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 ABSTRACT (Comment [1]) 

 

The steadily increasing energy consumption, the soaring cost, the exhaustible nature of fossil 

fuels, and the intensifying concerns over the global environment have created much interest in 

alternative energy sources such as solar, wind, fuel cell etc. as future energy solution. Alternative 

energy sources integrated at distribution level is termed as Distributed Generation (DG). Photovoltaic 

(PV) and Fuel Cells (FC) are the best environmental friendly technologies for DGs and hence 

receiving increased attention. 

The two-stage Power Conditioning Unit (PCU) including the DC-DC boost converter with the 

Pulse Width Modulated Voltage Source Inverter (VSI) is the state-of-art technology used nowadays 

worldwide for grid interfacing of the FC. However, it has reduced power conversion efficiency 

because of the two-stage configuration. Further, it has reduced reliability because of more no of 

components used in this configuration.  

The author has proposed a FC based DG system with a single-stage power conditioning unit. 

The system is analysed by modelling various units of FCDG system, performing mathematical analysis 

and simulation studies. The Proton Exchange Membrane Fuel Cell (PEMFC) model used for the 

simulation studies is based on physical processes inside the PEMFC stack and is modeled using the 

experimental data obtained from Avista Labs SR-12 0.5 kW PEMFC stack. The inverter controller is 

designed to control the active power fed to the grid, the reactive power transfer between the inverter 

and the grid, the DC-link voltage, the quality of the injected power and grid synchronization. The 

designed control scheme of the inverter consists of a cascade of two independent controllers, where 

the external voltage controller generates the reference current that is tracked by the inner current 

controller which generates the pulses for the inverter switches.  

Another facet of work done is with respect to solar PV as source of electricity. The 

conventional grid-interfaced PV systems use a DC-DC converter with Maximum Power Point 

Tracking (MPPT) control and a DC-AC inverter for grid interfacing. The proposed PV system uses 

one power conversion stage, thus simplifying the system topology. The single-diode PV circuit model 

used in the PV system simulation studies is modelled using the experimental values of Kyocera 

KC200GT 0.2 kW PV module.  The MPPT, grid synchronisation, reactive power compensation, output 

current harmonic reduction is included simultaneously in the control circuit of the VSI connecting the 

PV to the grid. Due to the utilization of only one energy conversion stage, the single-stage grid-

connected PV system proves to be simpler, more efficient and economical than its two-stage 

counterpart. However, the complexity of the control scheme is somewhat increased. 

The increased use of power electronic devices in various loads results in many power quality 

problems in the power system network. Shunt Active Power Filters (SAPFs) are extensively used to 

compensate the load current harmonics, reactive power and load unbalance at distribution level. The 
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principle of operation of the SAPF is to supply the undesired harmonics and reactive power to the 

load, so that the mains current is of improved quality. However, its implementation results in 

additional hardware cost. 

With the objective of reducing the cost and increasing the efficiency, grid-interactive FC 

system have been proposed which includes the functionality of SAPF. A control algorithm is developed 

such that the features of SAPF have been incorporated in the conventional inverter interfacing the FC 

to the grid without any additional hardware cost. Thus the grid-interfacing inverter is effectively 

utilised to perform the following functions: control of active power from the FC source to the grid, 

load reactive power demand support, current harmonic compensation and current imbalance 

compensation at PCC. With appropriate control of grid-interfacing inverter all the four objectives can 

be accomplished either individually or simultaneously. This concept, thus, reduces the overall design 

and cost of the system.  

The motivation for the last part of the work is given below. The cost of FC is too high to justify 

its widespread use. The PV power generation has large variations in its output power during day and 

night and during varying weather conditions. Hence a PV-FC hybrid system can prove to be better to 

provide a reliable power source for grid-connected applications than a system comprising any of these 

single resources.  The last part of the work proposes a utility-interactive hybrid DG system consisting 

of PV and FC to realize a reliable power supply for a grid connected critical load. These sources can 

be operated independently or in conjunction as per the requirement. The proposed system ensures 

maximum utilization of the PV array, and necessary utilisation of FC stack resulting in optimum 

operational costs.  

 The power circuit topology consists of two DC-DC boost converters, where one of them is fed 

by a PV array and the other by an FC stack. The Incremental Conductance MPPT control algorithm is 

implemented in the DC-DC converter connecting the PV array to the DC-link. This ensures extraction 

of maximum power from the PV array under all conditions. The difference of required power and the 

PV power is provided by the FC and governed through proper control of DC-DC converter 

connecting the FC stack to the DC-link. The outputs of the two DC-DC converters are connected to a 

common DC-link. The power is fed into the grid through an inverter for which the common DC-link 

acts as the energy source. The inverter control is so designed that apart from feeding active power 

into the grid, the system can also provide reactive power and harmonic compensation for PCC load.
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Chapter-1 

INTRODUCTION AND LITERATURE REVIEW 

 

 

1.1 WHY ALTERNATIVE/RENEWABLE ENERGY 

 

 In recent years, alternative energy sources have attracted remarkable attention and investment 

due to concerns regarding environmental issues, ever-increasing world energy demand, and the 

exhaustible nature of fossil fuels [1-5]. A variety of renewable energies such as wind power, fuel cells, 

tidal energy, geothermal energy, biomass energy, and solar cells are being widely utilized and 

advocated as future sources of energy [3]. The rapid technological advances in the field of power 

electronics have provided a new opportunity for these alternative energy sources being increasingly 

connected in distribution systems [6, 7].  

 Alternative energy source (AES) integrated at distribution level is termed as distributed 

generation [8]. Distributed Generation [9] is rapidly increasing across the globe because it can meet 

the increasing power demand while complying with the environmental regulations of low emissions 

[10, 11]. The use of renewable energy is becoming significant due to increasing power demand, 

instability of the rising oil prices and environmental problems associated with the use of fossil fuels 

[12]. 

 

1.2 DISTRIBUTED GENERATION 

 

Distributed Generation (DG) is the use of small electrical power generation equipment located 

near consumers or centers of electricity demand [13]. They can provide reliable and uninterrupted 

supply of power and thus alleviate pressure on the grid. DGs are means to avoid expensive capital 

projects as both the cost to construct power plants and to erect transmission and distribution lines is 

enormous [9]. The growing DG market can improve air quality and reduce greenhouse gas emissions 

if clean and efficient technologies are used. The technology to install and manage both emergency and 

routine DG for on-site use is easier, more affordable and the technology is improving [13]. DG 

systems are receiving increased attention today because of their ability to provide combined heat and 

power, peak power, demand reduction, backup power, improved power quality, and ancillary services 

to the grid [9, 14-16]. DG is referred to small generators in the range of a few kilowatts up to 50 

megawatts connected to the utility grid [17, 18]. DG technologies can be categorized into renewable 

and nonrenewable DGs. 

  Renewable energy technologies are sustainable and cause little or no environmental damage. 

They include photovoltaic, wind, geothermal, tidal, biomass and fuel cells. Nonrenewable energy 
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technologies are referred to those that use some type of fossil fuel such as gasoline, diesel, oil, 

propane, methane, natural gas, or coal as their energy source. They include internal combustion 

engine, combustion turbine, gas turbine and micro turbine. 

 

1.3 ELECTRICITY GENERATION IN INDIA 

 

The electricity sector in India has an installed generation capacity of 199.87 GW as of March 

2012. Thermal power plants constitute 66% of the installed capacity, hydroelectric 20%, nuclear 2% 

and the rest 12% being a combination of wind, small hydro, biomass, solar etc. constituting the 

renewable energy [19]. As present, over 300 million Indians have no access to electricity. Of those 

who have access to electricity, the supply is intermittent and unreliable particularly in rural areas. 

India currently suffers from a major shortage of electricity and is expected to add about 100 GW of 

installed capacity between 2012 and 2017. The technologies India adopts to add this electricity 

generation capacity will make significant impact to global resource and environmental issues. The 

economic and social drivers for India's push for electricity generation include the goal to provide 

electricity to all, the need to replace the  highly polluting energy sources with cleaner ones, the rapidly 

growing economy, increasing household incomes and limited reserves of fossil fuels [19, 20].  

 

 Thermal power - Thermal power plants convert energy rich fuel into electricity and heat. The 

thermal power accounts for over 66% of India's generated electricity of which 83% is 

generated using coal , 16% is generated using gas and 1% is generated using oil. 

 Hydro power - In hydro power generation, the potential of the water falling under 

gravitational force is utilized to rotate a turbine which is coupled to a generator, thus leading 

to generation of electricity. The present installed capacity is approximately 37,367 MW which 

is 21.53% of total electricity generation in India.  

 Nuclear power - India has 4.8 GW of installed generation capacity using nuclear fuels which 

constitutes nearly 2% of the country's total electricity generation. India's share of the nuclear 

power generation is only 1.2% of the worldwide nuclear power production.         shows the 

installed power generation capacity in India as of March 2012 (in the form of Pie Chart). 

 Renewable energy - Renewable energy in India is still in its infancy. India has an installed 

capacity of about 22.4 GW of electricity based on renewable technologies which is about  

12% of its total generation capacity.         shows the contributions from various renewable 

energy sources to electricity generation in India. 

 

 

 

http://en.wikipedia.org/wiki/Biomass
http://en.wikipedia.org/wiki/Fossil_fuel
http://en.wikipedia.org/wiki/Renewable_energy
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        Installed power generation capacity in India (March 2012) 

 

• Solar energy - India is endowed with rich solar energy resource. India receives the highest 

global solar radiation ranging from 4 to 7 kWh/m
2
/day across the country. With its growing 

electricity demand, India has initiated steps to develop its large potential for solar energy 

based power generation [21].  

• Wind energy - India has the fifth largest installed wind power capacity in the world [22]. In 

2012, the installed capacity of wind power in India was 15.9 GW, spread across several 

regions [19].  

• Biomass energy - In this system biomass, bagasse, wood and agricultural wastes are used as 

fuel to produce electricity. India has been promoting biomass gasifier technologies in its rural 

areas, to utilize its biomass resources such as rice husk, crop stalks, small wood chips and 

other agro-wastes [19, 21].  

• Geothermal energy - India's geothermal energy installed capacity is still in its experimental 

stage. However, India has potential resources to harvest geothermal energy.  

• Tidal wave energy - Tidal energy technologies harvest energy from the seas. India is 

surrounded by sea on three sides thus its potential to harness tidal energy is significant, though 

still in experimental stage.  

  

        Contributions from various RES to electricity generation in India (March 2012) 

http://en.wikipedia.org/wiki/Wind_power
http://en.wikipedia.org/wiki/Gigawatts
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• Fuel Cell energy – This is a technology for energy conversion from chemical energy directly 

to electrical energy. Fuel Cell in India is still in its initial stage. Several economic and 

environmental factors are India to focus on fuel cells. The development of new fuel cell 

technology that is cost-effective, suited to local needs, and employing region-specific fuels 

should be commercially successful. The key issues are cost and the availability of fuels for 

either direct use in fuel cells or reforming to produce pure hydrogen [23]. 

