc–air 

technologies. 

Table 2.3. Lead acid batteries compared with other technologies 

 

 
Specific Energy 

Wh/kg 

Energy Density 

Wh/L 

Specific Power 

W/kg 

Rated Cell 

Voltage(V) 

Lead–acid 30 75 250 2.0 

Nickel–

cadmium 
50 80 150 1.2 

Nickel–metal 

hydride 
65 150 200 1.2 

Zebra 100 150 150 
High voltage 

integrated stack 

Lithium ion 90 150 300 3.6 

Zinc–air 230 270 105 1.65 

 
 
2.2.2 Fuel cell - Electrolyser (FC/E-ESS) 

 

The combination of a FC energy source and an electrolyser (E) can form another type of energy 

storage system. The surplus electrical energy can be stored in the form of hydrogen through the 

electrolysis process which is considered clean and efficient, while the FC transform the stored 

hydrogen into electric power when a deficit of available power is detected. As the conversion 

efficiency is less than one (>70%), the amount of energy required to produce hydrogen is always 

greater than the energy that can be released by hydrogen utilization.  

 

Water-electrolysis is an expensive process as it needs electrical energy, however it is particularly 

suitable to be used in conjunction with PV and wind energy. Operations of PV/electrolyser pilot 

plants led to a 93% coupling efficiency, without power tracking electronics [28]. 

 

The basic methods for water electrolysis can be classified as following [29]. 

 

• Alkaline electrolysis, 

• Acidic electrolysis: it is commercially available. 

• High temperature electrolysis: (700 – 1000°C) steam electrolysis, far from maturity. 

• Thermochemical electrolysis, 

• Photochemical electrolysis, 

• Photoelectrochemical electrolysis. 

 

The Alkaline electrolysis is the most common and established technology and it will be discussed 

in this chapter. 

 



The electrolyte used in conventional alkaline water 

(KOH) and the typical operati

respectively [29]. 

 

The electrolyser consists of several

designs exist: monopolar and bipolar as shown in Figure 

electrodes are either negative or positive, while bipolar cells have electrodes that are negative on 

one side and positive on the other side normally separated by an electrical 

 

A bipolar electrolyser is more compact than 

pressure (up to 30 bars) which greatly reduces the compression work required to store the 

hydrogen produced by the electrolyser

 

Another advantage of the comp

paths in the electrical wires and electrodes compared to the monopolar cell design 

the internal ohmic losses of the electrolyte, and therefore increases 

[29]. 

 

Figure 2.14. Principle of alkaline water electrolyser cell designs

 
The compactness and high pressures of the bipolar 

and complex system designs, and consequen

electrolysers. Most alkaline electrolysers

 

Advanced alkaline electrolysers

technology is to reduce the practical cell voltage to

current density and thereby reduce the investment cost

 

In zero-gap cell design shown in Figure

side of the diaphragm so that the hydrogen and oxygen gases

the rear. Most manufacturers are already adopting this design. The investment cost of this type i

approximately 500$/kW [12, 31
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The electrolyte used in conventional alkaline water electrolysers is aqueous potassium hydroxide 

(KOH) and the typical operating temperatures and pressures are 70–100°C and 1

of several electrolytic cells connected in parallel. Two different cell 

: monopolar and bipolar as shown in Figure 2.14 part (a). In monopo

electrodes are either negative or positive, while bipolar cells have electrodes that are negative on 

one side and positive on the other side normally separated by an electrical insulator [

is more compact than a monopolar system and can operate at higher 

) which greatly reduces the compression work required to store the 

electrolyser. Monopolar systems operate at atmospheric pressure

Another advantage of the compactness of the bipolar cell design is that it gives shorter current 

paths in the electrical wires and electrodes compared to the monopolar cell design 

losses of the electrolyte, and therefore increases the electrolyser 

Principle of alkaline water electrolyser cell designs [29] 

The compactness and high pressures of the bipolar electrolyzes require relatively sophisticated 

and complex system designs, and consequently higher manufacturing costs 

electrolysers manufactured today are bipolar [29]. 

Advanced alkaline electrolysers are currently being developed. The overall aim of this advanced 

technology is to reduce the practical cell voltage to reduce the unit cost as well as increase the 

eby reduce the investment cost [30]. 

gap cell design shown in Figure 2.14 part b, the electrode materials are pressed on either 

side of the diaphragm so that the hydrogen and oxygen gases are forced to leave the electrodes at 

the rear. Most manufacturers are already adopting this design. The investment cost of this type i

1]. 

is aqueous potassium hydroxide 

100°C and 1–30 bars, 

electrolytic cells connected in parallel. Two different cell 

. In monopolar cells the 

electrodes are either negative or positive, while bipolar cells have electrodes that are negative on 

insulator [29]. 

ar system and can operate at higher 

) which greatly reduces the compression work required to store the 

operate at atmospheric pressure [29]. 

actness of the bipolar cell design is that it gives shorter current 

paths in the electrical wires and electrodes compared to the monopolar cell design which reduces 

the electrolyser efficiency 

 
 

require relatively sophisticated 

 than monopolar 

The overall aim of this advanced 

well as increase the 

b, the electrode materials are pressed on either 

are forced to leave the electrodes at 

the rear. Most manufacturers are already adopting this design. The investment cost of this type is 
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The decomposition of water into hydrogen and oxygen occurs when a DC electric current flows 

between two electrodes separated by a KOH electrolyte. The bad ionic conductivity of the water is 

the reason behind using a conductive electrolyte. The electrochemical half cell reactions and the 

overall reaction of water electrolysis is given by following equations.  

 

Anodic half reaction:           2OH−  ⇒ ½ O + H2O + 2e−                                   (2.11a) 

Cathodic half reaction:        2H2O + 2e− ⇒ H2 + 2OH −                                    (2.11b) 

The overall reaction:           H2O(L)  + electrical energy ⇒ H2(gas) + ½ O2(gas)    (2.11c) 

 

Figure 2.15 shows a plot of the voltage V for an alkaline water electrolyser cell versus the current 

density I/A (current per electrode area) at a high and low operation temperature is shown in Figure 

2.15 [32]. 

 

 
Figure 2.15. I-V curves for an electrolyser cell at high and low temperatures 

 
 
Hydrogen can be stored as gas or liquid, or under the form of hydrides. Main hydrogen storing 

technologies include: 

 

• Large underground hydrogen storage systems in caverns, aquifers, depleted petroleum, and 

natural gas fields. They are likely to be technologically and economically feasible [33]. The 

Hydrogen in these cases  has a gaseous form at a pressure ranging from 80 to 160 bars. 

• Above ground pressurized gas storage systems. Hydrogen is stored in standard pressure 

cylinders of 50L and 200 bars, high-pressure containers at higher pressure over 200bars and 

low pressure spherical containers more than 30,000m3 at pressure ranging from 12 to16 bars 

[34]. 

• Vehicular pressurized hydrogen tanks. Composite material has been developed that allow 

higher pressure more than 200 bars and used in prototype automobiles and buses [35]. 

• Liquid hydrogen storage. This process is costly and seems not to be feasible in ordinary 

application; it is usually used in application where high storage density is absolutely essential 
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as aerospace applications. Hydrogen liquefaction is an energy consuming process as it 

consumes about one third of the energy in liquefied hydrogen [34]. 

• Metal hydride storage: Hydrogen can form metal hydrides with some metals and alloys.  

 

2.2.3 Vanadium Redox Flow Battery  (VRB- ESS) 
 

Flow batteries are a special class of batteries where a large amount of electrolyte is stored in 

external tanks and driven through a galvanic cell by pump. It stores and generates electricity 

through oxidation and reduction of a Vanadium electrolyte that’s why it is often called Redox 

flow batteries. 

 

The two electrolytes are separated by a semi-permeable membrane (PEM) and stored in tanks 

from which they are pumped through PVC pumps to a cell stack. Each electrolyte contains a 

redox-pair based on vanadium dissolved in sulphuric acid [36]. 

 

The PEM permits ion flow, but prevents mixing of the liquids. Electrical contact is made through 

inert conductors in the liquids. As the ions flow across the membrane, an electrical current is 

induced in the conductors. Figure 2.16 shows a schematic of the VRB working principle. 

 

Each cell provides 1.26 V at 25 °C, in real systems there are cell stacks, consisting of many cells, 

each containing two half-cells separated by PEM, The electrolyte is usually pumped through these 

cells in parallel [36]. 

 
The chemical reaction determines the cell potential of the total flow battery, when the battery is 

being discharged; the following half-reactions take place [36]: 

 

The negative cell reaction:       V2+ 
→V3+ + 1e-                                                      (2.12a) 

The positive cell reaction:       VO2
+ + 2H+ + 1e- → VO2+ + H2O                         (2.12b)  

The global reaction:                  V2+ + VO2
+ + 2H+ → V3+ + VO2+ + H2O             (2.12c) 

 

When the vanadium redox flow battery is being charged, the electrochemical processes take place 

the other way round as shown in the following equations: 

 

Negative cell reaction:                V3+ + 1e- → V2+                                                     (2.13a)  

Positive cell reaction:                VO2+ + H2O → VO2
+ + 2H+ + 1e-                       (2.13b)  

Global reaction:                         V3+ + VO2+ + H2O → V2+ + VO2
+ + 2H+            (2.13c) 

 

Advantages of the vanadium redox flow battery include [36, 38, 39]: 

• A virtually unlimited capacity. The capacity can be increased simply by using larger storage 

tanks, as the amount of stored energy depends only on the tank size (the capacity can also be 

increased by using electrolytes with higher concentration of the electroactive vanadium 

species). 

• Can be left completely discharged for a long time and can be quickly recharged by replacing 

the electrolyte if no power is available to charge it.  
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• Very little environmental impact and no health risks. 

• Long lifetime, low materials price, low maintenance requirements, and fast response to rapid 

changes, and a very flexible design.  

• Can be designed for high power applications as well for high-capacity electricity storage, for 

instance for grid-connected electricity storage at wind farms. 

 

 

Figure 2.16. Schematic of a VRB system [37] 

• Has round-trip efficiencies of 65% - 75%.  

• VRB-ESS is very suitable in large scale applications helping to level the production of highly 

variable generation sources such as wind or solar power, can be used as uninterruptible power 

supply and to replace lead-acid batteries and even diesel generators.  

• The VRB-ESS deals with power fluctuation, support reactive power and effectively improve 

the power quality and stability of grid connected wind farms. 

• The VRB-ESS is a promising renewable energy storage technology that may improve a 

powerful rise on environmentally friendly energy production like PV and wind energy. 

• VRB-ESS has entered the commercialization phase of development and leading 

manufacturers have demonstrated full-scale grid connected systems in Japan, South Africa, 

and North America.  

Disadvantages of the vanadium redox flow battery [36]: 

• Lower energy density (25Wh/kg) if compared with other rechargeable batteries, such as lead-

acid (30 - 40 Wh/kg) or lithium-ion battery (80 - 200 Wh/kg). 

• The system is complex compared with standard storage batteries 

• Higher complexity of the system in comparison, especially the hydraulic system. 
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Chapter 3 

Stand-Alone Hybrid Distributed Generation System 
 

This chapter first defines the concept of distributed generation, then introduces and compares 

different topologies for hybrid power systems. Stand-alone and grid connected hybrid power 

systems are defined with the aid of simulations to show the key differences between the two 

systems. 

Some different configurations for stand-alone hybrid power systems are presented and their  

components examined in detail.   

3.1 Distributed Generation System 
 

According to the Distributed Generation (DG) concept the electric power generation is 

decentralized through the introduction of several modular electric generators located close to the 

end users.  It differs fundamentally from the traditional model of central generation where large 

power stations are located far from end-users and connected to load sites through very long 

transmission lines  [40].  

DG devices can be strategically placed in power systems for grid reinforcement, reducing power 

losses and on-peak operating costs, improving voltage profiles and load factors, deferring or 

eliminating system upgrades, and improving system integrity, reliability, and efficiency [41]. 

Figure 3.1 illustrates a comparison between the conventional centralized generation concept and 

the distributed generation one.  

Many combinations of clean and renewable DG technologies and storage devices can be 

assembled to form a standalone or a grid-connected hybrid system. Common combinations are 

shown in Figure 3.2. 

DG based on alternative energy sources has been increased in the last decade and penetrated the 

energy generation market due to the huge rising up in energy consumption, environmental issues 

as well as due to the predicted depletion of the conventional energy sources.  
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Figure 3.1. Central power generation plant versus the distributed generation plant 

 

 

Figure 3.2. Common DGs combinations based on RES 

 

3.2 Hybrid Power Systems  

 
In hybrid power systems, a number of power generators and energy storage systems are combined 

together to meet a specific energy demand profile. In this research only renewable energy sources 

are considered as solar irradiation and wind while the FC technology is exploited to compensate 

the discontinuity of renewable energy sources.  

 

An hybrid generation system composed of a WEG and a PVG, in theory features a load supply 

continuity higher than simple PV or wind generators, due to the overlap of the availability of the 

two primary sources. However, a fully exploitation of all the available energy can hardly been 

accomplished without a suitable energy storage system.  

 

Along this chapter different stand-alone hybrid system plant architectures are presented, analysed 

and discussed in details. All the considered architectures encompass three basic components, 
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namely: PVG, a WEG and a battery storage system (BSS). This chapter also includes a general 

comparison between stand-alone and grid connected systems. 

 

3.3 Topologies of Hybrid Power Systems 
 

Hybrid power systems encompass different types of renewable power generators, which can be 

DC or AC coupled. 

 

3.3.1 DC Bus Coupled Topology  

  
 A DC coupled hybrid power system is a system where different power sources are connected to a 

main DC bus. If present, AC power sources, are connected to the DC bus through suitable AC/DC 

power converters. The DC bus is in turn connected to the utility grid trough a DC/AC inverter.  

The size of this inverter should be accurately selected in order to cover the peak load demand. An 

insufficient rating of the DC/AC inverter is the main obstacle to expand the system by increasing 

the size or the number of generators [42]. 

 
3.3.2 AC Bus Coupled Topology 

 
An AC coupled hybrid power system is a system where different power sources are directly 

connected to an AC grid or to the AC user loads. Table 3.1 summaries the advantages and 

disadvantages of each coupling scheme [41]. 

 

Table 3.1. Comparison between DC and AC Bus Coupled Topologies 

 

Coupling 

Scheme 

Advantage Disadvantage 

 
 

 
DC 

1. Synchronism is not needed. 
 
2. Less transmission losses. 
 
3. Single-wired connection 

1.Voltage compatibility problems 

2. Corrosion concerns with the DC 

electrodes. 

3. Non-standard connection requires high 

costs in installing and maintenance. 

4. If the DC/AC inverter is out of service, the 

whole system fails to supply AC power. 

 
AC 

    

 

 

1. Can be isolated from the 

system easily in case of one of the 

sources fails. 

2. Easy to connect to grid. 

3. Standard interfacing and 

modular structure. 

3. Easy multi-voltage and multi-

terminal matching. 

4. Well established scale 

economy. 

1. Synchronism required. 

2. Power factor and harmonic distortion  

Correction is needed. 

3. Higher transmission losses. (specially for 

long distances) 
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Each inverter according to the AC coupled scheme can provide power to the grid or the loads 

separately and concurrently with other inverters, unlike the DC coupled configuration [43]. This 

feature offers some flexibility to load demand management. In fact, the peak demand can be 

fulfilled by operating in parallel the generators and storage systems, while in case of low demand 

some inverters may be set in stand-by.  