   

1.4 FUEL CELL POWER GENERATION  

 

 The wind and photovoltaic power generation technologies are widely being used to meet the 

increasing power demand. The wind power generation although being a clean source of energy 

requires huge land for free air flow, contributes significantly to noise pollution and can deliver power 

only when the wind blows. Because of its large size, the wind turbines require more installation time 

with relatively small addition to capacity. The photovoltaic power generation demands high 

investment and space as photovoltaic modules are less efficient and can deliver power only when the 

sun shines [24]. Thus wind and photovoltaic power generation sources cannot be used as primary 

power source in grid connected operation. In contrast, a Fuel Cell (FC) based generation can provide 

continuous uninterrupted power supply to the consumers as long as input fuel is supplied. Thus, grid 

interface of FC is considered as one of the probable area of promising research in the field of 

distributed generation [25, 26]. 

 Fuel Cells are static energy conversion devices. The stored chemical energy within the 

hydrogen-rich fuel is directly converted to DC form of electrical energy via an electrochemical 

reaction, producing water and useful heat as its by-product and operate as long as they are supplied 

with fuel [4, 7, 12, 27-29]. FCs offer potential efficiency gains compared with conventional thermal 

generation technologies [27]. FCs are environment friendly as they do not emit  the  pollutant  sulphur 

and  nitrogen compounds released by conventional generation methods and can utilize a variety of 

conventional and alternative fuels like hydrogen, ethanol, methanol and natural gas [4]. FCs have an 

essentially modular technology capable of power production from Watts to MegaWatts [30]. It can be 

placed at any site without geographical limitations unlike other DG sources such as wind and 

photovoltaic generation [30]. It also has a high efficiency in the range of 40% to 60% and as high as 

80% if the waste heat generated by FC is used for cogeneration [25, 31]. 

 The ideal output voltage of single FC is 1.2 V [25, 32]. Under normal operation, a simple FC 

produces output voltage in the range 0.5-0.9 V [33]. A number of FCs are connected in series so as to 

obtain a significant output voltage. These strings of series connected FCs are again connected in 

parallel to increase available output power, thereby constituting a FC stack [7, 25]. Based on the 

design, FCs can be external-reforming or self-reforming. The external-reforming FCs run on pure 

hydrogen and hence require an external reformer that is fed with hydrogen-rich fuel [34]. The self-
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reforming FCs are designed with a built-in catalytic converter and oxidizer, combined together into 

one single unit thus enabling the fuel to be pumped directly into the FC [35].  

 

1.4.1 Fuel Cell Advantages and Disadvantages  

 

 The various advantages and disadvantages of FCs can be summarised as [29, 35]: 

Advantages 

• Higher efficiency than any other DG technology. 

• Reliable source of power. 

• Modular and easy installation. 

• Portable, site flexibility and require less surface area per unit power produced. 

• Zero-emission devices hence environment friendly. 

• Suitable for cogeneration because of appreciable amount of useful exhaust heat. 

• Zero or negligible noise emission except for occasional vibrations. 

• Low operating cost. 

Disadvantages 

 • High initial cost, complicated design and assembly of FC. 

• Highly sensitive to fuel contamination, hence fuel reformer required. 

 

1.4.2 Types of Fuel Cells and their Comparison 

 

 Fuel cells are generally characterized by the type of electrolyte and fuel used by them. The six 

major types of FCs available are [30]: 

• Proton Exchange Membrane Fuel Cell (PEMFC)  

• Alkaline Fuel Cell (AFC) 

• Phosphoric Acid Fuel Cell (PAFC) 

• Molten Carbonate Fuel Cell (MCFC)  

• Solid Oxide Fuel Cell (SOFC) 

• Direct Methanol Fuel Cell (DMFC) 

Although all FCs are electrochemical energy conversion devices and operate on similar principle, each 

FC type has different operating characteristics, different materials of construction, different range of 

operating temperatures, and different applications [36]. Of all kinds of FCs, PEMFCs are being rapidly 

developed as the primary power source in DG because of its high energy density, solid electrolyte, low 

working temperature, fast start up, favourable power to weight ratio, firm and simple structure and 

long stack life  [29, 33, 36, 37]. 
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1.4.3 Operation of Proton Exchange Membrane Fuel Cell 

  

 Among the available FCs, PEMFCs seems a promising source to be used in residences, 

industries, and small and large scale DG systems.         [38] shows the schematic diagram of 

PEMFC. Hydrogen and oxygen work as fuel and oxidant. The electrolyte used in PEMFC is proton 

electrolyte membrane placed between two electrodes that are coated with the platinum catalyst. The 

proton electrolyte membrane is a specially treated material that allows the conduction of positively 

charged ions while not allowing electrons to pass through it. The catalyst is made of a platinum 

powder coated on a carbon paper or cloth. The catalyst is porous to maximize the surface area that can 

be exposed to hydrogen and oxygen [37, 39].  

 The hydrogen gas, extracted using reformer from the fuel, is supplied at the anode. Air as 

source of oxygen is supplied at the cathode. At the anode, the pressurized hydrogen molecules break 

into electrons and positive ions with the help of a catalyst. The positively charged protons diffuse from 

the anode through one side of the electrolyte membrane and migrate toward the cathode, while the 

electrons go from the anode to the cathode through an exterior circuit to recombine with the hydrogen 

protons and oxygen molecules at the cathode to produce water and provide electric power along the 

way. [30, 32, 33, 36, 40]. The following reactions take place at the anode and the cathode: 

                                                                                                                      (Anode reaction)                                                                               

 

 
                                                                                                          (Cathode reaction)  

The overall reaction can be expressed as:                                                                            

    
 

 
                                                                                                                (Overall reaction) 

 

 

        Schematic diagram of PEMFC 

 

At temperature of 25° C and pressure of 1 atm, the theoretic DC voltage of a single PEMFC is 1.23 V 

theoretic. However, the open circuit voltage of a single PEMFC is approximately 0.7 V in practice 

because of irreversible voltage losses. PEMFCs have become an important choice for development of 
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FC based DG systems, and for other emerging applications of FCs [40]. However, there are a number 

of problems that need to be overcome to make PEMFCs a universal choice. The platinum used in 

catalyst is expensive. The use of impure hydrogen causes deterioration of electrolyte and catalyst 

materials which lead to replacement of entire FC after limited operation. Hence, an important issue is 

development of safe hydrogen, distribution and storage systems.  

 

1.4.4 Electrical Characteristic of Fuel Cell 

 

The operation of a FC is similar to that of a battery in that a FC employs two electrodes and 

produces DC voltage. One key advantage that FC has over battery is the unlimited amount of power 

that can be produced as long as fuel is supplied. However, as the amount of current is increased, the 

voltage drop is increased. The major factors that contribute to this voltage drop are activation loss, 

ohmic loss and concentration loss [29, 41]. The performance of the FC is generally characterized by 

the polarization curve, which is a plot of the FC voltage versus load current as shown in        . The 

polarization curve is computed by using the Tafel equation, which subtracts the various voltage losses 

from the open circuit DC voltage. The main factors which affect the polarization curve are cathode 

and anode pressures and FC temperature [42].  
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        Polarization curve of PEMFC 

   

The voltage drop across the FC associated with low currents is due to the activation loss inside 

the FC. Activation loss is the sluggish response of the electrochemical reaction of hydrogen and 

oxygen as a result of electrode kinetics. This creates a highly nonlinear voltage drop. The voltage drop 

in the middle of the curve is due to the ohmic loss in the FC. Ohmic loss originates from the flow of 

electrons through the electrolyte and electrodes. Ohmic losses are essentially linear and are directly 

proportional to the FC current.  The output voltage at the end of the curve drops sharply as the load 

current increases. This is the result of concentration loss. Concentration loss results from the inability 

of the surrounding material to maintain the initial concentration of the fuel [27, 29, 30, 41]. 
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1.4.5 Modeling of Fuel Cell 

 

 Dynamic simulation models of FCs are a powerful tool to investigate FC transient responses 

when operating conditions change with time and for designing appropriate interfacing circuits and 

controllers in practical FC power generation systems [33]. The FC models reported in literature are 

chemical, experimental or electrical [33, 41, 43-47]. The chemical models include the electrochemical 

and thermodynamic phenomenon inside the FC. The experimental models are derived from 

experimental data and they represent the FC by empirical equations applied to predict the effect of 

input parameters on the polarization curve of the FC without examining in depth the physical and 

electrochemical phenomena involved in FC operation. The electrical models represent the FC by 

electrical circuit elements and do not include the FC thermodynamics. In all approaches of modelling, 

the model parameters are obtained either empirically or by performing some tests on the real FC. The 

lack of information about the exact values that should be used for the FC modelling parameters is the 

major difficulty in obtaining an accurate dynamic model of FC [33, 37, 48]. 

The experimental based model of FC developed by Prabha et al. [49] represents the FC by 

empirical expressions and does not include the FC thermodynamics. It does not represent the effect of 

operating parameters such as gas inlet pressures, flow rates, compositions and temperature. Soltani 

and Bathee [44] have reported a semi-empirical dynamic model of PEMFC that can address the effect 

of changes in fuel pressures and operating temperature. Al-Baghdadi [29] have presented a 

mathematical model to study the performance of PEMFC at different operating parameters and 

compared with the available experimental results. Yu et al. [41] have developed a chemical model 

which includes complex chemical and thermodynamic phenomena such as mass transport, heat 

transfer and gas diffusion processes inside the FC. Wang et al. [50] have used equivalent electrical 

circuits to represent the electrochemical and thermodynamic phenomena inside the PEMFC. The 

dynamic model of SOFC developed by Sedghisigarchi and Feliachi [51] based on electrochemical and 

thermal equations, accounts for temperature dynamics and output voltage losses. Souleman et al. [48] 

have proposed an FC model which is generic and able to represent the behaviour of most FCs fed with 

hydrogen and air. The proposed model which requires a few variables from FC manufacturer’s 

datasheet is validated with datasheet curve and with experimental results from a real FC stack. Puranik 

et al. [36] have worked on neural network modeling of PEMFC. The nonlinear dynamics of the 

PEMFC is effectively modeled using two-layer recurrent neural network. 

 

1.4.6 Converter Interface to Grid-Connected FC System 

 

 The commercially available FC stack generates voltage in the range of 25-50 V. The power 

electronic interface plays an important role to convert the FC stack low output DC voltage into 

suitable form for grid-interfacing. This is achieved by using a combination of DC-DC converter in 
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series with DC-AC inverter forming multistage conversion [41].  The efficiency of the system depends 

upon conduction and switching losses and cost of the system depends upon the total component count. 

Thus the selection of suitable topology, switching frequency and controller determines the overall 

performance and cost of the FC grid-interfaced system [45]. Various review works on FC technologies 

and power electronic interface is available in literature [12, 25, 41, 52, 53]. 

 With the requirement of low cost and efficient power interface for FC applications, different 

DC-DC converter topologies and DC-AC inverter topologies have been proposed by different authors. 

The non-isolated DC-DC boost converter is preferred to step up DC voltage from one level to another 

due to its high efficiency and lower component count. The isolated DC-DC converter topologies like 

push pull, half bridge, and full bridge converters have benefits of high boosting ratio and protective 

feature [4, 12, 25, 28, 54]. However, the problem associated with push pull converter is that the half 

portion of the transformer cannot be symmetrically wound, resulting in transformer saturation under 

full load conditions [4]. This makes its use restricted to low and medium power applications. 

Alternatively, the half bridge converter with large transformation ratio can be used for high power 

applications. The full bridge converter although requires more number of switches yet it offers 

advantages in terms of reduced device current ratings, transformer turns ratio and alleviated voltage 

and current stress across switching devices. The full bridge converter is thus suitable for high power 

applications [24, 25, 54]. While in DC-AC inverter, the conventional pulse width modulated inverter 

gives better performance due to higher efficiency and simplicity in control, the Z source  and LLCC 

inverter can be used if there is no electrical isolation required between FC and load [25].  

  

1.4.7 Literature Review on FC Systems 

 

 Different works have been carried out on various aspects of grid-interfaced FC system and 

reported in literature. In [55] Hatziadoniu et al. have presented a simplified dynamic model of a grid-

connected FC power plant. El-Sharkh [34] have proposed an integrated dynamic model for a FC 

power plant which includes a FC model, a gas reformer model and a power conditioning unit block to 

control the active and reactive power output from FC plant for standalone application. Sedghisigarchi 

and  Feliachi [56] have analyzed the stability of power distribution systems containing SOFCs as 

DGs. Wang et al. [28] have presented the modeling and control of PEMFC DG system with focus on 

the active and reactive power control from the FC system to the utility grid. An overall evaluation of 

FC power plant in terms of stack modeling, power flow control and power quality has been carried out 

by Tanrioven and Alam [42]. Nehrir et al. [30] have reported a grid-side converter control consisting 

of two cascaded loops, a fast internal current loop to regulate the grid current, and an external voltage 

loop to control the DC-link voltage. Dai et al. [57] have addressed power flow control problem of a 

grid-connected inverter in DG applications. Park et al. [58] have studied the active and reactive power 

flow control for Solid-Oxide FCDG system. Kirubakaran et al. [25] have presented a DSP-controlled 
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single-stage power electronic interface for FC based generation for grid-connected applications. The 

real time control in    reference frame developed in MATLAB is interfaced with DSP TMS320F2812 

to generate pulses for the inverter. Jain et al. [24] have presented the modelling, design, simulation 

and experimental investigations of a single-stage power electronic interface for PEMFC for standalone 

application as well as for grid interface with control scheme implementation in    reference frame 

with an objective of reducing the component count resulting in increased reliability and low losses. 

The main focus in recent years has been on single-stage power conversion for FCDG system and 

further work is required for the same. 

 

1.5 PHOTOVOLTAIC POWER GENERATION  

 

 With increasing advancements in Photovoltaic (PV) technology and its growing popularity as 

an alternative to conventional energy, PV based systems are being increasingly employed for both 

stand-alone and grid-connected applications [59]. Despite issues related to high penetration levels with 

grid-connected systems, they have attracted tremendous efforts from researchers owing to the 

advantages that they offer in terms of no emission electricity generation and high utilisation [1, 60, 

61].  

 Photovoltaic cell is a non-polluting energy source of electricity that uses no fuel other than 

sunlight, gives off no waste and has no moving part when it operates. Thus, it reduces emission of 

polluting gases which are generated from conventional fuel burning power plants thus decreasing the 

impact of energy generation on the environment [3]. With the modular characteristic, it can be 

constructed of any size depending upon the requirement. Moreover, it requires minimal maintenance 

and has a life span of more than 30 years with stable efficiency [16, 59, 62]. 

1.5.1 Solar Energy 

 Solar energy is one of the most abundant of all the renewable energy resources. The 

electromagnetic waves from the sun are referred to as the solar radiation. The amount of sunlight 

received on the earth depends on several factors including geographical location, time of the day, 

season, local landscape and local weather. The range of wavelength of light that reaches the earth 

varies between 300 nm to 400 nm approximately. The density of power radiated from the sun at the 

outer atmosphere is 1.373 kW/m
2
. A part of this energy is absorbed and scattered by the earth’s 

atmosphere. The sunlight incident on earth’s surface has a peak density of 1 kW/m
2
 at noon in the 

tropics. The PV technology is essentially concerned with the conversion of this energy into usable 

electrical form [31, 63, 64].  
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1.5.2 Solar or Photovoltaic Cell 

 A PV cell is basically a semiconductor diode whose     junction is exposed to light. PV 

cells are made of several types of semiconductors using different manufacturing processes. Silicon PV 

cells are composed of a thin silicon film connected to electric terminals. One of the sides of the silicon 

layer is doped to form the     junction. A thin metallic grid is placed on the Sun-facing surface of 

the semiconductor.         [65] shows the cross-section of a PV cell. The incidence of light on the 

PV cell generates charges when the energy of the incident photon is sufficient to detach the covalent 

electrons of the semiconductor. This phenomenon depends on the semiconductor material and on the 

wavelength of the incident light. These generated charge carriers originate an electric current if the cell 

is short-circuited. Thus the PV phenomenon can be described as the absorption of solar radiation, the 

generation and of free carriers at the     junction and the collection of these electric charges at the 

PV device terminals [66]. 

 The rate of generation of electric carriers depends on the flux of incident light and the capacity 

of absorption of the semiconductor. The absorption capacity depends mainly on the semiconductor 

bandgap, the reflectance of the cell surface, the intrinsic concentration of carriers of the 

semiconductor, the electronic mobility, the recombination rate, the temperature, and several other 

factors.  The solar radiation is composed of photons of different energies. The photons with energies 

lower than the bandgap of the PV cell are useless and generate no voltage or electric current. Photons 

with energy superior to the bandgap generate electricity, but only the energy corresponding to the 

bandgap is used and the remainder of energy is dissipated as heat in the body of the PV cell. Silicon is 

not the only and probably not the best semiconductor material for PV cells, but it is the only one 

whose fabrication process is economically feasible in large scale. Other materials can achieve better 

conversion efficiency, but at higher and unfeasible cost [63, 67]. 

 

        Structure of a Photovoltaic Cell 
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1.5.3 Photovoltaic Module, Panel and Array  

  

In order to obtain the appropriate voltage and output for different applications, PV cells are 

interconnected in series for larger voltage and in parallel for larger current to form the PV module. 

Thus PV module is the smallest complete environmentally protected assembly of interconnected PV 

cells. In a series connection the same current flows through all the cells and the voltage at the module 

terminals is the sum of the individual voltages of each cell. When modules are connected in parallel 

the current is the sum of the individual cell currents and the output voltage is that of a single cell [68]. 

PV panel is a group of modules fastened together, pre-assembled and wired, designed to serve as an 

installable unit in an array. PV array is a mechanically integrated assembly of a number of PV panels 

or modules, mounted on the same plane with electrical connections to provide enough electrical power 

for a given application. The connection of PV panels in an array is similar to the connection of PV 

cells in a PV module. To increase the voltage, the PV panels are connected in series and to increase 

the current they are connected in parallel [63].  

 

1.5.4 Current-Voltage Curve of a Photovoltaic Array 

 

         shows the     characteristic of a PV array for a certain irradiance   and a certain 

temperature  . The PV array can be operated at any point along its     curve. Two important points 

on this curve are the open circuit voltage     and short circuit current    .     is the maximum voltage 

at zero current, whereas     is the maximum current at zero voltage. For a silicon PV cell at standard 

test conditions of irradiance and temperature,     is approximately 0.6-0.7 V and     is around 20-40 

mA for every square cm of PV cell area.     is proportional to the irradiance   whereas     is 

proportional to the logarithm of irradiance.     increases linearly with temperature   whereas     

decrease with temperature. Thus the     curve changes as the temperature and insolation levels 

change [69]. The     curve of the PV array shows that there is a unique point on the     curve at 

which the PV cell generates maximum power. This point is termed as maximum power point denoted 

by (            ) on the     curve. Thus a PV cell can be characterized by the following fundamental 

parameters:                   . Fill factor is a term describing how square the     curve is and given 

as: 

   
   

      
 

      

      
 

To maximise the output power of the PV cell, steps are taken during fabrication to maximise the three 

basic cell parameters:    ,     and the   . 

http://www.leonics.com/product/renewable/pv_module/pv_module_en.php
http://www.leonics.com/product/renewable/pv_module/pv_module_en.php
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        Current-Voltage curve of a PV array 

 

1.5.5 Photovoltaic Array Modeling 

 

 Different PV array models have been reported in the literature. The single-diode circuit model 

of PV accounts for the photo-generated current and the physics of the     junction. The two-diode 

circuit model of PV also includes the effects of recombination of carriers, which are dominant at low 

voltage and low irradiance [70-72]. A three-diode circuit model of PV further includes the effect of 

large leakage current through peripheries [67, 73]. The single-diode circuit is the most commonly used 

model for simulation studies, since it offers a reasonably good trade-off between simplicity and 

accuracy [68, 74, 75]. 

 

1.5.6 Converter Interface to Grid-Connected PV System 

 

The rapid growth of the solar industry over the past several years has expanded the importance 

of PV system design and application for more reliable and efficient operation, both in stand-alone and 

grid-connected mode. For a PV system, the voltage output is a constant DC whose magnitude depends 

on the configuration in which the PV cells/modules are connected. On the other hand, the current 

output from the PV system primarily depends on the available solar irradiance. The main requirement 

of power electronic interfaces for the PV systems is to convert the generated DC voltage into a 

suitable AC for consumer use and utility connection. Generally, the DC voltage magnitude of the PV 

array is required to be boosted to a higher value by using DC-DC converters before converting them to 

the utility compatible AC [76]. The DC-AC inverters are then utilized to convert the voltage to 50 Hz 

AC. The process of controlling the voltage and current output of the array must be optimized based on 

the weather conditions. Specialized control algorithms have been developed called Maximum Power 

Point Tracking (MPPT) to constantly extract the maximum amount of power from the array under 

varying conditions [5, 77-79]. The MPPT control process and the voltage boosting are usually 
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implemented in the DC-DC converter, whereas the DC-AC inverter is used for grid-current control 

[80].  

 

1.5.7 Photovoltaic System Configuration 

 PV systems can be structured into several operational configurations.             shows the 

configuration where a centralized inverter is used. PV modules are connected in series and/or parallel 

and connected to a centralized DC-AC converter. The primary advantage of this design is that this 

system has the lowest design cost because of the presence of only one inverter.             shows the 

configuration of a string-array PV system. The series of PV panels are strung together in series and 

interconnected to the utility with one inverter per string. This is especially useful when multiple strings 

are mounted on fixed surfaces in different orientations. The disadvantage to this configuration is the 

increased cost due to additional inverters.  
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 Multi-string inverter configuration shown in             has several strings that are interfaced 

with their own DC-DC converter for voltage boosting and are then connected to a common DC bus. A 

common DC-AC inverter is then used for utility interfacing.             shows a configuration where 

each PV module has its own inverter. This design is also known as an AC-module. Advantage of this 

type of system is that it is easy to add modules because each module has its own DC-AC inverter and 

the connection to the utility is made by connecting the inverter AC field wirings together [16, 81-83]. 

 

1.5.8 Maximum Power Point Tracking 

 

The position of the maximum power points on the PV module characteristic depends strongly 

on the solar radiation and the cell temperature. Tracking the Maximum Power Point (MPP) of a PV 

array is usually an essential part of a PV system. Over the years, many MPPT methods have been 

developed and implemented. These techniques can be classified as either direct or indirect methods. 