 

3.4 Stand-alone Hybrid Systems versus Grid Connected Systems 

 

An hybrid energy system is called a grid-connected system if it is connected to the grid and is 

called stand-alone if it is not connected to the main utility grid and works independently. 

 

An hybrid system in stand-alone applications requires a suitable energy storage system to handle 

fluctuations of the input power, especially if the generation is totally based on RES. This system is 

considered as a micro-grid as it has its own generation sources and loads [44]. 

 

The micro-grid can supply an utility grid or local loads. In the first case it is called grid-connected 

hybrid system. The storage system capacity can be smaller as the grid compensates the deficiency 

and absorb the surplus power.  

 

Figures 3.3 and 3.4 show some results of a comparative study between stand-alone and grid-

connected systems. Simulations are based on dynamic models designed on 

MatLab/Simulink/SimPowSysTM. Details of models and simulations are introduced in the next 

chapters.  

 

As shown in Figure 3.3 any power unbalance is compensated from the BSS, while in Figure 3.4 

the grid utility behaves like a BSS.  

 

In grid-connected hybrid power systems, some important requirements, such as voltage, frequency 

and harmonic content, are imposed by regulations [45].  

 

DG systems can also be used as active filters or to generate reactive power in order to control the 

voltage of the utility grid. 
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Figure 3.3. Simulation results of PVG/WEG/BSS hybrid generator  

 

 

Figure 3.4 Simulation results of PVG/WEG grid connected hybrid generator 
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3.5 Stand-Alone Hybrid System Plant Architectures 

 
Some different bus voltage configurations can be considered to design a stand-alone power 

system. Among them the following analysed in this dissertation:  

 

• High voltage DC bus configuration (HVDC),  

• Low voltage DC bus configuration (LVDC),  

• High voltage AC bus configuration (HVAC), 

• High voltage AC rectified bus configuration (HVAC rect.), 

• Double buses low and high voltage DC bus configuration (LV/HV-DC).  

 

3.5.1 High Voltage DC Bus Configuration (HVDC) 

In this configuration, the power generated from the different sources is delivered to the load 

through a high voltage DC bus. This configuration requires the installation of an ad hoc network 

operating in DC.  

Figure 3.5 shows a schematic of a stand-alone hybrid system including WEG, PVG and BSS 

devices. The number of conversion stages is relatively low; this reduces the power conversion 

losses as well as the cost. All the components shown in Figure 3.5 are studied in chapter 4 and 5. 

 

Figure 3.5. Schematic of HVDC bus hybrid system 

 

3.5.2 Low Voltage DC Bus Configuration (LV-DC)  

Figure 3.6 shows a schematic diagram of a standalone hybrid system comprising WEG, PVG and 

BSS systems. The generated power is delivered to the load via a low voltage DC bus (36-100)V. 

In a preliminary simulation study, the low DC bus voltage is rated at 96V.  In this configuration, 

the BSS is attached directly to the low voltage DC bus; this allows to store energy without 

conversion losses. 
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Figure 3.6.  Schematic of  LVDC bus configuration 

 

3.5.3 High voltage AC Bus configuration (HVAC) 

Figure 3.7 shows a schematic diagram of the traditional stand-alone hybrid system including 

WEG, PVG and BSS systems. The generated power is delivered to the load through an AC bus.  

The great advantage of this configuration is that it can likely use existing infrastructures and 

facilities.  This allows an easily allocation of different elements of the system even at considerable 

distance. In this context, the possibility of achieving ‘plug and play’ modules designed to be 

directly connected to the AC single phase domestic network is an interesting perspective. 

 

Figure 3.7. Schematic of  HVAC bus configuration 

 

3.5.4 High Voltage AC-rectified Bus Configuration (HVAC-Rect.) 

Figure 3.8 shows the schematic diagram of a stand-alone hybrid system, where the generated 

power is delivered to the load via an ACrect./AC converter. Each generator is equipped to directly 

provide power to the bus featuring an AC rectified voltage. According to such an approach the 

inverters operate in square wave mode with a high efficiency.   
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Figure 3.8. Schematic of  HVAC-Rect. 

3.5.5 Double Bus Low and High DC Voltage (LV/HV-DC)  

Figure 3.9 shows the schematic diagram of a stand-alone hybrid system featuring a sophisticated 

double DC bus configuration. A low voltage DC bus is used to store energy, while a high voltage 

DC bus is exploited to deliver power to the grid.  

 

Figure 3.9. Schematic of LV/HV- DC bus 

The low DC bus voltage is rated at 96V and the high DC bus voltage at (380-400) V. This 
configuration requires dedicated power lines.  

The BSS is directly connected to the low  voltage DC bus which allows to store energy with zero 
conversion losses. 
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3.6 Hybrid System Input Data 

 

The average power demand profile for one home in Italy in the cold season is shown in Figure 

3.10. This load profile is obtained from European load profiles included in reference [46].  

 

 

Figure 3.10. A hourly average load demand of a typical home in Italy- cold season. 

 

The weather data represent the typical day profile in December (winter) as recorded at the 

CNR/ITAE-Italy/Messina. The hourly average wind speed, hourly solar irradiance and hourly air 

temperature data at the same site on the same day are shown in Figures 3.11, 3.12 and 3.13. 

 

 

Figure 3.11. Irradiance data in Messina - Sicily for a typical day in December (winter) 
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Figure 3.12. Average wind speed in Messina - Sicily for a typical day in December (winter)  

 

 

 

Figure 3.13. Temperature data in Messina - Sicily for a typical day in December (winter) 

 

3.7 Hybrid system components 

Throughout this thesis different configurations of stand-alone hybrid system are modelled using 

MatLab/Simulink/SimPowSysTM. The models of the components of the hybrid system are based 

on real devices installed in the Lab, specifically: 

 

A TN-1.5 Tozzi Nord wind turbine of 1.5kW. Due to its vertical axis assembly, with three helical 

blades, this micro turbine is able to harness wind power from every direction, achieving more 

consistent power generation and a low level of acoustic emissions. The wind turbine is fitted with 

a permanent magnet synchronous generator (PMSG) built especially for this type of application 

[47]. The system is connected to the utility network through a specific power converter providing 

a stable 230V 50Hz voltage. In the following it is supposed to consider only the mechanical and 

electromechanical parts of the system.  

 

A Solyndra® 1.88kWp solar array based on the amorphous silicon (a-Si) technology. The installed 

system consists of 3 paralleled strings each one encompassing 4 series connected modules. Each 

module (SL001-157) is rated at 157Wp and 92.5V open circuit voltage [48]. 
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Figure 3.14 shows the Solyndra PV arrays and TN-1.5 Tozzi Nord mini wind turbine installed in 

the lab. 

 

  
 

Figure 3.14 Solyndra PV arrays and TN-1.5 Tozzi Nord mini wind turbine installed in the lab 

 
The BSS rated at 4.6kWh is of the lead acid type, featuring a 96V no load voltage. The 

commercial name is ‘EnerSys -G16EPX (16Ah)’. The BSS consists of 3 strings connected in 

parallel, each string in turn consisting of 8 batteries connected in series to obtain 96V and 

4.6kWh. Main parameters of these components are given in Tables 3.2. 

 
Table 3.2: PVG and WEG main data 

PVG 

Module model Solyndra®   - SL001-157 
Module unit 157Wp at STC 

Module open circuit voltage  92.5 V 

Module number 3 × 4 = 12 
Power rating 1.88kWp 

WEG 

Model TN-1.5 Tozzi Nord 
Rated power 1.5kW 

Cut in/Cut out speed 4m/s & 20m/s 
Generator  type and ratings 1.5kW PMSG @ 50 Hz 

BSS 

Battery (lead acid) 4.6kWh  at  96 V 
 

In the following, while the size of PVG and WEG are those of the systems installed in the Lab, 

the size of the lead acid BSS is selected on the basis of  weather data and load profiles to ensure 

specific goals.  

 

The Loss of Power Supply Probability (LPSP) index is used to size the lead acid battery system. 

MatlabTM software is exploited for this purpose. 
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The probabilistic index LPSP estimates the probability that the output power is insufficient to  

supply a given load in a stand-alone configuration. This index is directly assessing the reliability 

of the system, taking into account the load demand profile, the availability of PV and wind 

energy, the size of the storage system and its charge and discharge efficiency. It can be used to 

determine the minimum size of the storage system that ensures an acceptable continuity of load 

power supply [49]. Typically, values of this index below or equal to 0.0003 are considered 

sufficient.  This corresponds to about one day of lack of load power in ten years [49]. 

 

In the following chapters, some simulations are performed based on a system using a fuel cell and 

electrolyser energy storage system (FC-E-ESS) as a main energy storage system . 

The FC system considered is a NextaTM power module 1.2kW PEM fuel cell stack [50] and a Von 

Hoerner electrolyser rated at 2.25kW. The rated voltage is in the of 30-100 V range, depending on 

the generated power [51]. Main parameters of the FC stack and electrolyser are given in Tables 

3.3.  

Table 3.3.  FC stack and electrolyzer main data 

 

FC Stack 

Model NextaTM  (PEMFC) 
Rated power 1.2 kW 

Operating voltage 22-50V 

Temperature range 3°C - 40°C 

Range of inlet supply pressure 70 – 1720 kPa(g) 
Electrolyzer 

Model Von Hoerner 

Rated power 2.25kW 
Voltage range 30-100V 

Battery (lead acid) 1kWh at  96 V 

 
Figure 3.15 shows a picture of the PEM Fuel cell stack NextaTM unit installed in the lab. 

 

 
 

Figure 3.15  NextaTM PEM Fuel cell stack. 
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Chapter 4 

 

Modelling and Control of the Stand-Alone Hybrid System 

components 
 
 
In this chapter, models and control strategies for: the Photovoltaic energy Generator (PVG), the 

wind energy generator (WEG), Fuel cells (FC), the Electrolyser (E), the Battery storage system 

(BSS) and the  dump load are developed.  

 

4.1 Modelling and control of PVG  

 

A PV cell converts the energy of photons into electric energy in the form of direct current. An 

accurate mathematical model of PV cells is a very important tool to study and analyse the 

dynamic of plants including arrays of PV modules and other systems, such as power electronic 

converters.  

Figure 4.1(a) illustrates a PV cell model using the one-diode equivalent circuit with five 

parameters [52]. In this work, assuming that the parallel resistance is sufficiently high, a 

simplified model is used featuring four parameters as shown in Figure 4. 1(b)  

 

Figure 4. 1 One-diode photovoltaic cell equivalent circuit model. (a) Five parameter model, (b) Simplified 

four parameter model 

The relationship between current and terminal voltage is illustrated in equation (4.1) [53].  

� = �� − ��[
�� (� + �� �/���) − 1]                                                (4.1) 

And 

 �� = ��k� �⁄                                                                                       (4.2) 

Where: 



41 

 

a: the ideality factor, 
I:  output current of the array(A), 

IL: light current of array (A), 

I0: diode reverse saturation current (A), 

k: Boltzmann’s constant (J/°K), 

Ns: number of series connected PV cells, 

q: electron’s charge, 

Rs: equivalent series resistance of the array (Ω), 

T: PV cell temperature at STC in Kelvin (°K), 

V: output voltage of the array (V), 

Vt : thermal voltage of the array (V). 

 

Equations (4.3) and (4.4) are used to calculate the series resistance at reference condition [54]. 

The reference condition is taken as standard test condition (STD) with a radiant power of 1000 

W/m2, a sunlight spectrum of AM = 1.5 and a cell temperature of 25°C.  

�� = [α��� ln(1 −
���,���

�	
,��� ) + ���,��� − �� ,���]/�� ,���                    (4.3) 

���� =
����,������
,���

�	
,���

�	
,������,���
�!"#�����,���

�	
,���
$
                                                        (4.4) 

Where:  

Vmp,ref = maximum power point voltage at the STD, V; 
Voc,ref  = open circuit voltage at STD, V; 
Imp,ref = maximum power point current STD, A; 
Isc,ref = short circuit current at STD, A; 
αref = thermal voltage timing completion factor at STD, V. 
 

The open circuit voltage shows a linear dependence with the temperature as shown in equation 

(4.5). 

 

 V%& �T� = V%& + k'  (T&(!! − T)�&)                                                       (4.5) 

 

Where Kv is the voltage coefficient temperature, V/ C°. 

 

The cell temperature can be derived using an empirical equation (4.6) which depends on rated 

operating conditions temperature (NOCT), NOCT is the temperature of the cell at 800 W/m2 

irradiance and 20 C° of ambient temperature [54,55].  

 

T&(!! =  T*+,-("� – 
./01��2

2.3  G                                                             (4.6) 

 

Where G is the current irradiance at ambient temperature. The short circuit current has a linear 

dependence with the temperature but with less effect than open circuit voltage [55].  

 

I)&�T� =  I)&  (1 +
4�
�22 �T&(!! − T)�&�)                                                  (4.7)                                                                                    

Where ki is the current coefficient temperature, A/ °C.  
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Using the above equations, Solyndra® PV modules have been modelled. Figure 4.3 shows the I-V 

characteristics of the considered Solyndra® PV array at different temperatures. 

 

 
Figure 4.3 I-V characteristics of the Solyndra® solar array model at different temperatures and constant 

solar radiation 

 

Figure 4.4 show the I-V characteristics of the Solyndra® solar array under different solar radiation 

values and 25C° cell temperature. 

 

Figure 4.4. I-V characteristics of the Solyndra® solar array at different solar radiation values and 

constant cell temperature (25C°) 

 

Maximum Power Point Tracking (MPPT) Control   

 

The perturbation and observation (P&O) MPPT algorithm is here used as a trade-off between 
accuracy, complexity and the cost of the control system. 
 
As shown in Figure 4.5, the duty cycle of the DC/DC converter interfacing the PV array and the 
DC bus is continuously adjusted in order to track the maximum power point. 



43 

 

 

Figure 4.5. DC/DC boost converter topology controlled by MPPT algorithm 

 

Figure 4.6 shows the power improvement deriving from the activation of the P&O MPPT 

algorithm in a system based on the Solyndra® solar array . 

 

 

Figure 4. 6 PV generated power with/without MPPT 

 

4.2 Modelling and control of WEG  

 

A TN-1.5 Tozzi Nord 1.5kW wind turbine has been modelled. The output power of a WEG is 

obtained through equation (4.8) [56]. 

P� =  
�
� ρa C� A� V5�                                                                            (4.8) 

Where: 

Pt: wind turbine power (W), 

�a : air density (kg/m3), 

Cp: wind power coefficient, 

At: swept area of the turbine (m2), 

Vw: wind speed (m/s), 

 

Figure 4.7 illustrates the relationship between the power coefficient (Cp) and the wind speed [57]. 

This coefficient is defined as the aerodynamic efficiency of the wind turbine as a function of tip 

speed ratio (TSR). This curve makes easier the calculation of the maximum power that can be 

extracted from wind turbine at various wind speeds. 



44 

 

 

 

Figure 4.7. Power coefficient versus different wind speeds 

 

Figure 4.8 shows the wind turbine output power at different wind speed levels. Main parameters 

of the wind turbine, namely: cut-in, cut-off and rated wind speed respectively are: 4m/s, 20m/s 

and 13m/s.  