The problem considered by MPPT techniques is to automatically find the voltage     or current     

at which the PV array should operate to obtain the maximum power output      under a given 

temperature and solar irradiation and thus continuously tune the PV energy system so that it draws 

maximum power from the solar array regardless of weather or load conditions [84]. The Perturb and 

Observe method and the Incremental Conductance method [85] , as well as variants of those 

techniques are the most widely used. Esram and Chapman [84] and Hohm and Ropp [86] have 

analysed several MPPT techniques taken from literature such as hill climbing, perturb and observe, 

incremental conductance, fractional open-circuit voltage, fractional short-circuit current, fuzzy logic 

control, neural network control and ripple correlation control. These MPPT methods vary in 

complexity, required sensors, convergence speed, cost, range of effectiveness, implementation 

hardware, popularity, etc [16, 84, 87]. 

 

Perturb and Observe Method - In Perturb and Observe (P&O) method, periodic incremental or 

decremental perturbations are imposed on the PV system output voltage and the resulting power 

output  is compared with the value in the last perturbation cycle. If the operating voltage of the PV 

array is perturbed in a given direction and if the power drawn from the PV array increases, the 

operating voltage must be further perturbed in the same direction; if the power drawn from the PV 

array decreases, the direction of the operating voltage perturbation must be reversed [68, 84, 86, 88-

90]. The P&O method is known for its simple implementation and low cost, but at steady state the 

operating point deviates from and oscillates around the MPP giving rise to the waste of some amount 

of available energy. Further, the P&O method oscillates close to the MPP when atmospheric 

conditions are constant or slowly changing. However, the P&O method fails to track the MPP 

effectively with rapidly changing atmospheric conditions [88, 90]. 
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Incremental Conductance - The Incremental Conductance (IC) method has good accuracy and 

efficiency. This method tracks the MPP of the PV module by comparing incremental conductance 

with instantaneous conductance. As a result, under rapidly changing atmospheric conditions, this 

method performs well, but the response time for finding the MPP is increased due to the relatively 

complex computations required by the control algorithm. Its implementation is expensive. Therefore, 

it loses cost efficiency for small-scaled PV applications [68, 84, 88-92]. 

 

Short circuit current method - The MPP tracking method using the short circuit current (SCC) of the 

PV module exploits the fact that the operating current at the MPP of the solar array is linearly 

proportional to its SCC. Under rapidly changing atmospheric conditions, this method has a relatively 

fast response time for tracking the MPP. However, the control circuit is complicated and both the 

conduction loss and the cost of the MPPT converter are relatively high [84, 90, 93]. 

 

Open circuit voltage method - Open circuit voltage (OCV) of the PV module method employs the 

fact that the operating voltage of the PV module at the MPP is linearly proportional to its OCV. 

Although the method is cost effective, its application results in considerable errors in MPP tracking 

and consequent energy losses [84, 90, 93]. 

 

1.5.9 Literature Review on PV Systems 

 

 Many of the recent works have investigated different aspects of PV systems. Villalva et al. 

[67] have developed a mathematical model of PV array by using the following information from PV 

array datasheet: open circuit voltage, short circuit current, maximum output power, voltage at the 

MPP, current at the MPP, current/temperature coefficient and voltage/temperature coefficient. Jain 

and Agarwal [94] have presented a comparison of various MPPT techniques applied to single-phase 

grid-connected PV systems using buck-boost topology inverter. The MPPT techniques are compared 

on the basis of the time taken to track the MPP, operating point oscillations near MPP, dependence of 

the algorithms on PV array configuration and on the basis of the energy extracted from the PV source. 

Casadei et al. [95] have developed an MPPT algorithm to allow an array of PV modules to be 

connected to the single-phase grid by using a single-stage converter by exploiting the current and 

voltage oscillations caused by the pulsations of the instantaneous power, which are inherent in single-

phase systems. This simple structure yields higher efficiency and reliability when compared with 

standard solutions based on double-stage converter configurations. Libo et. al. [96] have presented a 

single-stage three-phase grid connected PV system with modified Incremental conductance MPPT 

method so as to improve system stability during rapidly changing solar insolation. Reactive power 

compensation based on the instantaneous reactive power theory is simultaneously realised in the PV 

system to compensate the reactive power of the local load. Yazdani and Dash [97] have proposed a 
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control strategy for a three-phase PV system connected to distribution network which is based on an 

inner current control loop and an outer DC-link voltage control loop. The outer DC-link voltage 

control loop enables control and maximisation of the real power output. The current control loop 

makes the PV system protected against external faults [98]. Ropp and Gonzalez [99] have worked on 

single-phase grid connected PV system with Perturb and Observe MPPT implemented in the inverter 

system. Kim et al. [75] have presented a two-loop controller in    reference frame for a grid-

connected PV system inverter and analysed the PVDG system for power control dynamics, harmonics, 

anti-islanding performance and response to grid faults. Ghoddami and Yazdani [1] have proposed a 

single-stage three-phase PV system with improved energy yield under partial shading conditions. 

Yazdani et al. [68] have presented modelling guidelines for power system simulation studies for grid-

connected single-stage three-phase PV system. Most of the recent works have laid emphasis on single-

stage conversion and further work is required to investigate the various aspects of single-stage grid-

interfaced photovoltaic system. 

 

 

1.6 CONTROL STRUCTURES OF GRID-INTERFACING VSIs 

 

 The control strategy applied to the grid-side converter consists mainly of two cascaded loops. 

There is a fast internal current loop which regulates the grid current, and an external voltage loop 

which controls the DC-link voltage. The control is implemented using either stationary reference 

frame or synchronous reference frame. When hysteresis current control is used, the choice of reference 

frame is of no practical significance. The advantage associated with hysteresis controller is the 

simplicity of implementation and its robustness while a number of disadvantages exist. The current is 

not strictly limited within the hysteresis band, the switching frequency is not fixed and the inverter 

output current contains sub-harmonic and inter-harmonic components. 

  The problem of the variable switching frequency can be overcome using the proportional-

integral (PI) control scheme where the output of the PI controllers act as reference signals and 

compared to the triangular carrier to determine the inverter switching. Thus inverter switching 

frequency is fixed and the harmonics in the inverter output current appear as sidebands centered 

around switching frequency and its multiples. However, when the PI control scheme is adopted, the 

stationary reference frame is not preferred, because of the steady-state amplitude and phase errors 

introduced by the PI regulators. In contrast, when currents are transformed to the synchronous 

reference frame, the PI regulators achieve zero steady state error. Thus the control strategies can be 

classified with respect to the reference frame in which they are implemented [16, 100]:  
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1.6.1 Synchronous    Reference Frame Control 

 

 Synchronous reference frame control or    control, uses        transformation to 

transform the grid current and voltage into    reference frame that rotates synchronously with the grid 

voltage. Thus the control variables become DC values making filtering and controlling easy. A 

schematic of the    control is shown in              In this structure, the DC-link voltage is 

controlled in accordance to the necessary output power. The output of the DC-link controller is the 

reference for the active current controller. The reactive power is controlled according to the reactive 

power reference imposed to the system. The output of the reactive power controller is the reference for 

the reactive current controller. If the reactive power control is not allowed, the reference for the 

reactive current is set to zero. The    control structure is normally associated with PI controllers since 

they provide satisfactory behaviour when regulating DC variables.  

 Cross-coupling terms and voltage feed-forward are usually used for improving the 

performance of PI controllers. However, with all these improvements, the compensation capability of 

the low-order harmonics in the case of PI controllers is very poor. If the current controller has to be 

immune to the grid voltage harmonic distortion, harmonic compensator for each harmonic order 

should be designed. Thus, the complexity and computational burden of the control scheme makes the 

implementation very difficult [16, 100]. The phase angle used by the          transformation 

module is extracted from the grid voltages. Filtering of the grid voltage and using arctangent function 

to extract the phase angle is one method. However, the phase-locked loop (PLL) [101] technique is the 

state of the art in extracting the phase angle of the grid voltages in the case of DG systems [102]. 
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1.6.2 Stationary     Reference Frame Control 

 

 In     reference frame control there is an individual controller for each grid current. Non-

linear controllers like hysteresis or dead beat are preferred due to their high dynamics. The 
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performance of these controllers is proportional to the sampling frequency. Digital systems such as 

digital signal processors and field-programmable gate array provide easy implementation for such 

systems. A possible implementation of     control is depicted in              Using the        

transformation, three current references are created. Each of them is compared with the corresponding 

measured current, and the error goes into the controller. If hysteresis or dead-beat controllers are 

employed in the current loop, the modulator is not required. The output of these controllers is the 

switching states for the converter switches.  
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 1.7 POWER QUALITY PROBLEMS 

 

With the increase in energy conversion systems utilizing power electronic devices, we have 

seen the emergence of Power Quality (PQ) as a major area of research. The power electronic 

technology has played a major role in creating power quality problems and simple control algorithm 

modifications to this same technology can often play an equally dominant role in enhancing overall 

quality of electrical energy available to end-users [63]. Power quality issues include all possible 

situations in which the waveform of supply voltage and load current deviate from the sinusoidal 

waveform along with variation of base frequency and amplitude beyond the permissible limit. The 

power quality disturbances cover sudden, short duration deviations e.g. impulsive and oscillatory 

transients, voltage dips, short interruptions. Another type of power quality problem is distortion of the 

voltage/current waveforms from the normal sinusoidal wave shape which are known as the harmonic 

distortions. Applications such as switched-mode power supplies, DC arc furnaces, electronic 

fluorescent lamp ballasts, adjustable speed drives, and flexible AC transmission components are 

always a cause of concern. These power quality problems can lead to operational and life expectancy 

problems for other equipment. The power quality problems can be divided into following categories 

[63]: 

 Steady-state voltage magnitude and frequency, 

 Voltage sags, 
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 Harmonics, 

 Voltage fluctuations and flicker, and  

 Transients 

 

1.8 HARMONICS 

 

Harmonics are the additional frequency components present in the mains voltage or current 

which are integer multiples of the mains frequency. Harmonic distortion originates due to the 

nonlinear characteristics of the devices and loads on the power system. These harmonic distortions 

create problems to both utility and customers and are considered one of the most significant reasons 

for power quality problems [103, 104]. While switching converters produce harmonics because of the 

non-linear relationship between the voltage and current across the switching device, harmonics are 

also produced by a large variety of conventional equipment including power generation equipment, 

induction motors, transformers, magnetic-ballast fluorescent lamps and AC electric arc furnaces [105]. 

All these devices cause harmonic currents to flow and some devices, actually, directly produce voltage 

harmonics. Any AC current flowing through any circuit at any frequency will produce a voltage drop 

at that same frequency. 

 Harmonic currents, which are produced by power electronic loads, will produce voltage drops 

in the power supply impedance at those same harmonic frequencies [106]. Because of this inter-

relationship between current flow and voltage drop, harmonic currents created at any location will 

distort the voltage in the entire supply circuit [107]. Harmonics, thus, increases power system losses, 

damage sensitive loads, cause excessive heating in rotating machinery, create significant interference 

with communication systems, generate noise on regulating devices and control systems, etc. [108, 

109]. Therefore, harmonic and reactive current compensation has become a major concern.  

 

1.9 ACTIVE POWER FILTER 

 

In recent years with the development of power semiconductor technology, power electronics 

based devices such as static VAR compensators, adjustable speed drives and uninterruptible power 

supplies are widely employed in various applications. Because of their nonlinear     characteristics 

these devices draw current with harmonic content and reactive power from AC mains. Current 

harmonics drawn by nonlinear loads disturb the waveform of the voltage at the Point of Common 

Coupling (PCC) and lead to the voltage harmonics that the other linear loads and sensitive electronic 

equipments have to deal with [110, 111]. Conventionally, to reduce harmonics passive LC filters and 

to improve power factor of the AC loads capacitor banks were used [112]. However these solutions 

have the demerits of large size and weight, fixed compensation design, increased operating losses and 

risk of resonance occurrence [105, 106]. Power system and power electronics engineers made an effort 
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to develop dynamic and adjustable solution to these power quality problems and a concept of Active 

Power Filter (APF) was introduced a couple of decade ago [113].  

 Nowadays active power filters are used to provide compensation for harmonics in current, 

reactive power, voltage distortions, sag/swell in voltage at PCC, unbalance in current, voltage flicker 

and terminal voltage regulation separately or simultaneously [110]. Various types of APFs have been 

reported in literature, and are classified based on converter types, configuration, objectives and their 

installations in power networks. APFs are categorized either shunt or series based on circuit 

configurations with load to be compensated and called shunt and series active power filters, 

respectively. In some applications, the combinations of several types of filters called hybrid filter is 

adopted to achieve greater benefits [106, 109, 111].  

  APFs are seen as a viable alternative over classical passive filter and reactive power 

compensation of non-linear loads. In general the APF are Pulse Width Modulated (PWM) inverters 

with capacitor or inductor on its DC-side. The PWM inverter switches are controlled such that it 

supplies a compensating current and cancels current harmonic on the AC-side by generating 

harmonics opposite to the load harmonics. This makes the source current almost sinusoidal. The 

design can cater to the requirements of either both harmonic and reactive power compensation or only 

harmonic compensation. In addition to the harmonics and reactive power compensation, APFs are also 

used to eliminate voltage harmonics, load balancing, regulation of the terminal voltage, suppression of 

voltage flicker etc. These wide ranges of objectives are achieved either individually or in combination 

depending on the requirements of control strategy and configuration. 

 Shunt Active Power Filter (SAPF) is the most viable solution for solving current harmonic, 

reactive power compensation, and load unbalancing problems widely presented in electrical 

distribution systems [114]. The SAPF operates as an active compensation device to mitigate the above 

mentioned power quality problems by drawing or supplying suitable compensating current from or to 

the utility, so that supply current can be maintained sinusoidal [115-117]. Three major areas are to be 

considered for SAPFs: estimating the compensating current, looking for possible converter topologies 

that may be used and exploring pulse modulation techniques that may actually generate and track the 

corresponding reference currents [104, 118].  

 

 

1.10 ESTIMATION OF COMPENSATING SIGNALS FOR SAPF 

 One important aspect of compensation is the designing of a control algorithm for SAPFs to 

generate the required reference current [119]. Any inaccuracy in phase and magnitude of the reference 

currents result in incorrect compensation thus resulting in performance degradation. The control 

algorithm should be robust, simple, accurate and should give its best performance not only in ideal but 

also in distorted and/or unbalanced supply voltage conditions [115, 120].  The literature presents 

different solutions to compute the harmonic extraction for APFs. The methods are classified as direct 
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and indirect methods [114]. The direct methods include the Fourier transform method [121], the 

instantaneous reactive power (IRP) theory [63] and the synchronous reference frame (SRF) theory 

[63]. On the other hand, the indirect methods include the use of enhanced phase-locked loop scheme 

or a controller such as PI to find the reference current. Among these solutions, the IRP and the SRF 

theories are the most addressed ones in the literature [104, 120, 122, 123].  

 

1.10.1 Instantaneous Reactive Power Theory 

 

 According to this theory, the instantaneous source voltage and current signals in     

coordinates are transformed into two-phase    orthogonal co-ordinates using Clark’s transformation 

as follows: 
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The instantaneous reactive power   and the instantaneous reactive power are defined as: 
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The instantaneous active and reactive power contains DC as well as AC components due to 

fundamental and harmonic currents of load respectively. The active and reactive powers are filtered 

using high pass filters. The output of the high pass filters is extracted as harmonic active power  ̃ and 

harmonic reactive power  ̃. The reference compensating current   
  is calculated in such a way that it 

supplies the instantaneous reactive power   and the harmonic component of the instantaneous active 

power  ̃. The reference compensating current   
  is obtained as: 
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The reference compensating current in    frame is transferred to     frame using inverse Clark’s 

transformation as: 
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This method does not take into account the zero sequence components and hence the effect of 

unbalanced voltages and currents. The instantaneous reactive power theory is widely used for balanced 

non-linear loads such as rectifiers [114, 124]. 
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1.10.2 Synchronous Reference Frame Theory 

 

 The control algorithm based on synchronous reference frame theory relies on Clarke’s and 

Park’s transformation. In this method, the load current signals are first transformed into stationary 

reference    frame using Clarke’s transformation and then to synchronously rotating reference    

frame using Park’s transformation. The positive sequence component of load current is transformed to 

   axes by generating positive sequence phase information using PLL. The DC quantity in the 

positive sequence waveform is the fundamental component of load current and the AC quantity 

include all the harmonic components. The negative sequence component of the load current is also 

transformed to    axes by generating negative sequence phase information from the PLL. The 

negative sequence components of the load currents are subtracted from the positive sequence 

components of the load current, and the difference is transformed into     co-ordinates using reverse 

Clarke’s transformation. This method is suitable under balanced and unbalanced distorted source 

voltage and load conditions and hence considered better than the instantaneous    theory. However it 

is complex to implement because of more number of transformations [124]. 

 

 

1.11 DISTRIBUTED GENERATION WITH ACTIVE POWER FILTER 

 

 In order to solve the above power quality problems, many APFs have been proposed in the 

recent years because the conventional passive filters used because of their low cost and high efficiency 

have demerits of fixed compensation, large size and resonance. The SAPF presents a dynamic solution 

best suited for the compensation necessities. The SAPF can compensate the unwanted reactive, 

unbalanced and harmonic load current components under non-sinusoidal supply voltage. The principle 

of operation of the SAPF is to supply the undesired harmonics and reactive power to the load, so that 

the mains current is of improved quality. But the installation of the SAPF requires additional costs. 

The cost of installing DG system is also large. Thus, the function of SAPF can be implemented with 

the DG system thus reducing the overall cost [8, 125]. 

 With the objective of reducing the cost and increasing the efficiency, research is going on to 

utilise the grid-interactive DG system inverter also for active power filtering purpose. The function of 

APF is added in the existing inverter of DG system by making the necessary modification in the 

control circuit [8]. Various works on PV inverter with APF functionality in single-phase system and in 

three-phase system  has been carried out. Patel and Agarwal [60] have investigated PV-APFs based on 

string-inverter, multi-string inverter and centralised inverter configurations for three-phase four-wire 

distribution systems. The control schemes of various inverter configurations are studied and their 

performance in meeting the reactive, harmonic and imbalance needs created by the linear/non-

linear/unbalanced loads is evaluated under uniform and non-uniform radiation conditions. Singh et al. 
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[8] have proposed a novel control strategy where the grid interfacing inverter is utilised to inject real 

power generated from renewable energy source to the grid and/or operate as shunt active power filter. 

Wu et al. [126] have proposed a single-phase two-wire inverter system for photovoltaic power 

injection that can fully or partially perform APF functionality, process PV power, eliminate harmonic 

currents and improve power factor. Mastromauro et al. [127] have presented a single-phase 

photovoltaic inverter system that provides compensation of harmonic distortion at PCC using 

Incremental Conductance MPPT control algorithm. Sung et al. [128] and Schonardie and Martin [129] 

proposed    based control of a three-phase grid-connected PV system with APF functions. 

Gajanayake et al. [130] and Jung and Keyhani [7] have presented a Z-source inverter based DG 

system for grid power quality improvement. Cavalkanti et al. [80] have proposed a system that 

provides photovoltaic generation as well as the functions of a unified power quality conditioner. The 

system is controlled for current harmonics and reactive power compensation simultaneously by using 

a converter operating as shunt active filter. The other converter is used as series active filter and it 

compensates voltage harmonics, sags and swells. Using only an inverter in photovoltaic energy 

conversion process, the system presents increased efficiency when compared to the conventional 

systems. The synchronous reference frame method is used to control the three-phase converters. Tao et 

al. [131] have proposed a line-interactive FC powered uninterrupted power supply system that can 

operate in both standalone and grid-connected modes in which the system injects constant power into 

the grid and also compensates for the reactive and harmonic current demanded by local loads. Kuo et 

al. [77] have proposed a single-stage PV energy conversion system with a novel fast tracking MPPT 

controller, which provides solar generation when insolation is adequate and active power line 

conditioning when solar insolation is inadequate. Park et al. [132] have applied the concept of 

   theory to simulate a hybrid system with active filter functions. A novel concept of optimal 

utilization of a PV solar farms  as a STATCOM during nightime in a PV-Wind hybrid system has been 

proposed by Varma et al. [133] and validated through MATLAB/Simulink simulations. Bojoi et al. 

[120] have proposed a DG system using H-bridge inverter providing harmonic and reactive power 

compensation for grid-connected operation employing current reference generator based on sinusoidal 

signal integrator and instantaneous reactive power theory with a repetitive current controller.  

 Most of these control schemes require various transformations and are difficult to implement 

hence the need for a simple control scheme for grid-interfacing inverter in distributed generation 

system that can compensate for customer as well as utility generated harmonics under unbalanced and 

varying load conditions along with active power transfer from DG to the grid and load reactive power 

demand support. Moreover, not much work has been presented for FCDG inverter being used as an 

APF which includes the control of FC active power requirement and hence a probable area of 

research. 
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1.12 PHOTOVOLTAIC – FUEL CELL HYBRID DG SYSTEM 

 

 When different types of energy sources are integrated into a DG system, it is called a hybrid 

DG system [134]. Several hybrid systems have been reported in literature [55, 135, 136].  The PV 

array does not incur any running or maintenance cost and has long life, hence an attractive energy 

source. However, there are some drawbacks associated with the PV power generation. The PV     

curve follows a non-linear relationship. Hence it is required to operate the PV array at its maximum 

power point to ensure maximum utilisation of its capacity. Further variation in solar insolation causes 

variation in PV generated power thus causing disturbance to the utility. No power generation during 

night time is another major drawback. The above mentioned drawbacks can be reduced if the PV 

source is coupled with a suitable auxiliary energy source. Various auxiliary energy sources such as 

FCs, battery, wind turbine, diesel generators etc. can be used in conjunction with the PV array. 

Batteries can provide only a short-term solution. Wind energy, though clean and renewable source, 

cannot provide a reliable solution. The diesel generator has the advantage of compact size and high 

energy density. However it is not environment friendly and has a high running cost. 

 In Rahman and Tam [137] have made a feasibility study of PV-FC hybrid energy system. 