 

Figure 4.8. Wind turbine output power characteristic 

 

It can be observed that the output power is kept constant at higher wind speed, even though the 

wind turbine has the potential to produce more power. This is done to protect the electrical system 

and to prevent the over speeding of the rotor.  

The wind turbine shaft torque on the can be computed from the wind power as in equation (4.9), 

in which the rotational speed of the blades (Ω) is that obtained from the mechanical model of the 

PMSG. .  

 T� =  P�/Ω =  
�
� ρaC�A� V5�/Ω                                                           (4.9) 
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The generated torque (Tt) is used as an input for the model of the electrical generator. The 

mechanical section of the electrical generator is described by the following equation (4.10) [58]:  

6
6�ω7 =

�
8 �T( − Fω7 − T� �                                                                  (4.10) 

Where: 

ωr : angular speed dθ/dt  (rad.s-1), 

θ : Rotor angular position (rad), 

J: combined inertia of rotor and load (kg.m2),   

Te: electromagnetic torque (N.m), 

F: combined viscous friction of rotor and load (N.m.s.rad-1), 

Tt : shaft torque (N.m). 

 

The built in SimPowerSys™ block model of a permanent magnet synchronous machine has been  

used to carry out the model of the power generator driven by the wind turbine. The electrical 

model of the permanent magnet generator in the synchronous reference frame (dq) is given in 

equations (4.11), (4.12) and (4.13) [59]. 

6
6� i6 =

�
9� v6 −

:
9� i6 +

9�
9� pw7i;                                                          (4.11) 

6
6� i; =

�
9� v; −

:
9� i; −

9�
9� pw7i6 −

<�5�

9�                                                (4.12)                                                  

T( = 1.5 p [λi; + (L6 − L;)i6i;]                                                         (4.13) 

Where: 

iq, id : q and d axis currents (A), 

Lq, Ld:  q and d axis inductances (H), 

p : number of pole pairs, 

R: resistance of the stator windings (Ω), 

Vq, Vd: q and d axis voltages (V), 

λ: the amplitude of the flux induced by the permanent magnets of the rotor (Wb), 

 

Figure 4.9 shows a schematic diagram of the WEG model.  
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Figure 4.9. Schematic diagram of  WEG model 

 

Figure 4.10 deals with a simulation computing the power generated by the WEG at different wind 
speeds. 

 

Figure 4. 10. Output power of the WEG model at different wind speeds  

 

4.3 Modelling and control of Fuel cell 

A 1.2kW NextaTM  power module PEM fuel cell stack is used. The PEM fuel cell model is based 

on a SimPowerSys™ block model [60]. This model is built using the relationship between output 

voltage and partial pressure of hydrogen, oxygen and water. Figure 4.11 shows the equivalent 

circuit of the fuel cell stack. 

The fuel cell parameters used in this model are as follows: 
 

R= Universal gas constant, 8.3145 J/ (mol K) 

F = Faradays’s constant, 96485 A s/mol, 

z = Number of moving electrons, 

En = Nernst voltage, 

i0 = Exchange current and 

α = Charge transfer coefficient. 

T = Temperature of operation 

PFuel = Absolute supply pressure of fuel (atm.) 
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Pair = Absolute supply pressure of air (atm.) 

Vlpm(fuel) = Fuel flow rate (l/min) 

Vlpm(air) = Air flow rate (l/min) 

x = Percentage of hydrogen in the fuel (%) 

y = Percentage of oxygen in the oxidant (%) 

PH2 = Partial pressure of hydrogen inside the stack 

PO2 = Partial pressure of oxygen inside the stack 

PH2O = Partial pressure of water vapour inside the stack 

w = Percentage of water vapor in the oxidant (%) 

Rin : internal resistance of the fuel cell stack. 

k = Boltzmann's constant, J/0K 

h = Planck's constant = J s 

∆G = Size of the activation barrier. 

 

 
 

Figure 4.11. Equivalent circuit of the fuel cell stack 

 

The fuel cell stack voltage is given by: 

 

��� =   �� − �! ln "�� − "����>                                                          (4.14) 

 

Where  

 �� = �( > − ! ln "2)                                                                        (4.15) 

A = �� 2α#⁄                                                                                         (4.16) 

 

Now the Nernst voltage can be expressed as: 

 

 > = 1.229 + �� − 298�(−44.43 $#⁄ ) + �� ln(�?�%��� $#)&       (4.17) 

"2 =  $#(�?� + �@�)
∆�
�� �ℎ⁄                                                                (4.18) 

 
Figures 4.12 shows a comparison between the model and experimental V-I and P-I characteristics 
of the considered FC system.  
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Figure 4. 12. Estimated and experimental I-V and P-I  characteristics of the FC system 

Figure 4.13 shows a schematic of  the FC control system. 

 
Figure 4.13 Control scheme of connecting FC with the DC bus 

The reference voltage (Vref), is determined by a look up table defined on the basis of experimental 

tests on the FC stack. The required FC power (Pfc-req) is determined from the power management 

controller. The fuel cell voltage is processed by a step up DC/DC converter, that is controlled 

through a PI controller.   

4.4 Modelling and control of the electrolyser, H2 storage tank, Compressor and Dump 

load.  

Hydrogen and oxygen can be obtained by forcing a direct current to flow between two electrodes 

separated by an aqueous electrolyte [61]. The total reaction of water decomposition is shown in 

equation (4.19) provided that a sufficient voltage is applied between the two electrodes [60]: 

 

��A�BC�� +  
'
��("��' 
�
()* → �(���) + �

�
��(���)                    (4.19) 

 

Main parameters of the electrolyser model are shown below: 

 

F: Faraday constant (C/kmol), 
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I: electrolyser current (A), 
nc : number of series connected electrolyser cells 
ηD: Faraday efficiency 

�+?�: produced hydrogen moles per second (mol/s) 
 

According to Faraday’s law [62], the ideal hydrogen production rate of an electrolyser stack is 

given by equation (4.20): 

 

�+?� = ���� 2#⁄                                                                                    (4.20) 

 

Due to the involved parasitic current losses, the actual production rate becomes as in equation 

(4.21) [61,62]. 

�+?� = ,E ���� 2#⁄                                                                               (4.21) 

 

This efficiency is defined as the ratio between the actual amount of hydrogen that can be produced 

from the electrolyser to the real amount. The current efficiency will increase as the current density 

grows because the percentage of the parasitic current over the total current decreases. A higher 

temperature will result in a lower resistance, which leads to a higher parasitic current and a lower 

current efficiency. Assuming that the working temperature of the electrolyser is 40°C, the Faraday 

efficiency may be computed as shown in equation (4.22) [61]. 

 

ηD = 96.5e(2.2F G(⁄ � IJ.J G��⁄ )                                                                  (4.22) 

 

Figure 4.15 shows the electrolyser model designed in Simulink. 

 

 
 

Figure 4. 15. Simulink electrolyser model  

 

A 2.25kW Von Hoerner electrolyser is considered in this study. The rated voltage is in the 30-100 

V range, depending on the power.  

 

The electrolyser is connected with the DC bus through a DC buck converter, the electrolyser can 

be considered as a voltage-sensitive nonlinear DC load [63]. The electrolyser control system acts 

on the buck converter in order to control the generation of H2. Figure 4.16 shows the DC/DC buck 

converter.   
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Figure 4.16.  Electrolyser control scheme 

 

The produced hydrogen is stored in a suitable tank. Once the maximum allowable pressure is 

reached, the hydrogen stops flowing into the storage tank. In this model, it is assumed that the 

storage tank temperature is constant and that all the auxiliary power requirements are ignored. The 

storage process is modelled according to equation (4.23) [64]: 

 

 �� −-   ���  = $ �?���� .?�⁄ ��                   (4.23) 

 
Where:  
 

Pt: Internal pressure of the tank (kPa), 

Pti : Initial internal pressure of the tank (kPa),  

z: Hydrogen compressibility factor, 

MH2: Hydrogen molar mass (kg/ kmol), 

NH2: Hydrogen moles delivered per second to the storage tank (kmol/s), 

Tt:  Temperature of the tank (°K) 

Vt: Volume of the tank (m3). 

 

Figure 4.17 shows the storage tank model designed in Simulink. 

 

The model of the compressor is based on a two stage polytropic compression process with inter-

cooling [65]. The polytropic work of stage 1 and stage 2 to compress H2 gas from P1 to P2 is 

obtained from the following equation (4.24). 
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Figure 4. 17. Simulink model of the hydrogen storage system 

 

/�� + /�� =
>�K�
>��  01L�L�2

��

�
 + 1L�L�2

��

�
− 23                                (4.24)  

Then the total work is  

/����A = �+����/�� + /��� ,��� ⁄                                                  (4.25) 

 

The dump load consists of a power converter and a bank of resistors [66]. The dump load rated 

power is chosen to be a 30% greater than PVG and WEG rated output power, so that the stand-

alone power system can be controlled even in the case of no load and full storage system [67]. 

The dump load is connected to the DC bus. 

 

4.5 Modelling and control of BSS and DC bus 

 
The lead acid type EnerSys -G16EPX (16Ah) BSS features 4.6kWh at 96V. Main parameters used 

in the model are: 

 

A: the exponential zone amplitude (V), 

B: the exponential zone time constant inverse (Ah−1), 

Ebatt : no load voltage (V), 

E0 : battery constant voltage (V), 

Ibatt : battery charging and discharging current (A), 

K : polarisation voltage (V), 

Q: battery capacity (Ah), 

Rin : internal resistance of the battery (Ω) and 

Vbatt : terminal voltage of the battery (V). 
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The built-in SimPowerSys™ block model of lead acid battery is used to model the considered 

BSS [68] It basically consists in a constant resistance connected in series with a controlled voltage 

source, as shown in Figure 4.18. The controlled voltage source is defined by the following 

equations [69]. 

 

E���� = E� − K
�

����
+ Ae

��.��                                                         (4.26)  

 �	
�� =  �	
�� − �� . �	
��                                                            (4.27)         

  

 

 
Figure 4.20. Equivalent electrical circuit of the lead battery 
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Chapter 5 

Possible Configurations for a Stand-Alone Hybrid Generator 

 

Stand-alone architectures presented in Chapter 3 are discussed in details in this chapter. An 

efficiency comparison is accomplished on the basis of suitable performance indexes.  

 

5.1 Introduction  

The stand-alone hybrid system plant discussed in this chapter is composed of three main elements, 

namely: PVG, WEG, and BSS. These elements can be connected together according to different 

configurations and approaches in order to provide energy to load or storage system, such as: DC-

coupling, AC-coupling, or even more sophisticated multiple bus coupling. 

In chapter 3 different stand-alone architectures are presented. In each architecture the amount of 

energy conversion steps that are required to deliver power to storage system and load is different 

and depends on the internal structure of the plant. Therefore, finding the optimum structure of a 

plant is significant task that is greatly affecting the efficiency and performance. 

There is no general solution to find the optimum structure, neither suitable design tools have been 

developed to compare different candidate structures which makes the selection procedure of the 

internal structure of the stand-alone hybrid system plants is left to the skills and specific purpose 

of the designer.  

The optimum configuration is identified among different structures on the basis of environmental 

conditions and load diagrams through a procedure computing the Loss of Power Supply 

Probability index (LPSP) [70] for standalone plants, and the Loss of Produced Power Probability 

index (LPPP) for grid connected plants [71].   

In this thesis a more effective comparison approach has been followed based on specific control 

strategies of each structure, real distribution of solar radiation, wind speed and load as well as 

taking into account the efficiency of each power converter. To do this dynamic models of each 

architecture are designed using MatLab/Simulink/SimPowerSysTM as well as different 

performance indexes are presented. 

 

5.2 Bus Voltage Configurations for a Stand-Alone Hybrid Generator 

 

Five possible bus configurations have been selected to build a stand-alone hybrid generator, 

namely: 

• High voltage DC bus (HV-DC),   
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• Low voltage DC bus (LV-DC),  

• High voltage AC bus (HV-AC),  

• High voltage AC rectified bus (HV-AC rect.), 

• Double bus (LV/HV-DC). 

 

Schematics of each configuration have been presented in Chapter 3.  

 
5.2.1 HV-DC bus configuration 

 

The main elements of the stand-alone hybrid system can be connected through a high DC bus 

(380 - 420V)  and connected to the AC bus by a centralized inverter. This requires the installation 

of a dedicated DC power line, but, on the other hand, the number of conversion steps is reduced 

resulting in lower costs and an increased efficiency. The selected level of the DC bus voltage 

plays an important role in obtaining the best possible efficiency according to the prevalent power 

stream inside the plant. 

 

In this approach two conversion steps are needed to convey power by PVG system to the ESS, 

namely: a first DC/DC conversion is required to conveniently boost the voltage and bidirectional 

DC/DC converter is needed to store the energy in the ESS. Four conversion steps are required to 

store energy from PVG and then deliver it to load.  

 
System configuration  

 
Figure 3.5 shows the schematic of a stand-alone hybrid system based on HV-DC bus and Figure 

5.1 shows the MatLab/Simulink/SimPowSysTM simulation model.  

 

 

 Figure 5.1. Schematic of HV-DC bus configuration 

 

According to this configuration, the generated power is delivered to the load through a high 

voltage DC bus.  
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As shown in Figure 5.1, the number of power conversions required to store energy, or to deliver 

power to the load is quite low; this reduces the power losses as well as the cost.  

The DC bus voltage is selected to be in the 380 - 420V range in order to ensure a 230Vrms and 50 

Hertz sinusoidal waveform at the load connection point. 

 

The Control Methodology 

 

WEG and PVG are individually controlled to always generate the maximum possible power. A 

diode is connected at the output of each generator to make the power flow unidirectional [72]. 

 

A DC/DC boost converter is connected to the output of the PVG to obtain the DC bus voltage. A 

boost converter is selected because the rated output voltage of the Solyndra® PV array (370V) is 

lower than the DC bus voltage. The output of the converter is directly connected to the DC bus, 

where a bulk capacitor is present.  

 

A schematic of the DC/DC boost converter is shown in Figure 5.2. It is controlled in such a way 

to obtain the required output voltage, while forcing the PV array to work at the MPP. 

 

Figure 5.2.  DC/DC Boost converter 

The WEG is connected to a three phase diodes bridge in order to convert the generated variable 

amplitude, variable frequency three phase voltage to a DC voltage. A DC/DC boost converter is 

then tasked to generate the DC bus voltage, while holding the WEG at the MPP as presented in 

Chapter 4. 

 

Figure 5.3. Three-phase uncontrolled full diode bridge rectifier 
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The BSS is connected to the DC bus via a DC/DC bidirectional buck-boost converter, such that 

shown in Figure 5.4.  

 

Figure 5.4. Bidirectional DC/DC converter  

The inverter output voltage is rated at 230Vrms, 50 Hertz. Therefore, in order to allow a direct 

inversion, the DC bus voltage (Vdc) is set between 380 and 420V, as the peak value of the output 

AC voltage is 325 V. The high voltage DC bus (HV-DC) includes a large capacitor acting as a  

decoupling interface between the different components of the hybrid system. The DC bus voltage 

is controlled acting on the DC bus capacitor current. 

 

The BSS may assume three different states, namely: charge, discharge and idle which play a 

major role in regulating the HV-DC bus voltage. In fact, the  DC bus voltage increases when the 

BSS is discharging, while decreases, or remains constant, if the BSS assumes the other two states. 