Since then many works on PV-FC hybrid systems have been carried out [138-143]. Tam and Rahman 

[138] have proposed a PV-FC HDGS in which the two energy sources are connected to two inverters 

and a single multi-winding transformer for interfacing to the grid. However, it suffers from following 

drawbacks. It requires two inverters operated in parallel. It uses a low frequency multi-winding 

transformer which is heavy and costly. Further, individual contribution of each source cannot be 

controlled. The PV inverter control also does not have MPPT capability. Ro and Rahman [139] have 

reported a PV-FC system which also uses a two inverter topology in which an independent control of 

active and reactive power is achieved without any constraints. Further Neural network based MPPT 

has been incorporated in the PV inverter. Unlike the previous approaches where the PV and FC 

sources were connected to the common grid through separate inverters, Ready and Agarwal [140] 

have proposed a hybrid system where a single inverter is used to interconnect the PV and FC energy 

sources. This scheme has several advantages such as low cost and easy implementation. The PV and 

FC are first connected to a common DC-link and then to grid through a single inverter.  Khanh et al. 

[141] have presented an efficient power management strategy for grid-connected PV-PEMFC hybrid 

system wherein the PV-FC source is connected to the main grid at the PCC to deliver uninterrupted 

power to the load at PCC. The proposed system can be operated in two control modes. In the unit-

power control mode, the variations of load demand are picked up by the main grid because the PV-FC 

power is regulated to a reference value. In the other control mode the extra load demand is picked up 

by the PV-FC source. Shahnia et al. [142] have proposed a HDGS where power sharing algorithm is 

used to control its power management and one of the distributed generators in the microgrid is used as 

a power quality compensator for the unbalanced and harmonic load at PCC. The current reference 
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generation for power quality improvement takes into account the active and reactive power to be 

supplied by the DG source which is connected to the compensator. However, there is still a need for an 

optimal design of PV-FC hybrid system which can provide maximum utilisation of PV system and 

optimal utilisation of FC system to provide clean energy to the PCC load and the grid and also provide 

reactive and harmonic compensation if the load connected at the PCC is non-linear thus providing 

maximum benefit from the hybrid system. 

 

1.13 CONTRIBUTIONS FROM THE PRESENT WORK (Comment [2] [3]) 

 

Main contributions of the author are summarized below. 

 Design and analysis of a single-stage PEMFC based distributed generation system with active 

and reactive power flow control, thus simplifying the system topology. The grid-interfacing 

inverter control is designed to provide independent control of real and reactive power 

delivered from FC to the grid, the DC-link voltage control, grid synchronization and injected 

power quality control.  An attempt has been made to address the following key challenges to 

make the technology viable: 

 Development of single-stage DC-AC conversion with low component count, 

 Regulation of active and reactive power from FC to the grid,  

 Harmonic control in inverter output voltage, and 

 Grid Synchronisation. 

  The load following analysis and fault analysis of the FCDG system is also performed to 

determine the system stability. 

 Design and analysis of FCDG system with active power flow control and reactive and 

harmonic compensation of linear/non-linear PCC load. The active power filtering capability 

is embedded in the control circuit of the inverter interfacing the FC to the grid. The grid-

interfacing inverter is effectively utilized to perform the following functions: 

 Transfer of FC active power to the PCC,  

 Load reactive power demand support,  

 Current harmonic compensation at PCC, 

 Load current unbalance, and  

 Utility generated harmonic compensation. 

All these objectives can be accomplished either individually or simultaneously. The control 

scheme has been designed for two different modes of operation: 

 Simultaneous power quality enhancement and FC power injection, and 

 Only power quality enhancement. 

  The design works properly under non-sinusoidal voltage and compensates customer 

as well as utility generated harmonics under unbalanced and varying load conditions. 
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 Design and analysis of single-stage grid-connected PV system.  A two-loop control scheme is 

designed to control the power delivered from the PV system to the utility grid. The maximum 

power point tracking, grid synchronization, reactive power compensation, output current 

harmonic reduction is included simultaneously in the inverter control, thus simplifying the 

converter topology.  

 Design and analysis of utility-interactive hybrid DG system consisting of PV and FC to realize 

a reliable power supply for a grid connected critical load so as to ensure maximum utilization 

of the PV array and necessary utilization of FC stack and also providing reactive and 

harmonic compensation at PCC. The author’s main contributions to this work are:  

 Designing DC-DC converter for PV array with Incremental conductance MPPT thus 

extracting maximum power from PV array. 

 Designing DC-DC converter for FC stack for voltage boosting and extracting 

necessary power from FC. 

 Designing the inverter control to satisfy the grid active power requirement and also 

providing reactive and harmonic compensation of PCC non-linear load. 

 

1.14 ORGANIZATION OF THE THESIS 

 

 The thesis is organized in seven chapters and the content of each chapter is briefly outlined. 

The first part of the Chapter 2 gives an overview of the FC technology and the FC stack modelling. 

The second part of the chapter presents a dynamic circuit model for a Proton Exchange Membrane FC 

based on its electrochemical and thermodynamic phenomena including the voltage losses and the 

double-layer charging effect.  

Chapter 3 deals with analysis and design of a single-stage Fuel Cell grid-interfaced system with 

active and reactive power flow control. A Proton Exchange Membrane Fuel Cell based distributed 

generation system is analyzed by modeling various units of the FCDG system, performing 

mathematical analyses and simulation studies. Simulation in MATLAB and Processor-in-Loop 

simulation using Digital Signal Processor (DSP) TMS320F2812 is carried out and results presented to 

verify the operation and the control principle. 

Chapter 4 deals with design and analysis of FCDG system with active power filtering capability 

embedded in control circuit of the inverter interfacing the FC to the grid for single-phase and three-

phase systems. The aim is to control the active power supplied by the FCDG system while 

compensating harmonics and reactive currents caused by the nonlinear loads using SAPF. The 

designed controller either regulates the power flow between the FC and the grid or works as an APF or 

performs both the functions simultaneously. Simulation in MATLAB/Simulink environment and 

Processor-in-Loop simulation using DSP TMS320F2812 and experimentation is carried out and 

results presented for different modes of operation to verify the operation and the control principle. 
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 The first part of Chapter 5 gives an overview of the PV technology for converting solar 

energy into electrical energy and the modelling of PV array required for PVDG simulation studies. 

The second half of this chapter presents the modeling and design of a single-stage three-phase PVDG 

system with MPPT and reactive power control. The MPPT control, the output current control and the 

reactive power control is realized simultaneously in one power conversion stage thus simplifying the 

system topology. Simulation in MATLAB/Simulink environment is carried out to verify the operation 

and the control principle. 

 Chapter 6 proposes a utility-interactive hybrid distributed generation system consisting of PV 

and FC to realize a reliable power supply for a grid connected critical load where both the sources can 

be operated independently or in conjunction as per requirement.  The proposed system ensures 

maximum utilization of the PV array and necessary utilisation of FC resulting in optimum operational 

costs. The power conditioning unit consists of two DC-DC boost converters where one of them is fed 

by a PV array and the other by an FC stack, and then connected to a common inverter interfacing the 

grid. The power circuit description, the control circuit for the PV DC-DC converter which extracts 

maximum power from the PV array, the control circuits for the FC DC-DC converter which regulates 

the required FC power, the control circuit for the DC-AC converter which apart from feeding active 

power to the grid also provides reactive power and harmonic compensation of PCC load, the algorithm 

implementation of MPPT in PV, and MATLAB simulation results are presented. 

 Chapter 7 summarizes the author’s work and gives the scope for future research work. 

 Appendix A gives the modelling of grid-interfacing voltage source inverter. 

 Appendix B gives the design of active power filter parameters. 

 Appendix C gives the design of DC-DC boost converter. 

 Appendix D gives the details of experimentation (Comment [5]). 

 Appendix E gives the MPPT control algorithms. 
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Chapter-2 

GRID-INTERFACED FUEL CELL SYSTEM WITH ACTIVE AND 

REACTIVE POWER FLOW CONTROL 

 

The first half of this chapter presents a dynamic circuit model for a Proton Exchange 

Membrane FC based on its electrochemical and thermodynamic phenomena. The second half of this 

chapter deals with the design of a single-stage grid-interfaced FC system with power flow control. A 

PEMFC based DG system is analyzed by modeling various units of the FCDG system, performing 

mathematical analysis and simulation studies.  

 

2.1 FUEL CELL STACK MODELING 

  

 Dynamic model of PEMFC is required to understand the FC operation, investigate FC 

transient responses when operating conditions change with time and for designing appropriate 

interfacing circuits and controllers for practical FC systems [29, 33, 36, 37, 44, 46, 48, 64, 144]. The 

anode and cathode pressures and the operating temperature are known to affect the performance of 

PEMFCs. The presented dynamic model of a 0.5 kW PEMFC based on Avista Labs SR-12 500 Watt 

PEMFC stack models the open-circuit output voltage of the PEMFC, irreversible voltage losses in the 

PEMFC, formation of a charge double-layer in the PEMFC along with a mass balance and 

thermodynamic energy balance [50, 145]. The     characteristics and     characteristics of the 

PEMFC are obtained for different values of anode and cathode channel pressures. Table 2.1 gives the 

nomenclature for PEMFC modeling. 

  

2.2 PEMFC DYNAMIC MODEL DEVELOPMENT 

 

Table 2.1 Nomenclature for PEMFC Modeling 

 

Α Electron transfer coefficient 

   Electrical permittivity 

∆H Change in enthalpy 

    Constants in Tafel equation (V/K) 

   Constants in Tafel equation (V) 

   Area of each cell (m
2
) 

  Capacitance due to charge double layer (F) 

    Overall specific heat capacity of FC stack(J/mol-K) 

   Specific heat capacity of species I (J/mol-K) 

     Effective binary diffusivity of i-j pair of species (m
2
/s) 
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   Distance between two charged layers (m) 

   Reversible potential of each cell (V) 

        Reference cell potential (V) 

       
  Standard reference cell potential at standard state (298 K 

temperature, 1atm pressure) (V) 

  Faraday constant, 96487 C/mol 

   Convective heat transfer coefficient (W/m
2
K) 

   Heat of vaporisation of water (J/mol) 

    FC stack current (A) 

   Exchange current (A) 

   Current density (A/m
2
) 

     FC Limitation current (A) 

    Empirical constant in calculating      (Ω/A) 

    Empirical constant in calculating      (Ω/K) 

   Distance from anode to reaction site (m) 

   Distance from cathode to reaction site (m) 

               Input/output/net mole flow rate of    (mol/s) 

               Input/output/net mole flow rate of    (mol/s) 

         Mole flow rate of     (mol/s) 

    Total mass of FC stack 

   Moles of vapour (mol) 

      Vapour transfer rate (mol/s) 

N Number of species in gas mixture 

   (    Superficial gas flux of species i (j) (mol/m
2
s) 

   Electro-osmotic coefficient 

   Number of cells in the stack 

  Overall pressure of the gas mixture (atm) 

        Overall gas pressure at anode (cathode) (atm) 

   
     

         Partial pressure of               (atm) 

     
      

   Partial pressure of     at anode (cathode) (atm) 

    
    Saturated vapour pressure of     (atm) 

     Net heat generated inside PEMFC (J) 

       Chemical energy (J) 

      Electrical energy (J) 

      Sensible heat (J) 

        Latent heat (J) 

      Heat loss (J) 

  Gas constant, 8.3143 (J/mol-K) 

   Ohmic resistance of membrane (Ω) 

  Stack temperature (K) 

   Room temperature (K) 

   Membrane thickness (m) 

        Volume of anode (cathode) channel (m
3
) 

    FC stack output voltage (V) 

      Open circuit output voltage of PEMFC stack (V) 
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   (    Mole fraction of species i (j) 

   Fuel flow delay at anode (s) 

   Oxidant flow delay at cathode (s) 

       Relative humidity at anode (cathode) 

   Gibbs free energy (J/mol) 

    Gibbs free energy at standard condition (J/mol) 

   Change in enthalpy (J/mol) 

    Change in entropy(J/(mol/K)) 

   Voltage across capacitor (V) 

 

 

2.2.1 Gas Diffusion at Anode and Cathode 

 

 In a gas mixture consisting of   species, the diffusion of component   through the porous 

electrodes can be given by the Stefan-Maxwell equation as [50]: 

   

  
 

  

 
∑

         

    

 
                                                     (2.1) 

At the anode, the gas stream is a mixture of hydrogen    and water in gas phase    . Assuming one-

dimensional transport and taking the molar flux of water normal to anode surface      equal to zero, 

the diffusion of     along the x-axis can be expressed as: 

     

  
 

  

  
(
               

       

)  
  

  
(
       

       

)                               (2.2) 

The molar flux of    as determined by Faraday’s law, can be expressed as: 

   
 

  

  
                                                           (2.3) 

Substituting the value of    
 from (2.3) to (2.2) and integrating (2.2) with respect to   from the anode 

channel to the catalyst surface gives the molar fraction of     at the anode catalyst interface as: 

         
     (

      

           

)                                           (2.4) 

Here ‘ch’ denotes the conditions at the anode or cathode channel. 

At the anode, the molar fraction of    is: 

   
                                                          (2.5) 

Assuming uniformity of gas distribution along x-axis, the effective partial pressure of    can be 

expressed as: 

   
 

    

    
(      )      {

 

    
     (

      
           

)

  }                (2.6) 

At the cathode, the gas stream is a mixture of oxygen   , nitrogen   ,     and carbon-dioxide    . 

The diffusion of water along x-axis taking      equal to zero can be expressed as: 

     

  
 

  

  
(
               

       

)  
  

  
(
        

       

)                          (2.7) 
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he molar fraction of    ,    and     at the cathode catalyst interface is derived as: 

         
     (

      

           

)                                            (2.8) 

   
    

     (
      

          

)                                                (2.9) 

    
     

     (
      

           

)                                           (2.10) 

The molar fraction of    is: 

   
           

     
                                        (2.11) 

The effective partial pressure of    can be expressed as: 

   
 

    

    
   

 
    

    
(          

     
)                           (2.12) 

 

2.2.2    Open Circuit Output Voltage of PEMFC 

 

 Nernst voltage   , the thermodynamics voltage of the FC depends on the temperature and 

partial pressures of reactants inside the FC stack and is given as [146]:   

           
  

  
  (   

   

 

 )                                        (2.13) 

         the reference potential is a function of temperature represented as: 

               
  (

      

  
)                                          (2.14) 

where        
  is the standard reference potential at standard state of 298 K temperature and 1 atm 

pressure. Substituting the value of 2.14 in 2.13, we get: 

          
  (

      

  
)         

  

  
  (   

   

 

 )                      (2.15) 

   is the individual open-circuit output voltage of one FC. The parameters of individual cells can be 

lumped together to form the PEMFC stack [147]. Hence, the open-circuit output voltage of the 

PEMFC stack       can be given as: 

                     
    (

      

  
)         

    

  
  (   

   

 

 )         (2.16) 

where     is the number of cells in the stack. 

 

2.2.3 Irreversible Voltage Losses in PEMFC 

 

 The actual output voltage of the PEMFC at normal operating conditions is determined by 

irreversible voltage losses, which exists within the PEMFC [145]. Three types of voltage losses exist: 

activation losses, ohmic losses, and concentration losses [29, 30, 33, 36, 37, 42, 45]. 

 

2.2.3.1 Activation Voltage Loss 
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 The governance of sluggish electrode kinetics by the rate of electrochemical reaction at an 

electrode surface gives rise to activation losses in the PEMFC. These losses are dominant at low 

current density [36].  

     
  

   
  (

 

  
)       [        ]                               (2.17) 

The term              represents the temperature-dependent voltage loss, and the term       

           represents the activation voltage loss based on both current and temperature. The activation 

resistance corresponding to the activation voltage loss is [147]: 

     
     

 
 

         

 
                                              (2.18) 

 

2.2.3.2 Ohmic Voltage Loss 

 

 The ohmic losses are due to the ohmic resistance of the PEMFC that includes the resistance of 

the anode and cathode due to imperfections in the electrode manufacturing and the resistance of the 

proton electrolyte membrane to the movement of ions [145]. The overall ohmic voltage drop can be 

expressed as: 

                                                        (2.19) 

where       ,        and        are ohmic voltage drops at anode, membrane and cathode 

respectively. The electrode resistances of the PEMFC depend on the stack current and temperature and 

hence the ohmic resistance can be given as [145]: 

                                                     (2.20) 

where    is constant part of     .     and     are empirical constants. 

 

2.2.3.3 Concentration Voltage Loss 

 

 The concentration losses exist due to the formation of concentration gradients of reactants at 

the surface of the electrodes. The consumption of more fuel reduces the concentrations of hydrogen 

and oxygen at various points in the PEMFC gas channels, and increases the concentrations of these 

reactants at the input of the stack. The concentration losses for a single PEMFC stack can be given as 

[145]: 

       
  

  
  (  

 

    
)                                            (2.21) 

The equivalent concentration loss resistance can therefore be defined as:  

       
  

   
  (  

 

    
)                                          (2.22) 

The limiting current      of the PEMFC is determined by the rate of consumption of fuel and rate of 

fuel supply. Hence, concentration losses grow significant at higher currents, when fuel is consumed at 

a higher rate [145]. Thus, the actual output voltage of the PEMFC stack at normal operating conditions 
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is given by subtracting the voltage losses from the open-circuit output voltage of the PEMFC as 

follows [145]: 

                                                            (2.23) 

  

2.2.4  Mass Balance in PEMFC 

 

 The net mole flow rate of oxygen at the cathode is the difference between the mole flow rate 

of oxygen coming inside the FC and mole flow rate of oxygen going outside the FC [145]. Using ideal 

gas law, the dynamic equation for the effective partial pressure of    and    in the anode and cathode 

channel respectively can be written as: 

  

  

    

  
                

 

  
         

 

  
                        (2.27) 

  

  

    

  
                

 

  
         

 

  
                        (2.28) 

At steady state, all partial pressures are considered to be constant [50], hence we can write:  

    

  
 

    

  
                                                   (2.29) 

And hence the net flow rates of    and    become: 

                 
 

  
                                            (2.30) 

The flow of oxygen and hydrogen in the PEMFC cannot follow changes in the load instantly, and 

there exists a time lag between the change in the load current, and flow of oxygen and hydrogen [145]. 

The net mole flow rate of    at the anode and    at the cathode can be given as: 

        

  
 

 

  
(

 

  
        )                                         (2.31) 

        

  
 

 

  
(

 

  
        )                                         (2.32) 

 

2.2.5 Thermodynamic Energy Balance in PEMFC 

 

 The net heat generation due to the chemical reaction inside the PEMFC can be written as: 

                                                            (2.33) 

where      is the net heat energy,       is the chemical energy,       is the electrical energy,       is 

the sensible heat,         is the latent heat and       is the heat loss. 

The energy released due to change in enthalpy    of the chemical reaction inside PEMFC can be 

written as: 

                                                            (2.34) 

   can be calculated using the Gibbs free energy using equation: 

                                                        (2.35) 

           (   
   

 

 )                                     (2.36) 
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The electrical output energy can be written as: 

                                                              (2.37) 

Sensible heat       is the heat energy that is transferred by a body that has higher temperature than its 

surroundings. It is the product of species mole flow rate, its specific heat capacity and the difference in 

its temperature and room temperature. It can be represented as: 

                      
                 

                         (2.38) 

Latent heat         is the heat energy released or absorbed by a substance when changing from one 

phase to another. 

                                                           (2.39) 

The heat loss       by air convection can be expressed as: 

                                                        (2.40) 

At steady state FC operates at constant temperature. Hence,  ̇     . During transients, FC 

temperature rises or falls and hence: 

  ̇                                                         (2.41) 

where     is the total mass of FC stack and     is the overall specific heat capacity of the stack. 

 

2.2.6 Formation of Charge Double Layer in PEMFC 

 

 In the PEMFC, due to the presence of polymer membrane, electrons from the anode flow 

towards the cathode via an external circuit, while positive hydrogen ions reach the cathode through the 

polymer membrane [145]. As a result, two charged layers of opposite polarities are formed at the 

cathode/electrolyte interface. This charge double-layer is storage of electrical charges and energy, thus 

it behaves as an electrical capacitor. This effect causes retardation in the dissipation of the electrical 

charges near the electrolyte/electrode interface. Hence, voltage formed due to this charge double-layer 

will take certain time to respond to sudden change in the current. [30, 36, 37, 45]. 

 An equivalent electrical circuit to model the FC dynamic behaviour is represented in         

[50]. In the circuit, there is a first-order delay in the activation and the concentration voltage 

components. This delay is caused by the charge double layer effect [37, 148]. The ohmic voltage drop 

is not affected by the charge double layer effect as it is directly related to the current. The capacitor is 

placed in parallel with the activation and concentration voltages to take into account the dynamic 

effect of these voltage drops. This resulting loop is then connected in a series with the Nernst potential 

and with the ohmic voltage component [37, 148]. Therefore, in the PEMFC, when the current is 

increased by sudden increase in the load, the output voltage shows an immediate drop due to the drop 

across      of the PEMFC, but then the voltage reaches its new value in an exponential manner, due 

to the capacitance of the charge double-layer [145]. 
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          Equivalent circuit of PEMFC showing double-layer charging effect 

 

The capacitance due to the charge double-layer effect is a function of the cell surface area   , the 

separation between the plates   , and the electrical permittivity   [145]. Its value is usually a few 

Farads.  The value of the capacitance is given as: 

  
   

  
                                                             (2.42) 

The dynamic equation of the model presented in Fig. 2.1 is represented by: 

   

  
 

 

 
 

  

 
                                                        (2.43) 

where    represents the dynamic voltage across the equivalent capacitor (associated with      and 

     ), C is the equivalent electrical capacitance and   is the FC electrical time constant defined as: 

                
 

 
                                               (2.44) 

The resulting FC voltage is then defined as: 

                                                            (2.45) 

 

2.3 SIMULATION RESULTS OF THE PEMFC MODEL 

 

 The block diagram of MATLAB/Simulink model of PEMFC based on its electrochemical and 

thermodynamic characteristics is shown in         [50]. The inputs are anode pressure, cathode 

pressure, initial FC temperature and room temperature. The mass diffusion equations (2.1-2.12) are 

used to calculate the effective partial pressures of hydrogen and oxygen. The Nernst equation (2.13-

2.15) and the overall fuel and oxidant delay effect (2.31-2.32) are employed to determine the internal 

potential of the FC. The activation voltage drop equations (2.17-2.18), ohmic voltage drop equations 

(2.19-2.20) and concentration voltage drop equations (2.21-2.22) together with the voltage of the 

equivalent capacitance of double-layer charge effect (2.43-2.44) are applied to determine the output 

voltage of the FC. Thermodynamic effect is considered using energy balance equations (2.33-2.41).  