As shown in Table 5.1, the BSS state is selected by the control algorithm on the basis of the actual 

DC bus voltage and an estimation of the state of charge (SOC) to not overcharge/over discharge 

the BSS. 

 

The three BSS states correspond to three different modes of operation of the buck-boost 

bidirectional converter, that are selected by acting on the duty cycle of  the two switches (S1, S2). 

The DC/DC bidirectional converter works in buck mode to charge the BSS and in boost mode to 

discharge it. Opening both the two switches the BSS is put in the idle mode, this happens 

whenever the BSS is overcharged, or has no sufficient charge to deliver power to the DC bus.  

 

Table 5.1 : BSS control strategy 

 SOC condition         Vbus condition 

Charging mode 
(buck mode) 

0.4 ≥  SOC < 0.95 Vbus>Vmax 

Discharging mode 
(boost mode) 

0.4 < SOC ≤ 0.95 Vbus < Vmin 

Idle mode 
 

SOC < 0.35 Vbus < Vmin 

SOC > 0.95 Vbus >Vmax 
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The control scheme of the DC/DC bidirectional converter is depicted in Figure 5.5. The DC bus 

voltage (Vdc-bus) is sensed and compared to the reference voltage (Vref). The error is processed 

by the PI voltage controller to generate the BSS reference current (Ibat_ref). The last is then 

compared with the actual battery current. The current error is finally exploited to determine the 

duty cycles of the two switches. Parameters of the  two PI regulators are shown in Table 5.2. 

 

 

Figure 5.5. Control scheme of the DC/DC bidirectional converter 

 

A single phase full bridge inverter, as that sketched in Figure 5.6 is used to obtain the required AC 

voltage. The inverter is controlled using the unipolar PWM technique, moreover, a low pass filter 

(LPF) is connected at the output of the inverter to cancel undesired harmonics. LPF inductance 

and capacitance are respectively set at  1.5mH and 200µF.  

 

 

Figure 5.6. Single phase DC/AC full bridge topology with control circuit 

 
Table 5.2: Controllers Parameters 

 

      DC-DC Bidirectional converter 

Voltage controller Current controller 
Kp 0.5 1 

Ki 10 500 
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5.2.2 LV-DC bus configuration 

 

The main elements of the stand-alone hybrid system can be connected through a low DC bus (24 -

96V) and accomplish a direct power delivery to the ESS. The low voltage DC bus can be boosted 

to high voltage using different methods in order to be connected to the AC bus by a centralized 

inverter. The selected level of the DC bus voltage plays an important role in obtaining the best 

possible efficiency according to the prevalent power stream inside the plant. 

 

In this approach one conversion step is needed to convey power by PVG system to the ESS, 

namely: a first DC/DC conversion is required to store the energy in the ESS, while two 

conversion steps are required to transfer power from the WEG to BSS. Three and four conversion 

steps are necessary to achieve a complete cycle of energy storage and delivery to the load in PVG 

and WEG, respectively. 

 

The high voltage DC bus (HVDC) is more suitable when a relevant amount of energy needs to be 

stored, while the  low voltage DC bus (LVDC) is more advantageous if the prevalent  power 

stream is that from the generators to the load. 

 

 System Configuration 

 

Figure 3.6 shows the schematic of a stand-alone hybrid system based on the LV-DC bus 

configuration and Figure 5.7 shows the MatLab/Simulink/SimPowSysTM simulation model. 

 

Control methodology 

 

WEG and PVG are controlled using the same methods and strategies used in the HVDC bus 

configuration.   

A buck DC/DC converter is connected to the PVG to control the output voltage, while 

accomplishing the MPPT. A buck converter is used because the output voltage of the PV array is 

higher than the DC bus voltage (90 to 100V). The Buck inductance is set at 10mH. 

 

The BSS is connected directly to the low DC bus voltage; this allows to store energy with zero 

conversion losses.  

 

Different converter topologies were considered [73] to boost the bus voltage up to 380-420V in 

order to obtain the 230Vrms, 50Hz AC voltage. It has been found that a full-bridge DC/DC 

converter as shown in Figure 5.8 is more efficient and cost effective than Flyback, Boost, C’uk, 

Push-Pull and Half-Bridge topologies. 
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Figure 5.7. Schematic of  LV-DC bus configuration 

 

 

 

Figure 5.8. Full bridge DC/DC converter with HF isolation 

 

A high frequency transformer is used to step up the voltage after inverting the low DC voltage to 

AC voltage; it minimizes hysteresis losses which consequently improves the efficiency to 

approximately 98%. The high frequency transformer is also much smaller and lighter than 

standard transformers [73]. 

 

An inverter is finally exploited to obtain the AC voltage. The topology and control methodology 

are the same of the HVDC configuration.  

5.2.3 HVAC bus configuration 

The main advantage of this configuration is that it can use existing infrastructures and power lines 

[74,75].  This allows an easy allocation of the different elements of the system even at 

considerable distance. In this context, of particular interest is the possibility of design  ‘plug and 

play’ modules to be directly connected to the AC single phase domestic network.  

 

The disadvantage of this configuration may come from the fact that each element must be 

equipped with a dedicated inverter which consequently increases the number of power converters, 
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the conversion steps and the power losses as well. In case of grid connected applications, each 

inverter must be qualified to autonomously achieve the synchronization and the anti islanding 

protection. 

 

In this approach four conversion steps needed to convey power by PVG system to the ESS, that is: 

a first DC/DC conversion is required to conveniently boost the voltage, a DC/AC conversion is 

then necessary to deliver the energy to the AC bus, an AC/DC conversion and finally a 

bidirectional DC/DC conversion is needed to store the energy in the ESS. Alternatively, a direct 

power delivery to the AC load is accomplished with only two conversion steps. 

 

 Other possible option is to eliminate the DC/DC boost converter using PV strings with a suitably 

high output voltage, accordingly reducing the conversion steps and in theory improving the 

efficiency. However, such a single stage AC bus configuration is burdened a poor efficiency of 

the Maximum Power Point Tracking (MPPT) as the working point of PV modules can only be 

controlled through the inverter, in a less efficient way if compared with the conventional approach 

where the DC/DC converter accomplishes the MPPT. 

 

System Configuration 

Figure 3.7 shows the schematic of a stand-alone hybrid system based on the HV-AC bus 

configuration and Figure 5.9 shows the MatLab/Simulink/SimPowSysTM simulation model.  

 

 
Figure 5.9.  Schematic of HVAC bus configuration  
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Control Methodology 

As shown in Figures 3.7 and 5.9 each element is equipped with an inverter, which consequently 

increases the cost and conversion losses. The DC input voltage of each inverter must be in the 380 

to 420V range in order to obtain a 230Vrms and 50 Hertz output voltage.  

A DC/DC boost converter is connected to the PVG to accomplish the MPPT and to increase the 

voltage up to the level required for the inversion. 

A three phase diode bridge and a DC/DC boost converter process the three phase, variable 

amplitude, variable frequency AC voltage generated by the WEG in order to obtain a stable DC 

voltage suitable for  inversion. 

The BSS is connected to the inverter through a DC/DC bidirectional converter as that shown in 

Figure 5.4.  

 

5.2.4 HVAC rectified bus configuration 

System Configuration 

 

The HVDC configuration can be modified in order to operate the inverter in unfolder mode. The 

generated power is delivered to the load via an AC rectified voltage bus. Each energy source is 

equipped with a DC/DC converter controlled in such a way to obtain an output voltage featuring 

an AC rectified voltage waveform. According to such an approach the inverter operates in square 

wave mode with very low switching losses, while the losses of the other power converters are 

almost unchanged if compared with a conventional DC/DC conversion. In fact a conversion step 

is virtually eliminated, as the voltage inversion can be accomplished at efficiency close to 98%, 

while the efficiency of the other power converters is unchanged. 

Figure 3.8 shows the schematic of a stand-alone hybrid system based on HVAC rectified bus and 

Figure 5.10 shows the MatLab/Simulink/SimPowSysTM simulation model.  

 

Figure 5.10. Schematic of HVACrect. bus configuration  
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Control Methodology 

 

The cascade connection of a three phase diode bridge and a DC/DC step up converter is connected 

to the WEG. The DC/DC reference output voltage features an AC rectified waveform. 

 

The BSS is connected with the DC bus via DC/ACrect. bidirectional converter which is controlled 

by a specific control strategy to an AC rectified output voltage waveform 

 

A square wave operated inverter is finally used to invert the rectified AC voltage and to obtain the  

output voltage.  

 

5.2.5 Double Bus configuration  

 

System Configuration 

 

Figure 3.9 shows the schematic of a stand-alone hybrid system based on double buses LV/HV-DC 

configuration and Figure 5.11 shows the MatLab/Simulink/SimPowSysTM simulation model.  

 

The BSS is directly connected to the low voltage DC bus which allows storing energy with zero 

conversion losses. This configuration requires dedicated DC power lines.   

 
 

Figure 5.11. Schematic of LV/HV-DC bus hybrid system 

Control Methodology 
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In this sophisticated configuration that features a double DC bus connection, a low voltage DC 

bus is used to straightforwardly store energy, while a high voltage DC bus is exploited to directly 

deliver power to the grid. While achieving the advantages of both LVDC and HVDC 

configurations, this architecture requires an extra DC power bus and more sophisticated multi-

output power converters. On the other hand, it makes possible to store energy with a single 

conversion step, and to deliver power to the grid with two conversions steps. A full cycle of 

energy storage and delivery to the grid therefore encompasses three conversion steps. The inverter 

is controlled using a conventional PWM technique. 

 

5.3 Comparative analysis  

 

Determining the optimum configuration among possible solutions is necessary in order to obtain 

the maximum possible efficiency and the maximum possible continuity of load supply. On the 

other hand, no standard techniques are available for the selection of the optimum configuration of 

hybrid power system plants that in practice relies on the experience and the skill of the designer. 

 

The traditional AC bus coupling is preferable when initial cost is a critical factor, while if the 

efficiency is the most important parameter, the choice among HVDC, LVDC and LV/HV-DC bus 

coupling must be accomplished case by case on the basis of the prevalent power streams 

occurring inside the plant., under this point of view, an interesting comparison can be made in 

terms of required conversion steps.  

 

According to Table 5.3 the HVDC, LV/HVDC, HVAC and HVAC-rect. bus configurations are 

very effective in directly delivering power to the load. The LV/HVDC and LVDC are very 

suitable for plants including ESS, while HVAC is encountering high conversion losses for plants 

including ESS. The HVDC and HVAC-rect. buses are in the middle between the first and second 

group.  

Table 5.3: Conversion steps  

 
HVDC LVDC HVAC HVAC-rect. LV/HV-DC 

PV→AC load               2 3 2 1+1* 2 

WT→AC load             3 4 3 2+1* 3 

PV→ESS                   2 1 4 2 1 

WT→ESS                3 2 5 3 2 

PV→ESS→AC load 4 3 6 3+1* 3 

WT→ESS→AC load 5 4 7 4+1* 4 

1* = un folder mode voltage inversion 

 

The conversion steps analysis gives only a first quick comparison among the above considered 

configurations, however, it is insufficient to allow the detection of the most favourable 

configuration for a specific plant design. Table 5.3 shows the conversion steps required according 

to each architecture to store energy or to delivery power to the AC load or utility grid. A more 

effective comparison should be made on the basis of specific control strategies, real distribution of 
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solar radiation, wind speed and load as well as taking into account the efficiency of each power 

converter. To do this a dynamic models of each architecture of the above presented configurations 

are designed in MatLab/Simulink/SimPowerSysTM as presented in this chapter. 

 

5.4  Performance Indexes 

The comparison has been accomplished on the basis of four performance indexes: 

• Global efficiency 

• Efficiency in transferring energy from RES to BSS, 

• Efficiency in transferring energy from BSS to load, 

• Fraction of useful renewable energy. 

The global efficiency ( ,�A�M�A) of an hybrid RES power plant is defined as follows:  

,�A�M�A =  �C�  �>⁄                                                                                (5.1a) 

 ��>N._A����� =   �> −   �C�                                                                    (5.1b) 

 

,�A�M�A = 1 −   ��>N._A�����  �>⁄                                                             (5.1c) 

 

Where Econv._losses is the total energy conversion losses, Ein is the input energy from all the 

different energy sources which are PVG, WEG and BSS in this study.  

 

The calculation of global efficiency based on daily input weather data and load using dynamic 

MatLab/Simulink/SimPowerSysTM models of the above mentioned configurations.  

 

A typical day is divided into 24 intervals each one hour long. The energy conversion losses in one 

interval are computed based on a typical efficiency curve of each power converter using equation 

(5.2).   

 

 

 Figure 5.12. Typical efficiency of a 2kW DC/DC converter (left) and of a 2kW rectifier (right) 
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Where Pin-conv is the input power of a converter, ηtypical-conv is the typical efficiency of the converter 

at measured Pin-conv. Each amount of produced and consumed energy has been normalized in 

reference to the total energy consumed by the load. The typical efficiency curves of models’ 

power converters are shown in Figures 5.12 and 5.13. 

 

 

Figure 5.13. Typical efficiency of a 5kW PWM inverter (left) and of a 5kW full bridge DC/DC converter 

(right) 

The flow chart shown in Figure 5.14 illustrates the global efficiency calculation procedure. 

 

 
 

Figure 5.14.  flow chart of global efficiency calculation in each configurations  
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The process starts immediately after running the dynamic simulation model. The daily load 

profile, wind speed distribution and solar radiation of a specific day are the input data of the 

simulation model. Each 0.1 second the input power of each converter is scanned and is entered to 

converter’s efficiency lookup table for calculating the efficiency of the converter at a specific 

point. The converters losses can be easily calculated after identifying equation 5.2 parameters. 

The final step calculates the global efficiency as defined in equation 5.1c. 

 

The efficiency in transferring energy from RES to BSS (ηRES-->BSS) is defined as the efficiency 

of excess energy delivered to BSS from the RES (PVG, WEG). This index is particularly 

significant in evaluating conversion losses of the energy delivered from RES to BSS. This index is 

measured by simulation based on the typical efficiency curves of models’ power converters 

shown in Figures 5.12 and 5.13. 

The efficiency in transferring energy from BSS to load (ηBSS-->Load) is defined as the efficiency 

of energy delivered from BSS to cover the deficiency of load. This index is particularly significant 

in evaluating conversion losses of the energy delivered from BSS to load. This index is measured 

by simulation based on the typical efficiency curves of models’ power converters shown in 

Figures 5.12 and 5.13. 

 

The solar fraction is normally used as a comparison index which is defined as the portion of 

energy consumed by the end use that is ultimately provided by the photovoltaic array [76]. This 

concept has been adapted to fit the case of an hybrid system including a wind turbine. Therefore 

the useful renewable energy fraction (RE-Fraction) is defined as the fraction of the end-use energy 

supplied by PVG and WEG. It is computed as shown in equation (5.3): 

 

� − #(���"�� =  7�
89' �
�. �
()* :��	  �
()*⁄   

                              = ( ���9� �
�. �
()* −  ��>N._A�����) :��	  �
()*⁄               (5.3) 

 

This performance index is significant in determining how well the system is utilising the available 

renewable energy.  

 

5.5 Simulation results 

Simulations have been accomplished using MatLab/Simulink/SimPowSysTM dynamic models 

presented in the previous chapters. The average residential load demand profile for one home in 

Italy in the cold season shown in Figure 3.3 is considered in this study. The average wind speed, 

solar irradiance and air temperature data used are those of a typical day of December recorded at 

CNR/ITAE-Italy /Messina as shown in Figures 3.4, 3.5 and 3.6. 

5.5.1 Global Efficiency 

Figure 5.15 shows the global efficiency of each configuration. 
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Figure 5.15.  Global efficiency of different bus voltage configurations  

It is clear that the HVDC bus configuration obtains the highest global efficiency and HVAC rect. 

bus configuration comes in the next.  

The global efficiency doesn’t depend only on the number of conversion steps as generally known. 

In fact other conditions may play significant roles in determining the effectiveness of energy flow 

from different energy sources and load such as the control strategy and the efficiency of power 

converters. 

5.5.2 Efficiency of energy transfer from RES to BSS (ηRES-->BSS) 

Figures 5.16 and 5.17 show the maximum and average ηRES-->BSS index, respectively. It is clear 

that HVDC, LVDC and LV/HV-DC achieve the highest levels of efficiency. These results are 

well in accord with the results shown in Table 5.3. 

 

Figure 5.16. Maximum ηRES-->BSS index of five bus voltage configurations 

 

 

0.660

0.680

0.700

0.720

0.740

0.760

0.780

0.800

HV-DC HV-AC HV-ACrect. LV-DC LV/HV-DC

G
lo

b
a

l 
E

ff
ic

ie
n

cy
 

0

20

40

60

80

100

HVDC HVAC HVACrect. LVDC LV/HV-DC

η
R

E
S

->
B

S
S

   
(%

)



68 

 

 

Figure 5.17. Average ηRES-->BSS index of five bus voltage configurations 

 

5.5.3 Efficiency of energy delivered from BSS to load (ηBSS-->Load) 

Figures 5.18 and 5.19 show the maximum and average ηBSS-->Load index of each architecture  of a 

stand-alone hybrid power system, it is clear that the efficiency of energy delivery from BSS to 

load are very satisfactory in all configurations but HVDC, HVAC and LV/HVDC are the best.  

 

Figure 5.18. Maximum ηBSS-->Load index of five bus voltage configurations 

 

 

Figure 5.19. Average  ηBSS-->Load index of five bus voltage configurations 
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5.5.4 Fraction of useful renewable energy performance index 

Figure 5.20 shows RE-Fraction achieved by the considered five configurations.  

 

 

Figure 5.20. RE-Fraction of different bus voltage configurations 

 

The maximum RE-Fraction is obtained by the HV-DC bus configuration and the HV-AC rect. bus 

configuration comes in the next. The LV-DC and LV/HV-DC have similar scores. Table 5.4 

shows the deviation of performance indexes from those of the HV-DC bus configuration.  

Table 5.4                                                                                                            

Percentage deviation of performance indexes from those of the HV-DC bus configuration 

 HV-AC HV-ACrect. LV-DC LV/HV-DC 

Global efficiency (%) -8.3 -2.0 -9.3 -9.5 

ηRES-->BSS (%) -14.5 -4.6 8.1 8.1 

ηBSS-->Load (%) 0 -2 -2.1 0 

RE-Fraction (%) -8.3 -4.2 -6.3 -5.3 

 
As shown in Table 5.4 the HV-DC bus configuration is the best in terms of global efficiency as 

the percentage difference from HV-DC is negative in all configurations. HV-ACrect. bus 

configuration is more comparable to HV-DC. In contrast, the LV/HV-DC, HV-AC and LV-DC 

configurations achieve the highest negative difference from HV-DC. 

 

The LV/DC and LV/HV-DC configurations are particularly efficient in storing energy while   

HVAC and HVACrect. aren’t effective in storing energy. The HVDC bus is in between the two 

groups.   

 

The five configurations show roughly the same efficiency when transferring energy from the BSS 

to the load (ηBSS-->Load). 

 

The HV-DC bus configuration draws maximum RE-Fraction which indicates the best utilization 

of the available renewable energy sources.  
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5.6  Sensitivity of performance indexes to seasonal load variation

 
The sensitivity to seasonal load 

the simulation runs with three seasonal load profiles

-0.27 profiles, obtained multiplying the base profile

 

Figure 5.21 illustrates global efficiency of the five configurations o

HVDC and HVACrect. configuration

 

Figure 5.21. Global efficiency of different configuratio
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Figure 5.22 deals with RE-Fraction of 
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load demand leads to a reduction of the 

 

Figure 5.22. RE-Fraction of five configurations with seasonal load variation
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5.7  Conclusion  

 
1. Five architectures for a stand-alone hybrid system encompassing PVG, WEG and BSS are 

studied and analysed and suitable dynamic models have been built. 

 

2. Some performance indexes, namely: the global efficiency, the efficiency in transferring 

energy from RES to BSS, the efficiency in transferring energy from BSS to load and the 

fraction of useful renewable energy have been selected to evaluate the five considered 

configurations. 

 

3. On the basis of these indexes it is found that (at least for the specific case considered): 

 

• The HVDC bus configuration features the highest global efficiency 79.3%, while the HVAC-

rect. configuration is comparable to the HVDC configuration scoring 77.7%. Finally, HVAC, 

LVDC and LV/HV-DC configurations show lower levels of efficiency: 72.7%, 71.9%, 71.7% 

respectively. Under the global efficiency point of view HVDC and HV-ACrect. bus 

configurations are less sensible to load variation than LV/HV-DC, HVAC and LVDC.  

• The LVDC and LV/HV-DC configurations are particularly efficient in storing energy (ηRES--

>BSS) while HVAC is less efficient. The HVDC and HVACrect. bus configurations are in 

between the first and the second group.   

• In case of energy delivery to load from BSS (ηBSS-->Load), all configurations obtain a quite 

similar efficiency. 

• The HVDC bus configuration draws the maximum RE-Fraction, which indicates the best 

utilization of available renewable energy sources. The HVAC-rect. bus configuration is 4.2% 

worse than HVDC while the HVAC, LVDC and LV/HV-DC are respectively 8.3%, 6.3% and 

5.3% less efficient than HVDC. In general, the RE-Fraction is sensible to load variations in all 

configurations. 

 

4.  Based on the above discussions and understandings for the considered case study the HVDC 

bus configuration is the most effective among the five different configurations, based on the 

following reasons: 

 

• HVDC obtains the highest global efficiency and fraction of useful renewable energy 

performance indexes. 

• HVDC obtains the highest value of ηBSS-->load index (efficiency of energy delivered from 

BSS). 

• HVDC bus is in the middle between the best and worst value of ηRES-->BSS index (efficiency 

of energy delivery from RES to BSS). 
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Chapter 6 

Fuzzy Logic Based Management of a Stand-Alone Hybrid 

Generator 
 

The high voltage DC bus (HV-DC) configuration is found to be the best according to the 

performance indexes discussed in chapter 5, therefore further investigations are performed about 

this configuration. A fuzzy logic controller (FLC) is designed to manage the power flows in a 

stand-alone hybrid generation plant based on HV-DC configuration. 

 

6.1 Introduction 
 

The overall control strategy for power management in a hybrid generation plant using a Fuzzy 

logic controller (FLC) is discussed in this chapter. The plant works in island mode and is based on 

the high voltage DC bus configuration (HV-DC), it is composed of: a wind energy generator 

(WEG), a PV energy generator (PVG) and a fuel cell/electrolyser energy storage system (FC/E-

ESS).  

 

The performance of the proposed strategy are evaluated by simulation in different operating 

conditions based on performance indexes that will be discussed in  this chapter. Moreover the 

efficiency of the developed FLC is compared to that of a more conventional controller taking into 

account the fuel cell H2 consumption, the amount of H2 generated from the Electrolyser and the 

final battery state of charge (SOC). 

 

Based on the component models and control methodologies given in the previous chapters, a 

simulation system test-bed for the proposed hybrid alternative energy system has been developed 

in MatLab/Simulink/SimPowSysTM. 

 

6.2 System Configuration 

 
A hybrid generation system composed of a WEG and a PVG, in theory features a load supply 

continuity higher than simple PVGs or WEGs, due to the overlap of the availability of the two 

primary sources. However, a fully exploitation of all the available energy can hardly been 

accomplished without a suitable energy storage system. Among several possible solutions a FC/E-

ESS is considered coupled to an additional Lead Acid battery bank.  

 

Figure 6.1 shows the schematic diagram of the considered standalone hybrid system. The three 

main elements: WEG, PVG and FC/E-ESS are controlled by three independent control systems, 
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also accounting for the MPPT. Details about MPPT algorithms and control methodologies of each 

component are presented in chapters 4 and 5.  

 

 

Figure 6.1. Schematic of the  hybrid generation system 

 

In this study FC/E-EES is the main energy storage system while the Lead Acid batteries are used 

to compensate the low dynamic of the FC system. In the considered plant, the main task of the 

batteries is to hold the DC bus voltage within the rated range in case of sudden load variations, 

therefore the capacity of the batteries is relatively small.   

 

Suitable mathematical models of all the elements of the system have been previously carried out, 

a detailed description of the models can be found in chapter 4. The power controllers of the all 

components presented in Figure 6.1 are discussed in details in chapters 4 and 5.  

 

Figure 6.2 shows the overall diagram of the simulation model in MATLAB/Simulink/ 

SimPowSysTM.  

 

Details about parameters of the four main subsystems of the considered plant are given in Table 

3.1 and 3.2 in Chapter 3. 
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Figure 6.2. Simulation model for the proposed hybrid alternative energy system in 

MATLAB/Simulink/SimPowSys
TM

 

 

6.3 Power Management Strategy Methodology  

 
A stand alone hybrid power generator must be suitably controlled in order to obtain the maximum 

possible efficiency and the maximum possible continuity of load supply. Specifically, the power 

exchange among WEG, PVG, FC/E-ESS and the load must be tightly regulated in order to ensure 

that the captured energy is delivered to the load as much as possible. To do this a system 

management unit computes the references for the control systems of the three main elements of 

the system on the basis of measurements of the power generated from WEG, PVG and FC/E-ESS, 

the DC bus voltage, the amount of H2 in the storage tank and the battery SOC.  

 

The definition of an optimal management strategy for a quite complex system as the considered 

hybrid generator can hardly be accomplished with a traditional method, therefore, a FL approach 

is instead proposed in this study. 

 

FL controller approach is more suitable than conventional one especially in complex system like 

that under investigation in this research. The FL is the way to make machines more intelligent 

enabling them to reason in a fuzzy manner like humans emerged as a tool to deal with uncertain, 
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imprecise or qualitative decision-making problems [78] and it is a convenient way to map an input 

space to an output space. 

 

The basic concept underlying FL is that of a linguistic variable. In effect, much of FL may be 

viewed as a methodology for computing with words rather than numbers; this avoids the need for 

a detailed model of the controlled system or of the control strategy. The most important features 

of FL are [79, 80]: 

 

• It is flexible, and conceptually easy to understand. 

• It is tolerant versus data imprecision and able to cope with models including non linear 

functions of random complexity. 

• It can be integrated with conventional control techniques, to improve their performance while 

making easier their implementation. 

 

Figure 6.3 shows a flow diagram of the proposed power management strategy. It starts from the 

evaluation of Pnet the difference between the whole generated power and the load power demand 

as:  

Pnet = Ppv + Pw - Pload                                                                           (6.1) 

Where Ppv and Pw are respectively the power generated from PVG and WEG, Pload is the load 

power.  The value of  Pnet determines the plant operational mode. If Pnet > 0, there is an excess of 

generated power while if Pnet < 0, the generated power is insufficient.  

 

The excess power is supplied to the electrolyser if the battery is fully charged and if the H2 

reservoir tank is not full. However, if the excess power is greater than the electrolyser rated 

power, part of the energy is transmitted to the dump load. If the reservoir tank is full then the 

excess power is totally delivered to the dump load.  If a lack of power is detected and enough 

hydrogen is available in the reservoir tank, the FC stack is turned on. The lack of power is 

classified into small, normal and high in order to determine the most suitable strategy to 

compensate the shortage. 

 

The FC/E-ESS is operated alone if the lack of power is lower than its rated power. However, if the 

lack of power is small enough only the battery is used.  If the lack of power is high, the battery is 

tasked to support the FC/E-ESS, as in the case of a sudden load variation in order to compensate 

the low dynamic of the stack.      

 

The management strategy shown in Figure 6.3 has been implemented exploiting a FL approach as 

illustrated in the next section. 
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Figure 6.3. Power flows management  

 

6.4 Fuzzy Logic Controller 

6.4.1 Background information 

 

The FL graphical user interface (GUI) toolbox implemented by MATLAB/Simulink has been 

used in this study. It is simple, effective and provides tools to create and edit fuzzy inference 

systems [79]. 

 

In can be defined as a logical system with an extension of multi-valued logic, also it is almost 

synonymous with the theory of fuzzy sets that relates to classes of objects with uncertain 

boundaries in which membership is a matter of degree [79]. 

 

The fuzzy inference is a method that interprets the values in the input vector and assigns values to 

the output vector. It includes five parts: fuzzification of the input variables, application of the 

fuzzy operator (AND or OR) in the antecedent, implication from the antecedent to the consequent, 

aggregation of the consequents across the rules, and defuzzification.  

 

Step1: Fuzzification  

The first step is to take the inputs and determine the degree to which they belong to each of the 

appropriate fuzzy sets via membership functions, this process is called fuzzification. 

The membership function is a curve that defines how much points in the input space are mapped 

to a degree of membership which must vary between 0 and 1. The shape of each membership 
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function can be designed according to the target required that suits us from the point of view of 

simplicity, convenience, speed, and efficiency [79]. 

 

A classical set might be expressed as [79]: 

 

C = {x | x > 6}                                                                            (6.2) 

 

A fuzzy set is an extension of a classical set. If X is the universe of discourse and its elements are 

denoted by x, then a fuzzy set C in X is defined as a set of ordered pairs. 

 

C = {x, µC(x) | x  X}                                                                  (6.3) 

 

µC(x) is called the membership function (or MF) of x in C. The membership function maps each 

element of X to a membership value between 0 and 1. 

 

Several kinds of membership functions can be considered; the simplest is the triangular 

membership function, which is a collection of three points forming a triangle, and the trapezoidal 

membership function, which is just a truncated triangle curve. Some membership functions are 

built based on a simple Gaussian distribution curve or on a two-sided composite Gaussian 

distribution curve. The generalized bell membership function is specified by three parameters 

[79]. 

 

Step 3: Fuzzy operators 

 

After the Fuzzy inference interprets the values in the input vector data, it assigns values to the 

output vector based on some set of rules. These if-then rule statements are used to formulate the 

conditional statements that comprise fuzzy logic which is in the form: ‘if x is A then y is B’, 

where A and B are linguistic values defined by fuzzy sets on the ranges X and Y, respectively. 

The if-part of the rule “x is A” is called the antecedent or premise, while the then-part of the rule 

“y is B” is called the consequent or conclusion. 

 

If the antecedent of a given rule has more than one part, the fuzzy operator is applied to obtain one 

number that represents the result of the antecedent for that rule. This number is then applied to the 

output function. The input to the fuzzy operator consists of two or more membership values from 

fuzzified input variables [79]. 

 

Step3:  Implication 

 

The implication is applied after weighting the rules. Implication is implemented for each rule. The 

input for the implication process is a single number given by the antecedent, and the output is a 

fuzzy set [79]. The available options are minimum function which truncate the output fuzzy set 

and product function that scales the output fuzzy set which both used by the ‘AND’ method.  

 

Step 4: Aggregation 
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The output fuzzy sets that represent the output of each rule are combined into a single output 

fuzzy set which is called aggregation which only occurs once for each output variable. As long as 

the aggregation method is commutative then the order in which the rules are executed is 

unimportant. Various methods are supported such as maximum (MAX), probabilistic OR and 

simply the sum (SUM) of each rule’s output set.   

 

The aggregate of a fuzzy set encompasses a range of output values, and so must be defuzzified in 

order to resolve a single output value from the set which is the final step.  

 

Step 5: Defuzzification 

 

Defuzzification is such inverse transformation which maps the output from the fuzzy domain back 

into the crisp domain. the most popular defuzzification method is the centroid calculation, which 

returns the center of area under the curve [79,81,82]. 

 

6.4.2 Fuzzy Logic Controller Design  

The main task of the control strategy is to determine the references for the control systems of the 

subsystems of the hybrid generation system as shown in Figure 6.3. The FL strategy is built using 

a Mamdani inference with four input variables and two main outputs as shown in Figure 6.4. 

 

 

 Figure 6.4. FL based management strategy 

 

The input variables illustrated in Figure 6.4 are described below: 

1. The net power (Pnet) which is calculated using equation (6.1) is given in the range from -3kW 

to 3kW to determine the situation of the power flow in the system. The Pnet range is defined 

based on the capacity of the system. The net power (Pnet) is described through five linguistic 

terms based on triangular membership functions as shown in Figure 6.5:  

• High-excess: The generated power is larger than the capacity of the system. 

• Normal-excess: The generated power is within the range of the capacity of the system. 

• Small lack: In this range, the system suffers from small energy lack. 



79 

 

• Normal lack: In this range the amount of energy lack is normal according to the control 

system. 

• High lack: The system suffers from high energy lack.  

 

Figure 6.5. Fuzzy sets defining the four inputs 

 

2. DC bus voltage: It is described through three linguistic terms based on triangular membership 

functions , which are: 

• Low limit: In this range, the DC bus voltage decreases lower than the designed value. 

• Normal limit: being in this range the DC bus voltage keeps within the controlled designed 

range. 

• High limit: In some circumstances especially in a lower load demand with higher generated 

power, the DC bus voltage overcomes the designed range of the DC bus voltage. 

3. Normalized Hydrogen tank pressure. It is described using three linguistic terms based on 

generalized bell membership functions: Empty, Medium and Full.  

4. Battery state of charge (SOC). It is described using three linguistic terms based on triangular 

membership functions, namely: Empty, Medium and Full. 

 

The output variables are described below and illustrated in Figure 6.6: 
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1. The battery power has three linguistic terms based on triangular membership functions: 

• Charge mode:  This means that DC/DC bidirectional converter should be controlled to charge 

the BSS. 

• Discharge mode: This means that DC/DC bidirectional converter should be controlled to 

discharge the BSS. 

• Stop (idle) mode: This means that BSS is neither in a charge nor in a discharge mode. 

 

Figure 6.6: Fuzzy sets defining the two outputs 

2. The FC/E-ESS operating mode has five linguistic terms based on triangular  membership 

functions: 

 

• Running fuel cell stack (FC): The FC power source must provide the system with energy, 

normally the amount of required energy is calculated and based on the capacity of the stack. 

• Running electrolyser (EL): The electrolyser starts to convert the specified electrical energy 

from the control system.  

• Running dump load (DL): part of excess energy is directed to dump load as specified by the 

control system. 

• Running electrolyser and dump load (EL+DL). 

• Turning off the FC system (Sys-Off):  The hydrogen system is completely idled.  

 

A connection between the cause and effect, or a condition and a consequence is made by 

reasoning which can be expressed by a logical inference as explained before or by the evaluation 

of inputs in order to draw a conclusion. This study follows rules of inference which have the form 

as shown in the example:  

If Battery-SOC is at full mode and Vdc-bus is at high-limit and Pnet is at high-excess mode and 

the tank normalized-Pressure is at full mode then (battery-mode is stop)(Hydrogen-Sys is DL).  

In this case 20 rules have been designed in order to fit with the power flow management of the 

hybrid system as shown in Figure 6.7. 
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Figure 6.7. System power flow management: 4 inputs, 2 outputs and 20 rules  

 

  
The output of the fuzzy inference are some surfaces as shown Figures 6.8a and 6.8b.  

 

 

 

 

Figure 6.8a. FLC  surface for BSS and hydrogen storage tank 

  



82 

 

 

Figure 6.8b. Fuzzy logic controller surface for BSS and hydrogen storage system 

 

6.5 Simulation Results 
 

Two simulations have been accomplished to confirm the effectiveness of the FL based 

management using performance indexes as: the normalized frequency deviation, stability of the 

DC bus voltage and AC voltage total harmonic distortion of the output signal (THD). Definitions 

of those indexes are presented in the next section. 

 

6.5.1 Time Domain Performance Indexes  

Frequency Deviation 

Frequency deviation is considered an important index. The normalized frequency deviation is 

calculated as shown in eq. (6.4). 

 ∆f = (f − fr)/fr                                                                                (6.4)  

Where fr is the rated frequency (50 Hz) and f is the measured frequency (Hz). According to 

standard EN50160/2006 [83], under normal operating conditions, the mean value of the 

fundamental frequency of islanding system (standalone) measured over 10s must stay within 

range: 50Hz ± 2%. The frequency deviation index is adopted in this study as a stability index, 

which is allowing evaluation of a small frequency variation.  

The Simulink model shown in Figure 6.9 illustrates the method of measuring ∆f. Once the voltage 

signal is sensed, each voltage cycle is transferred to a pulse in the output of the flip flop. The two 

switches and clock are used to count up the time between the two successive pulses. The 

measured frequency (1/T) is compared and divided with the rated frequency (fr) to calculate the 

frequency deviation as illustrated in eq. (6.4). 

Voltage Total Harmonic Distortion (THDv) 

THDV is an important index to evaluate the quality of output AC signal. It is calculated using the 

discrete THDV block in Simulink depending on the eq. (6.5) [84]. 
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Figure 6.9. Simulink model for frequency deviation measurement 

  

�;N  =  %∑ ���P� ��&                                                                         (6.5) 

Variation in DC Bus Voltage 

Variation in DC bus voltage is taken as a system stability index. In general, the variation of 

voltage is caused from sudden changes in load and weather conditions. DC bus voltage is 

controlled to be within the range (380 - 420V) at the input of DC/AC inverter in order to secure 

230Vrms at the connection point with AC load.  

 

 

6.5.2 Performance of FL based management  

 

Three cases are considered, dealing with different weather data and load demand day profiles. The 

ambient temperature is assumed to be constant (25°C) throughout the simulations. The solar 

radiation is expressed in per unit, the base value being 1kW/m2, the wind speed is expressed in 

actual values, the power flow and load demand is also expressed in per unit system at base value 

1kW, and the DC bus voltage is normalized at 400V. 

 

CASE 1: This case deals with an excess of generated power. The battery is assumed full charged 

at the beginning. Results of time domain simulation are shown in Figure 6.10 The simulation test 

can be divided into four intervals: 

 

(0-20s): the average wind speed is about 8.5m/s and the average load is 0.45pu. The solar 

radiation is zero. WEG covers all the load demand and the net power is zero. 

 

(20-60s): the average wind speed rises from 8.5 to 11m/s and load demand rises to 0.6pu. The 

solar radiation rises gradually to about 0.75pu. The excess power increases gradually to 2pu with 

the increase of the solar radiation and wind speed, as shown from the Pnet diagram.      
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Figure 6.10. Case 1 - Time domain simulation 

 

According to the developed power management strategy, the excess power is delivered to the 

electrolyser. Therefore, the storage tank normalized pressure increases as the hydrogen is pumped 

in.  

(60-80s): The load demand decreases to 0.2pu, the solar radiation rises gradually to 0.95pu, while 

the wind speed is constant. The excess power in this interval is higher than the electrolyser rated 
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power. About 0.4pu is then delivered to the dump load, while about 2.2pu is delivered to the 

electrolyser. The storage tank normalized pressure increases as the Hydrogen is still pumped in.  

 

(80-100s): The load demand abruptly rises from 0.2 to 1 to 2pu.  The solar radiation and wind 

speed decreases to 0.6pu and 9m/s, respectively. Within this interval (at 90s) a small power lack 

occurs as the load rises to 2pu. The power lack is compensated by the batteries according to power 

management strategy. 

 

The system is stable during all the considered intervals as it is possible to observe from the ∆f 

diagram. In fact, the normalized frequency deviation is always less than 0.02; moreover, the DC 

bus voltage remains constant around 1pu. More precisely, after 90s, the DC bus voltage decreases 

to 0.98pu, which is still within the allowed range of variation.  

 

CASE 2: Deals with an insufficient generated power. Results of the simulation test is shown in 

Figure 6.11. The simulation can be divided into five intervals: 

 

(0-20s): The average wind speed and the load demand are 5m/s and 0.6pu, respectively. The solar 

radiation rises gradually from 0.2 to 0.3pu.  As the power lack is small (< 0.2pu), it is 

compensated only by the batteries. 

 

 (20-40): The load demand increases to 1.6pu, while the wind speed and the solar radiation 

increase to 6.4m/s and 0.45pu, respectively. The lack of generated power increases. FC/E-ESS 

covers the difference while the power drawn from batteries is null. The H2 storage tank pressure 

decreases as the H2 is pumped out. 

 

(40-60): The load demand rises to 2.8pu, while the wind speed decreases to 6m/s and the solar 

irradiation increases to 0.5pu. The FC/E-ESS and the batteries cover the power difference 

working together. The storage tank pressure decreases as the H2 is still pumped out. 

 

(60-80): The load demand suddenly decreases to 0.5pu, while the wind speed increases to 8m/s. 

the solar irradiation is constant. The excess power is transferred to the batteries. 

 

(80-100s):  The load demand and the wind speed increase to 1pu and 11.5m/s, respectively, while 

a sudden PVG shutdown occurs. In this interval two simultaneous changes are taken into account. 

The WEG supports all the load demand.  

 

The system is stable during all the five intervals, as it is confirmed by the ∆f index which is 

always less than 0.02. The DC bus voltage is sensitive to sudden changes in weather data and 

load, but it is still kept within the allowed range. Moreover, the AC voltage THD does not exceed 

0.05. 
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Figure 6.11.  Case 2 - Time domain simulation 

 

CASE 3: This case deals with zero power generation from WEG and PVG systems which means 

Pnet < 0 during all simulation test. Results of the time domain simulation is shown in Figure 6.12. 

The simulation test can be divided into three intervals: 

 

(0-20s): The average load demand is about 0.2pu. As the power lack is small, it is compensated 

only by the batteries.  

 

(20-80s): The load demand increases from 0.2pu to 1pu. According to power management 

strategy FC covers the lack of power during those periods, while the power drawn from batteries 
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is less than 0.1pu just to maintain the DC bus voltage in the designed range. The H2 storage tank 

pressure decreases as the H2 is pumped out. 

 

 

Figure 6.12. Case 3 - Time domain simulation 

 

 (80-100s): The load demand decreases again to 0.2pu. As the power lack is small, it is 

compensated only by the batteries. The storage tank pressure keeps constant as no H2 is pumped 

out or pumped in. 

 

The system is stable during all the intervals, as it is confirmed by the ∆f index which is always 

less than 0.02. The DC bus voltage decreases suddenly as the FC stack covers the power lack, but 

it is still kept within the allowed range.  Moreover, the AC voltage THD does not exceed 0.05, 

which is a standard   requirement [85], all over the five intervals of the three cases.  

 

6.5.3 Comparison between the FL based strategy and a conventional one based on a deterministic 

approach. 

 

This simulation aims to compare the FL controller with a more conventional controller.  

The performance of the developed FL based management strategy has been compared to that 

obtained by an optimally tuned conventional one. The last being implemented through 

deterministic management rules. Besides the performance indexes used in the FL based 

management in section 6.5.2, considered energy management performances indexes are:  
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• The amount of H2 consumption by fuel cell,  

• The amount of H2 generated from Electrolyser and  

• Final battery state of charge (SOC). 

 

The designed dynamic model is not able to deal with long time simulation that is important to 

show up the energy performance. In order to overcome this problem 1728 seconds are used to 

simulate 24 hours of hourly average load demand for two residential users in Italy as well as real 

weather data measured in CNR-ITAE/Messina, Italy for a typical winter day: hourly average wind 

speed, hourly average solar radiation and hourly average ambient temperature.   

 

The total hourly average residential load demand for one home in Italy in the cold season is 

shown in Figure 3.3 and weather data for a typical day in December are shown in Figures 3.4, 3.5 

and 3.6. 

 

Figure 6.13 shows the main benefits of the FL based management which are: a reduction of the 

fuel cell stack H2 consumption, an higher amount of H2 generated from Electrolyser, and an 

higher final battery SOC.  

 

Figure 6.13. Simulation results of comparison study between FL based management and conventional 

controller 

 

According to Figure 6.13 a great matching is obtained in THD, frequency deviation in both cases. 

The DC bus voltage in both cases is stable with dips and rises in some intervals but still within the   

accepted range.  
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It is worth to note that the conventional controller is optimally designed in order to perform a fair 

comparison with the FL controller. This is clear from the results obtained in the simulation test 

shown in Figure 6.13, which shows great matching in power performance indexes like stability of 

DC bus voltage, frequency deviation, and THD.   

  

The comparison shows the superiority of FL controller to the conventional controller in terms of 

H2 consumption and generation as well as the final SOC of battery. 

 

6.6 Conclusion 
 

• A FL approach has been proposed to the design of a power management strategy for a 

standalone hybrid system encompassing a WEG, a PVG, and a FC/E-ESS.  

 

• The management approach based on fuzziness in values of excess/lack power, DC bus 

voltage, battery SOC, and H2 storage tank capacity offers more realistic and practical 

decisions compared with conventional management based on deterministic logical rules.  

 

• FL based management controller optimizes the energy generation and conversion in the single 

components (FC/E- ESS). 

 

• Time domain stability analysis has been implemented to check the consistence of the 

developed strategy in different operating conditions. Simulation results confirm the 

effectiveness of the proposed power management strategy, providing the ground for the 

practical realization of a fuzzy logic based control system.   

 

• The efficiency of the developed fuzzy logic controller is compared to that of a more 

conventional controller taking into account the fuel cell H2 consumption, the amount of H2 

generated from the Electrolyser and the final battery SOC. 
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Part II 

 

Sizing Step up Transformers for Grid Connected Wind Farms   
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Chapter 7 
 

 

A Probabilistic Approach to Size Step-Up Transformers for 

Grid Connected Wind Farms  

This chapter presents a general design methodology to optimally size step-up transformers for 4.5 

MW grid connected wind farms with/without ESS on the basis of the statistical distribution of the 

wind energy in the selected site and the mathematical model of the plant.   

 

The methodology is based on a probabilistic approach based on the evaluation of the so called 

LPPP (Loss of Produced Power Probability) index. The internal rate of return (IRR) and discount 

payback period (PBP) are utilized as economical indexes. 

 

7.1 Introduction  

 

On large wind farm plants directly connected to the medium voltage utility grid, a step-up 

transformer is required to boost the inverters output voltage from the low voltage range  

(380÷690) V to the medium voltage range (13.8÷46) kV as shown in Figure 7.1. 

 

 
Figure 7.1. Schematic of the considered wind farm plant 
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The step-up transformer is a key element of a wind farm power system, as it processes the whole 

generated energy. Moreover, not only the efficiency and the cost are of primary concern, but also 

the influence of the transformer size either on the amount of energy delivered to the main utility, 

either on the stability of the network. In fact, while selecting a transformer rated power close to 

the wind farm peak power makes theoretically possible to fully transfer the captured wind energy 

to the utility network, such a design criterion will in practice lead to oversize the transformer, 

power converters and the power lines. Moreover, a too large transformer would operate for long 

times at a reduced efficiency, while generating a largely unpredictable power injection on the 

main grid. The last may lead to grid instabilities, causing frequent plant shutdowns, and requiring 

a remarkable reserve power to be provided by conventional generators. On the other hand, a too 

small step-up transformer would constitute a bottleneck, preventing an optimal exploitation of the 

solar energy. 

 

To improve the reliability of wind farm plants resulted from the stochastic nature of the wind 

energy, some forms of energy storage system can be introduced. This may also enable highly 

remunerative new functions, such as peak shaving, load shifting, and utility grid power quality 

control. Several traditional energy storage technologies have been considered to accomplish this 

task. Among them: pumped hydroelectric storage, batteries and compressed air energy storage. 

Some advanced technologies have been also developed in the last years including: flywheels, 

superconducting magnets, fuel cells with electrolysers and redox flow cells.  

 

Sizing of step-up transformer becomes more complex when considering plants with energy 

storage capabilities, as an optimal solution must be detected taking also into account the cost of 

the energy storage system, losses and their effects on the cost and efficiency of the whole system.  

 

The aim of this work is to develop a general methodology to accomplish an optimal sizing of step-

up transformers for grid connected wind farm plants, either directly delivering power to the utility 

network, either equipped with energy storage systems. 

 

Common methods used to select the size of transformers equipping wind farm plants are based on 

deterministic approaches, fairly resulting in oversized designs. Therefore, a new probabilistic 

approach is carried out in this chapter based on an analysis of the LPPP (Loss of Produced Power 

Probability) index. Such an approach has been derived from the well-known LPSP (Lost of Power 

Supply Probability) technique used on PV plants operating in island mode [86, 87]. 

 
7.2 Schematic of the Proposed Wind Farm  

 
Figure 7.1 shows a schematic of the wind farm considered in this study. This section illustrated 
the main components of the electrical system. 
 

• Wind Turbine Generator (WTG)  
 
The wind turbines can be classified into four types [88]:   

 



Type A: Fixed speed with asynchronous squirrel cage induction generator (SCIG) and it is 

directly connected to grid via a transformer. It doesn’t support any speed c

 

Type B: Limited variable speed
directly connected to grid. A capacitor bank performs
 
Type C: Variable speed with partial scale frequency converter

speed wind turbine with WRIG and known as the doubly fed induction generator (DFIG)

 

Type D: Variable speed with full

wind turbine, with the generator

The frequency converter performs the reactive power compensation and a smooth grid 

connection. The generator can be excited electrically in wound rotor synchronous generator 

(WRSG) or WRIG) or by a permanent magnet in PM synchronous generators (PMSG)

 

The WTG considered in this study belongs to the fourth generation Type D class.

 

• Power Electronics Converter
 

The introduction of any power electronic converter in a wind generation plant increases t

losses and harmonics, but has many significant advantages: Energy optimal operation, soft drive 

train, load control, gearless option, reduced noise, controllable active and reactive power, local 

reactive power source, improved network (voltage) s

 

In Figure 7.1, each wind turbine is connected to a three phase rectifier, while a common high 

power inverter is connected to the DC bus. The converters power losses can be computed 

according to efficiency diagram

power inverter. 

 

 
Fig

• Step Up Transformer 
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ariable speed with partial scale frequency converter. It corresponds to 

speed wind turbine with WRIG and known as the doubly fed induction generator (DFIG)

ariable speed with full-scale frequency converter corresponds to the full variable speed 

wind turbine, with the generator connected to the grid through a full-scale frequency converter. 

The frequency converter performs the reactive power compensation and a smooth grid 

connection. The generator can be excited electrically in wound rotor synchronous generator 

manent magnet in PM synchronous generators (PMSG)

The WTG considered in this study belongs to the fourth generation Type D class.

Power Electronics Converter 

The introduction of any power electronic converter in a wind generation plant increases t

losses and harmonics, but has many significant advantages: Energy optimal operation, soft drive 

train, load control, gearless option, reduced noise, controllable active and reactive power, local 

reactive power source, improved network (voltage) stability, improved power quality [

.1, each wind turbine is connected to a three phase rectifier, while a common high 

power inverter is connected to the DC bus. The converters power losses can be computed 

according to efficiency diagrams as that of Figure 7.2 which shows the typical efficiency of a high 

 

Figure 7.2. Typical inverter efficiency curve 

 

ixed speed with asynchronous squirrel cage induction generator (SCIG) and it is 

. 

it uses a wound rotor induction generator (WRIG) and it is 
the reactive power compensation. 

rresponds to limited variable 

speed wind turbine with WRIG and known as the doubly fed induction generator (DFIG). 

scale frequency converter corresponds to the full variable speed 

scale frequency converter. 

The frequency converter performs the reactive power compensation and a smooth grid 

connection. The generator can be excited electrically in wound rotor synchronous generator 

manent magnet in PM synchronous generators (PMSG) [89]. 

The WTG considered in this study belongs to the fourth generation Type D class. 

The introduction of any power electronic converter in a wind generation plant increases the costs, 

losses and harmonics, but has many significant advantages: Energy optimal operation, soft drive 

train, load control, gearless option, reduced noise, controllable active and reactive power, local 

tability, improved power quality [88,90].  

.1, each wind turbine is connected to a three phase rectifier, while a common high 

power inverter is connected to the DC bus. The converters power losses can be computed 

.2 which shows the typical efficiency of a high 
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Aero generators in a wind farm produce electrical energy at a low voltage (normally 690 V) which 

is transformed to a medium voltage (typical 20kV) by transformers which are usually of the dry 

type [91]. In this study the step up transformer is responsible for transforming the 575V low 

voltage to 25kV.  

 

Two types of transformer losses are of major importance in determining the transformer 

efficiency: Core losses (no-load losses), which are the result of the cyclic magnetization/de-

magnetization of the core during normal operations.  They are constant and do not vary with load. 

The Coil losses (load losses) constitutes the second component of loss; it is a function of the 

resistance of the winding materials and varies with the load level and the temperature. 

 

• Energy Storage System (ESS) 
 

Vanadium Redox Batteries (VRB) have been selected among available energy storage systems to 

equip the considered wind farm plant. In a VRB-ESS the energy is transferred to the electrolyte, 

rather than being stored into the electrodes as in conventional batteries.  

 

As a result, a VRB-ESS can be easily charged, discharged and recharged over 10,000 times (from 

20% to 80% of the state of charge) with a high efficiency (65%÷ 75%), while ensuring a power 

availability greater than 98%.  

 

Moreover, a VRB-ESS is easily scalable either in power, either in storage capability, respectively 

acting on the number of flow cells and the size of the electrolyte tanks. If compared with lead-acid 

batteries, VRB show some advantageous features, such as: compactness, shorter charge times, an 

increased discharge depth, longer lifetimes and lower maintenance costs. Moreover, VRB systems 

are suitable to perform either short time operations, such as compensation of load peaks and 

voltage drops, either medium or long time operations, as required by energy management 

strategies. More details about VRB-ESS are introduced in Chapter 2. 

 

The ESS is normally connected with the system through bidirectional power electronic 
converter; this adds another costs and energy losses. 
   
7.3 The Proposed Approach 

 

Optimized designs can be theoretically carried out through probabilistic approaches, which make 

possible to determine the smallest (and thus the most economical) step up transformer able to 

deliver a given amount of energy to the utility grid on the basis of the size of wind farm and 

yearly wind speed of the selected geographical site. 

 

In order to optimally determine the size of the step up transformer a probabilistic approach has 

been then developed to estimate the probability that the transformer is unable to deliver a part of 

the wind energy captured by wind turbines to the utility grid, due to power losses and/or 

transformer overloads. 
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The value assumed by the probabilistic LPPP index over a given observation time T, gives an 

estimation of the amount of energy converted by the wind farm but not delivered to the utility 

grid. It takes into account the energy lost due to the transformer efficiency, the energy lost due to 

the excess of produced power and converter losses. It may also take into account the presence of 

an ESS and limitations of the utility network in accepting the generated power due to grid stability 

reasons. 

 

Once that the amount and the type of wind turbine is stated, the LPPP index can be computed as a 

function of the transformer rated power. In order to simplify the LPPP index analysis, it is 

assumed that the each rectifier rated power is equal to wind turbine rated power and the inverter 

rated power is equal to the transformer rated power.  

 

The amount of energy produced from the proposed wind farm over each interval is computed 

through the annually average wind data measured in CNR/ITAE of Messina/Italy using the power 

curve of the wind turbines provided from the manufacturer. In this study, the wind farm consists 

of a set of 9 wind turbines each one rated at 500kW.   

 

According to Figure 7.1, the wind turbines are connected to the step-up transformer through 

power electronic converters. The ESS is connected to DC bus through a bidirectional converter 

whose power losses can be computed according to its typical efficiency curve. Two configurations 

are investigated in this study:  

7.3.1 Wind Farm Without ESS 

The selection of step-up transformer for a wind farm plant without ESS is evaluated taking into 

account the following costs. 

 

A. The initial cost of the step-up transformer and power electronic converters 

 

The customer price of step up transformers can hardly be estimated. In fact, they often are custom 

built units with unlisted prices. Only considering commercial off the shelf transformers and 

neglecting taxes and marketing markups, the cost curve of Figure 7.3 can be considered, as 

function of the rated power.  

 
Figure 7.3 Step up transformer and inverter initial costs 
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Main contributions to the final cost are given from manufacturer selling price, shipping and 

installation costs. Moreover, as the size and the cost of the inverter serving the plant are also 

closely related to the transformer rated power, a specific cost function, shown in Figure 7.3 is 

assumed. The cost of the rectifiers attached to each wind turbine is obtained from Figure 7.3 

assuming that it resembles the cost function of the inverter.  

 

B. The cost of the energy wasted due to transformer overloads and efficiency 

 

To accomplish the LPPP analysis over a given time window T, the last is divided into N intervals, 

each one ∆t=T/N long. Typically, these intervals are taken to be of one hour duration. It is 

assumed that if the average input power during the k-th interval is greater than 110% of the 

transformer rated power, the excess power is lost as it cannot be processed. For each k-th time 

interval the transformer overload power losses is computed according to eq. (7.1)   

 

�@��=� = >���=� − 1.1�>�=� ?                                                                   (7.1) 

 

Where Pn is the transformer rated power and Pi(k) is the average input power during k-th interval.  

 

The power wasted due to no load and copper losses during the k-th interval can be computed 

through eq. (7.2), assuming constant the amplitude of the inverter output voltage: 

���=� = �N + (�� �>�)⁄ ∗ ����=�
                                                                   

(7.2) 

Where Pv represents the no-load losses and Pc the rated copper losses. 

Copper losses can be simply referred to an average operating temperature, or, more precisely, 

computed from an estimated operating temperature profile on the basis of the estimated ambient 

temperature and the load. Cooling power and stray power losses can be also considered for a 

better precision.   

 

Considering a 4.5MW peak power wind farm plant, the transformers whose main data are 

summarized in Table 7.1 have been selected for comparison. To simplify the comparison only 

single units are considered, working at unity power factor. However, the proposed approach can 

be easily generalized to transformer banks working at an arbitrary power factor. 

 

Table  7.1 : Step up Transformer Main Data 

Rated power [kVA] Pv[kW] Pc[kW] 

250 0.52 2.6 

400 0.74 3.62 

600 1.04 5.20 

1000 1.3 8.97 

1600 2 13.00 

2000 2.4 16.08 

2500 2.78 18.62 

3750 3.8 25.46 
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C. The cost of energy wasted due to power electronic converters 

 

The power electronic converters losses are obtained by summing the power losses of the rectifiers 

and inverters connected to each wind turbine: 

 

 �Q�>N�R�  STT�=� = @������������=� +  ��>N������=� A                                (7.3)                          

 

According to the flowchart sketched in Figure 7.4, it is assumed that if Pi(k) is less than 1.1Pn, the 

LPP is computed as: 

:���=� = >���=�+  �Q�>N�R�  STT�=� ?∆t                                               (7.4) 

 

While if it is greater than 1.1Pn, the energy delivered to grid is limited to 110% of the transformer 

rated power, in order to avoid heavy overload conditions. Therefore, the excess power is lost. To 

account for these losses, the LPP over the k-th interval is computed as: 

 

:���=� = >�@��=� + ���=�+  �Q�>N�R�  STT�=�?∆t                                 (7.5) 

 

The value of the LPPP index is then determined as follows: 

 

:��� = ∑ LPP�k�.4=� ∑ P-.4=� �k�⁄                                                             (7.6) 

 

The LPPP index is ideally zero when, at least theoretically, the wind energy converted over a day 

by the wind farm is fully delivered to the utility grid. The lost energy and the associated loss of 

profit can be evaluated as follows:  

 
Figure 7.4. Flowchart of the LPP algorithm without ESS 
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 U = ∑ :���=�RV=�
=

                                                                         

(7.7) 

BSU = ∑ B��=�:���=�RV=�                                                                   
(7.8) 

 

Where Ce(k) is the energy selling price per kWh during the k-th interval.  The selling price can be 

considered constant, or variable according to the rules of the modern energy market.  

The energy effectively delivered to the network Egrid and the proceeds from the sale of this energy 

can be computed as: 

 

 ���� = ∑ >���=�∆� − :���=�?RV=�                                                        (7.9)  

BS = ∑ B��=�>���=�∆� − :���=�?RV=�                                                 (7.10) 

 

The load factor (LF) is a quality figure defined as the ratio between the energy yearly produced by 

the plant and what would be ideally produced by always operating the system at the rated power. 

It can be computed according to the following equation: 

 

:# =  ���� ��> ∗ 8760�⁄                                                                     (7.11) 

 

7.3.2 Wind Farm Plant With ESS 

 

The cost of the energy storage system must be added to the other costs discussed in section 7.3.1. 

A cost curve for large VRB-ESS is shown in Figure 7.5 [92]. 

 

 
Figure 7.5. VRB Energy Storage System initial cost. 

The power electronic converter losses shown in eq. (7.3) must be modified to include the losses of 

the ESS bidirectional converter (�M����>N.�STT) as shown in eq. (7.12):   
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 �Q�>N�STT�=� = @������������=� +  ��>N������=� + �M����>N.�STT�=�A          (7.12)                          

 

The LPP algorithm must be suitably modified as shown in Figure 7.6.  

 

 

Figure 7.6. Flowcharts of the LPP algorithm calculation with BSS 

 

In this case, if Pi(k) is larger than 1.1Pn and the state of charge (SOC) of the ESS is lower than 

100%, the excess energy is not lost, as it can be stored into the ESS, taking into account the 

charge efficiency. The state of charge of the ESS is then suitably increased through a 

mathematical model of the specific ESS considered, and the LPP is computed as: 

 

������ =  ��WX�=��1 − ��� + ����� +  �YZ[\− ]^^�=��∆t                          (7.13) 

 

Where ηc is the ESS charge efficiency. 

 

When the SOC reaches its maximum value, the ESS cannot be charged anymore and the LPP is 

then computed as in eq. (7.4): 

 

However, if the excess power outreaches the ESS maximum power PESSMAX the surplus power is 

anyway lost.  In this case the LPP is computed as: 
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������ = ��WX�=� − ������� + ��������1 − ���+ ����� +  �YZ[\− ]^^�=��∆	    (7.14)          

 

If, in the last case, the SOC also reaches its maximum value, the LPP must be computed as in Eq. 

(7.4). 

 

If Pi(k) is lower than the transformer rated power, some energy can be drawn from the ESS to 

keep the transformer at the maximum efficiency working point at power Popt. In this case, if the 

difference between the optimal power Popt and Pi(k) is greater than PESSMAX then the SOC of the 

ESS is decreased and the LPP is computed as shown in eq. (7.15): 

 

������ = 
���	
 − ������ �1 − ��� + ����� +  �YZ[\−]^^�=� ∆	                (7.15) 

 

Where ηd is the ESS discharge efficiency and Popt is maximum efficiency working point of the 

transformer. 

 

Differently, if the SOC has reached its minimum level, then the LPP is computed using eq. (7.4). 

If  Popt - Pi(k)  is lower than PESSMAX the LPP is calculated using eq. (7.15). 

 

If Pi(k) is greater than Popt but lower than 1.1 Pn, all the power is delivered to the utility network 

and LPP is computed according to eq. (7.4).  If Pi(k) is lower than Pn and the SOC is close to the 

minimum allowable value, the LPP is computed according to eq. (7.4). 

7.4 Sizing Step-Up Transformers Analysis 
 

The proposed approach is exploited to size a step-up transformer for a 4.5MW grid connected 

wind farm.  Technical and economical analysis is jointly used to accurately select the most 

feasible alternative. 

 

The Technical Approach is based on a minimization of losses concept, i.e. low LPPP. This 

approach is illustrated in the previous sections through the flow chart depicted in Figures 7.4 and 

7.6. 

 
Although the data of any kind of transformer can be taken in to account, in order to simplify the 

application of the proposed approach only transformers whose rated power ranges from 1.2MVA 

to 4.5MVA, with steps of 0.1MVA, have been considered, all featuring Pc/Pv=5. Moreover, only 

single units are considered, working at unity power factor.  

 

The low value of LPPP index and high amount of harvested yearly grid energy are good 

indication about the effectiveness of the transformer selection, but the last decision must be based 

on economical profitability indexes.  

 
The Economical Analysis is significantly based on technical analysis and all costs are taken into 

account. The profitability of the selection is calculated using two important economic indexes:  
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• Discounted Payback Period (PBP): 
 
It refers to the time required to recover the initial investment considering the time value of money, 

it may be defined also as a capital budgeting procedure used to determine the profitability of a 

project. It is calculated by dividing the investment costs over the annual cash inflow. 

 

This method ignores any benefits that occur after the payback period and, therefore, does not 

measure profitability, for this reason other method of capital budgeting like internal rate of return 

is included in this study.  

 

• The Internal Rate of Return (IRR) :  
 
It is defined as annualized effective rate of return that makes the net present value of all cash flows 

from a particular investment is equal to zero. 

 

   IRR = 1 +  
.�_
G                                                                                  (7.15) 

 

Where NPV is the net present value. It is defined according to the following expression: 
 

NPV = ∑ (CF-)6-)!-=� −  I                                                                     (7.16)   

 

Where (CFi)dis  is the discounted cash flow in the ith year and I is the investment cost.  The annual 

revenues are calculated on the basis of the value of green energy in the Italian electricity market.  

The economic parameters are shown in Table 7.2: 

 

Table 7.2:  Economic Parameter 

Parameter Value (unit) 

Economic lifetime 20 years 

Electricity price 0.30 €/kWh 

Discount rate 5% 

Depreciation 9% 

 

7.4.1 Sizing Step-up transformers for Wind Farm plants without ESS 

Simulation results: 

Figure 7.7 shows the simulation results to find out the optimum size of the step up transformer of 

a 4.5MW grid connected wind farm plant without ESS.   

 



Figure 7.7.  LPPP, LF, IRR and 

 

The optimum size of the step up transformer is 3.6 MVA and this is indicated in the figure by 

symbol (x). The optimum point presents the highest value of IRR and lowest value of PBP. 

The LPPP decreases notably as the rating of the step

until reaching the optimum selection point ind

LPPP continues to slightly decrease, not affecting the economic indexes. This 

indication that LPPP is not the only dominant factor in the sizing methodology. 

The load factor at the optimum selection point is about 33.8% which is not high enough. In this 

application the load factor is an indicator of how much the op

compatible with the amount of energy transmitted to grid.

 Sensitivity analysis:  

The influence of the cost of energy and the site of wind farm on the feasible selection of step

transformer for wind farm grid connec

• Sensitivity analysis to selling price of green energy.

Three different economical analyses with 

performed to size the step up transformer of 

ESS. The green energy selling price rates are:

The cross symbol (x) in Figure 7.8

transformer which corresponds to

It is obvious from Figure 7.8 that values of economical indexes are significantly affected by the 

price of energy but the best profitability index always occurs at the same step

capacity which is 3.6MVA. 

This is a good indication that the 

connection doesn’t depend on the price of energy.
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.  LPPP, LF, IRR and PBP with different capacities of step-up transformer

The optimum size of the step up transformer is 3.6 MVA and this is indicated in the figure by 

symbol (x). The optimum point presents the highest value of IRR and lowest value of PBP. 

notably as the rating of the step-up transformer increases and this continues 

until reaching the optimum selection point indicated by symbol (x) in Figure 7.7, after this point, 

LPPP continues to slightly decrease, not affecting the economic indexes. This 

not the only dominant factor in the sizing methodology.  

The load factor at the optimum selection point is about 33.8% which is not high enough. In this 

is an indicator of how much the optimum selection of the transformer is 

compatible with the amount of energy transmitted to grid. 

The influence of the cost of energy and the site of wind farm on the feasible selection of step

er for wind farm grid connected is investigated in this section. 

analysis to selling price of green energy. 

Three different economical analyses with three different green energy selling 

performed to size the step up transformer of a 4.5MW grid connected wind farm plant without 

selling price rates are: 0.3, 0.35 and 0.4 €/kWh. 

in Figure 7.8 shows the optimum selection capacity of 

transformer which corresponds to the highest IRR and the lowest PBP in the three cases. 

that values of economical indexes are significantly affected by the 

price of energy but the best profitability index always occurs at the same step

ion that the optimum selection of step-up transformer for wind farm grid 

connection doesn’t depend on the price of energy. 
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Figure 7.8.  Sensitivity Analysis of Step

• Sensitivity analysis to wind data variation

For further analyses, the sensitivity of wind data variation (different sites) on the optimum size of 

the step up transformer of a 4.5MW grid connected wind farm plant without ESS is investigated. 

For this purpose, three sets of simulations have

economical analysis for each set has been performed to find the optimum size of the transformer.

 

To obtain three different wind data, the 

variance factor, which means no 

which led to the wind data being multiplied by

 

Figure 7.9 shows the influence of wind data variation on the selection 

The symbols shows the optimum selection which corresponds to the
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.  Sensitivity Analysis of Step-up transformer selection with energy cost

analysis to wind data variation 

analyses, the sensitivity of wind data variation (different sites) on the optimum size of 

the step up transformer of a 4.5MW grid connected wind farm plant without ESS is investigated. 

For this purpose, three sets of simulations have been run using three different wind data, 

set has been performed to find the optimum size of the transformer.

To obtain three different wind data, the main data have been multiplied by a suitable factor: 0 

variance factor, which means no variation to the original wind data. 1.30 and 0.7 variance factors 

which led to the wind data being multiplied by 1.30 and 0.70, respectively.  

shows the influence of wind data variation on the selection of the step

shows the optimum selection which corresponds to the highest IRR 

 the wind data variation has significant effect on the optimum

up transformer. The optimum step-up transformer size is 3.

1.3 multiplication variance factors, respectively.  

The economical indexes are extensively influenced by the variation in wind data as 

The rising in wind speed improves IRR as shown in Figure 7.9.

The load factor is significantly affected by the wind data variation; this is clear from Figure 7.9

which shows that the load factor is positively related with wind speed. The LF at optimum points 
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Figure 7.9. Sensitivity Analysis of Step

 

The LPPP is generally reduced with the reduction 

only factor in sizing the step up transformer

     

7.4.2 Sizing Step-up transformers for Wind 

 

In this section, the simulation results of sizing the step up transformer of 4.5MW grid connected 

wind farm with ESS. This analysis aims 

size of the step up transformer as well as on the load factor

 
Simulation results: 

 

Figure 7.10 shows the economical 

transformers and VRB-ESS capa

 

Transformer ranging from 1.2MVA to 4.5 MVA are considered for the same 4.5MW wind farm 

plant previously examined. Three different sizes of the VRB

1000, 500kWh, moreover also the no ESS configuration is

symbol (x) shows the optimum size of the step up transformer corresponding to the different 

capacities of ESS. It is shown that increasing ESS capacity reduces the corresponding optimum 

size of the step up transformer,

1000, 500kWh is 2.2, 2.5 and 3MVA, respectively. The capacity of the optimum step up 

transformer at zero ESS is 3.6 MVA.
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. Sensitivity Analysis of Step-up transformer selection with wind speed variation

The LPPP is generally reduced with the reduction in wind speed, but the value of LPPP is not th

factor in sizing the step up transformer.  

up transformers for Wind Farm plant with ESS 

In this section, the simulation results of sizing the step up transformer of 4.5MW grid connected 

wind farm with ESS. This analysis aims to find the effects of introducing an ESS

size of the step up transformer as well as on the load factor. 

economical indexes (IRR and PBP) featured by different step

ESS capacity combinations. 

Transformer ranging from 1.2MVA to 4.5 MVA are considered for the same 4.5MW wind farm 

plant previously examined. Three different sizes of the VRB-ESS are considered, namely: 1500, 

1000, 500kWh, moreover also the no ESS configuration is considered for comparison. The cross 

symbol (x) shows the optimum size of the step up transformer corresponding to the different 

capacities of ESS. It is shown that increasing ESS capacity reduces the corresponding optimum 

size of the step up transformer, for example the optimum size of step up transformer at 1500, 

1000, 500kWh is 2.2, 2.5 and 3MVA, respectively. The capacity of the optimum step up 

transformer at zero ESS is 3.6 MVA. 
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Figure 7.10.  IRR and NPV versus step-up transformer ratings at different BES capacities 

 

Figure 7.10 reveals that the optimum size of the step up transformer is 3MVA at 500kWh as IRR 

is the highest and PBP is the lowest among the different alternatives. 

    

Figure 7.11 shows the LPPP and Load factor (LF) with corresponding step-up transformer at 

different ESS capacities, the markers on the figure shows the values of LPPP and LF at the 

corresponding optimum size of the step up transformer.  

 

 
 

Figure 7.11.  LPPP and load factor (LF) versus step-up transformer ratings at different BSS capacities 

 

There is a strong relationship between the value of LPPP and the optimum size of transformer but 
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this is not the only factor that determines the optimal size between different alternatives as the 

economical indexes depend also on other factors such as the costs of the equipments.    

 

The load factor (LF) is directly related to the installed capacity of ESS: this is clear in Figure 7.11 

which illustrates that increasing the capacity of installed capacity of ESS improves the LF. The LF 

at the optimum selection of step up transformer is 40% which is accord with the standard load 

factor of wind power plants. 

 

Sensitivity analysis:  

 

The influence of the selling price of green energy and the wind farm site on the feasible selection 

of step-up transformer of a 4.5MW grid connected wind farm with 500kWh ESS is investigated in 

this section. A 500kWh ESS capacity is taken as a reference for this analysis as the optimum size 

of the transformer is verified at this capacity as already illustrated in the previous section.  

 

• Sensitivity analysis to selling price of green energy. 

 

Figure 7.12 describes the economical analysis for step-up transformer selection under three 

different selling cost rates of green energy: 0.3, 0.35 and 0.4 €/kWh using 500kWh as ESS.  

 

 

 

Figure 7.12. Sensitivity Analysis of Step-up transformer selection with different green energy prices 

The cross symbol (x) shows the capacity of step-up transformer which corresponds to the best 

IRR and PBP in the three cases, the optimal selection in the three cases is 3MVA. This indicates 

that the optimum selection of the step up transformer of a grid connected wind farm with ESS is 

not sensible to the price of selling energy. 
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The variations of energy price affect the values of economic indexes but not the selection of the 

optimum step up transformer. These results agree with the results obtained in case of a grid 

connected wind farm plant without BSS.  

• Sensitivity analysis to wind data variation 

The same procedure is followed as in the case of a grid connected wind farm without ESS and 

the same three sets of wind data are also used in this analysis. A 500kWh ESS capacity is taken 

as a reference for this analysis.  

 
Figure 7.13 shows the influence of wind data variation on the optimum selection of step-up 
transformer using a 500kWh BSS. 
 

 

 

Figure 7.13. Sensitivity Analysis of Step-up transformer selection at different wind speed 

 

The cross symbol (x) in the Figure 7.13 shows the feasible selection capacity of step-up 
transformer which corresponds to the best IRR in the three cases.  
 

As depicted from Figure 7.13 the wind data variation has significant effect on the optimum 

selection of the step-up transformer. The optimum step-up transformer size is 2.8MVA, 3 and 3.7 

MVA in case of 0.7, 0 and 1.3 multiplication variance factors, respectively.  

 

The economical indexes are extensively influenced by the variation in wind data as it is directly 

affect the produced energy. The increase in wind speed improves the IRR. 

 

The load factor is significantly affected by the wind data variation; this is clear from Figure 7.13 

which shows that the load factor is positively related with wind speed. 
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7.5 Conclusion  

 
• A general probabilistic methodology approach to accomplish an optimal selection of the rated 

power of step-up transformers in wind farm plants with or without energy storage systems has 

been presented. 

 

• A correct selection of the size of the step-up transformer in a wind farm plant involves a deep 

analysis of the whole system, as several variables are related to the transformer rated power 

as: initial cost of the system, energy losses due to transformer efficiency, energy storage 

system efficiency and energy losses due to power electronic converters. 

 

• The proposed approach is based on the evaluation of a probabilistic index LPPP to estimate 

the costs of energy losses related to the size of the transformer and the power and the storage 

capability of the ESS. Moreover, energy losses related to power electronic converters are also 

considered. 

 

• Annual wind data measured at CNR/ITAE Messina/Italy are utilized in this study. 

 

• When applying the presented methodology for sizing step-up transformer of a 4.5MW grid 

connected wind farm plant without ESS, it is found that the optimum size is 3.6MVA. In case 

of introducing ESS, it is found that the optimum size is 3MVA at 500kWh ESS. 

 

• The introduction of ESS in wind farm plant has significant effect on the step-up transformer 

selection and improving the load factor (LF). 

 

• The introduction of a 500 kWh ESS to the considered 4500 kW wind farm plant reduces the 

LPPP index but not significantly. 

 

• The optimum selection of step up transformer is not sensible to price of produced energy but 

has a great sensitivity to wind data variation.  However these parameters significantly affect 

the economic profitability values. 
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