 
 

37 
 

Thermodynamics 
equations

Gas diffusion 
equations

Nernst 
equation

Activation loss 
calculation

Concentration loss 
calculation

Double layer 
charging effect

Ohmic loss 
calculation

Mass balance (fuel 
and oxidant delay)

 
 

aP

cP

rT

T

fcV

Lo
ad

fcI

 

 

        Block diagram for dynamic model of PEMFC 

 

          and         shows the  –   characteristic and     characteristic of the 0.5 kW 

PEMFC model obtained by simulating the model at anode pressure         , cathode pressure 

         and room temperature         . In        , the voltage drops at the left end and the 

right end of the curve are due to activation and concentration losses respectively. The voltage drop at 

the middle of the curve is due to the ohmic loss in the PEMFC. Thus the 0.5 kW PEMFC model has a 

rated current of 20 A and output voltage of approximately 25 V. 
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            Characteristic of the PEMFC model at         ,         ,          

 

2.3.1 Variation in     and     curve with Input Parameters 

  

 The PEMFC model is further subjected to different values of input variables    and    in order 

to study their effect on the     and     characteristics, output voltage of the FC and voltage 

losses.         shows the     characteristics and         the     characteristics obtained by 

simulating the model for different values of   . The other two input variables    and    are kept 

constant at 1 atm and 308 K respectively. It is seen from the figure that as    is increased, the output 

voltage of the PEMFC increases and it reduces the voltage losses in the PEMFC. Hence, it is possible 

to reduce voltage losses in the PEMFC by operating it at higher values of   .         shows the     

characteristics and         the     characteristics obtained by simulating the FC model for 

increasing values of   . The other two input variables    and    are kept constant at 2 atm and 308 K 

respectively. Again, it can be seen that as    is increased, the output voltage of the PEMFC increases 

which reduces voltage losses in the PEMFC. For the higher values of   , voltage losses are smaller. 
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            characteristic of the PEMFC model for increasing anode channel pressure    

 

            Characteristic of the PEMFC model for increasing cathode channel pressure    

 

            Characteristic of the PEMFC model for increasing cathode channel pressure    
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From         and        , it can be seen that as    and    are increased, the output voltage 

of the PEMFC increases, which reduces voltage losses. For higher values of    and   , 

voltage losses are smaller. Hence, it is possible to reduce voltage losses in the PEMFC by 

operating it at higher values of    and   . 

2.3.2 Formation of PEMFC Array 

 Each 0.5 kW FC used in the PEMFC stack has a rated current of 25 A. The 6-kW PEMFC 

array used in single-phase simulations is formulated by combining 2 (series) x 6 (parallel) = 12 0.5 kW 

FC stacks.         shows the formulation of the 6 kW PEMFC array from 0.5 kW FC stacks in 

MATLAB/Simulink. The 6 kW PEMFC array has the rated current of 150 A. The     characteristics 

and the     characteristic of the array is shown in          and          respectively. 
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        Formulation of the 6 kW PEMFC stack from 0.5 kW PEMFC stack model 

Similar to model development of 6 kW PEMFC that is used for single-phase simulation studies, 100 

kW PEMFC model is developed from series parallel combination of stacks for use in three-phase 

simulation studies. 
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             curve of 6 kW PEMFC stack 

 

             curve of 6 kW PEMFC stack 

2.3.3 Transient Response of the PEMFC Model 

 

 The dynamic response of the PEMFC depends on the capacitance of double-layer charge 

effect, fuel and oxidant flow delays and the thermodynamic characteristics of the PEMFC [36, 145]. 

         shows the transient response of the model. The load is varied in steps over a small time 

period between 1 to 4 s to observe the transient behaviour of the model. It can be seen that as the load 

is increased or decreased, the output voltage drops or increases simultaneously which is mainly due to 

the voltage drop across the FC ohmic resistance, which increases with increase in loading of FC and 

vice-versa. After the instantaneous change, the FC output voltage increases exponentially to its new 

steady state value when the FC is loaded and decreases exponentially when the FC is unloaded. This is 

due to the time constant associated with the capacitance of the charge double layer formed on the 

surface of the cathode. However, in the long time range the transient phenomena is affected by the 

thermodynamic time constant, as well as due to air and hydrogen flow delays inside the PEMFC. 

These delays can vary from few seconds to few minutes in the PEMFC.  
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         Transient response of the PEMFC model  

 

2.4 FUEL CELL BASED DISTRIBUTED GENERATION SYSTEM  

 

Fuel Cell technology holds promise towards sustainable power generation, it being pollution 

free and using readily available fuels [27, 29, 33, 37, 144].  Since the FC delivers DC power, it needs 

to be inverted and stepped up to be able to be used as distributed generation [4, 24]. Further, the FC 

voltage decreases almost linearly with the increase in load current [42]. Hence, the FC output voltage 

must be regulated at a desired level. A suitable power electronic interface is required between FC and 

grid, with the capabilities of FC voltage regulation, output voltage matching and galvanic isolation 

between FC and grid [25]. The aforementioned task is achieved by connecting a DC-DC converter to 

the FC followed by a DC-AC inverter [4, 24, 34] .  

The block diagram representation of power electronic interface associated with FC systems is 

shown in          [16]. The power electronic interface accepts power from the FC source and 

converts it to power at the required voltage and frequency. Four major modules for a power electronic 

interface are depicted in the figure. They include the DC-DC converter module to change the DC 

voltage level, an inverter module to convert the DC voltage to grid-compatible AC voltage, the output 

interface module to filter the AC output from the inverter and the controller module [16, 28, 131]. 

Several DC-DC non-isolating and isolating converters topologies have been researched for FC 

applications. The non-isolating type of DC-DC converter is generally used when the voltage needs to 

be stepped up or down by a relatively small ratio and there is no problem with the output and input 

having no dielectric isolation. The efficiency of the conventional boost converter is always greater 

than the other DC-DC converter topologies because it has reduced component counts and simplicity in 

control [25]. However, when isolation and high conversion ratio is required, the flyback converter, 

forward converter, push-pull converter [4], half bridge converter and full-bridge converter [54] are 

considered [12]. The output of DC-DC converter is given to DC-AC converter. For single-phase 

requirement, half-bridge and full-bridge PWM inverter configurations are used. Both designs are 
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simple in nature and have low component count. As compared to half-bridge inverter, the full-bridge 

inverter has two more switches adding to the cost while doubling the output voltage rating [12, 25]. 

Fuel Cell as 
Distributed Energy 

Resource

Monitoring and control 
Module

DC-DC
Converter
Module

DC-AC
Converter
Module

Output
Interface
Module

PCC Utility grid

Power Electronics and Control

  

         General block diagram of FC power electronic system 

 

For medium and high power applications the conventional three-phase Pulse Width 

Modulated - Voltage Source Inverter (PWM-VSI) is preferred because of the simplicity in control 

technique. This converter is simple in nature and with the filter can provide an adequate AC output. 

The PWM-VSI is the state of the art technology used nowadays worldwide by all manufacturers for 

interacting with the power system [25, 28, 100]. The use of IGBTs switched typically at 10 to 20 kHz 

leads to a better power quality performance. The possibility of high switching frequencies combined 

with proper control makes these converters suitable for grid interface [100].  

 Power supply reliability and power quality have become important issues for all kind of power 

electronic systems including FC systems. For interconnecting a FC system with utility, it is necessary 

that the system should meet the harmonic standard (IEEE Std 929-2000) [149] and the active power 

supply requirement. The power flow control to the utility, as well as the sinusoidal unity power factor 

current injection into the utility is obtained by the inverter controller [144]. All these topologies 

discussed earlier use multiple-stage conversion to deal with the aforementioned challenges, which 

results in large component count, poor reliability, additional cost and low efficiency [24]. Another 

possibility is directly connecting an inverter to the FC followed by a step-up transformer. 

 Direct connection of DC-AC inverter to the FC with AC gain step-up transformer has only 

one conversion stage [24]. This topology offers the advantages of least component count and low 

losses. The step-up transformer provides the isolation between FC and grid/load as well [24]. Grid 

interface of FC using single-stage conversion is one of the probable area of research and complete 

design, modelling and implementation of control scheme need more focused attention. This chapter 

presents modeling and simulation of a single-stage power electronic interface between FC and the 

grid. This model is used to define the active and reactive power reference, which can be supplied by 
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the system to facilitate grid interface. A simulation model of 100 kW PEMFC is considered for the 

design and study. Control scheme is implemented in    reference frame and various simulation results 

are presented in steady state as well as during transients.  

 

 2.5 POWER CIRCUIT DESCRIPTION OF SINGLE-STAGE GRID INTERFACED FUEL 

CELL SYSTEM 

  

The schematic diagram of the proposed FC system is shown in         . Pulse-width 

modulated voltage source inverter is used to interconnect the FC system to the grid for real and 

reactive power control purposes. A DC-link capacitor on the DC-side of the VSI acts as an energy 

buffer and makes a stable DC voltage for the converter in the steady state condition. An LC filter is 

connected at the output of the inverter to reduce the harmonics introduced by the inverter. A step-up 

transformer is then used to increase the voltage level before the system is connected to the grid. Thus a 

single-stage power electronic interface for FC based power system consists of FC stack, DC-AC 

inverter, filter and a step-up transformer for grid connected applications. In order to meet the 

requirements for interconnecting the FC system to a grid and control the power flow between them it 

is necessary to shape and control the inverter output voltage in amplitude, angle and frequency [144]. 

The controller is required to perform the following functions: control the active power generated to the 

grid, control the reactive power transfer between the FC and the grid, control the DC-link voltage, 

ensure high quality of the injected power and grid synchronization. 

 

2.5.1 Low Pass Filter 

 

 The FCDG scheme needs to confirm to power quality standards demanded by utility. Hence, 

an output filter is required to eliminate harmonics injected by FC inverter in the system. The filter 

attenuates the harmonic components of the VSI AC-side voltage and prevents them from penetrating 

into the grid [24, 25, 42, 68]. For simplicity and economy, a low-pass    filter [4, 24, 150] is mostly 

used. The aim of the    filter is to keep the harmonic currents injected by the FC system into the grid 

at reasonably low levels and thus maintain a low voltage distortion at the PCC. The objective is 

fulfilled by selection of proper values for the filter inductance   and capacitance  . A value between 

0.1 to 0.25 per unit is selected for  , to keep the inductor size and cost low [68].   consists of the 

parallel connection of grid equivalent inductance plus the interconnection transformer leakage 

inductance.   is calculated such that the resonant frequency of the    filter circuit is sufficiently larger 

than the grid nominal frequency   , but considerably smaller than the VSI switching frequency   . A 

large switching frequency for the VSI allows for smaller filter capacitance [68]. A switching 

frequency of 10 kHz for PWM inverter operation and a cut-off frequency    of 650 Hz is considered 

here for LC filter design.  
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2.5.2 Interconnection Transformer 

 

 A transformer is included in the grid-connected FC system to adapt the VSI AC-side terminal 

voltage to the nominal PCC voltage. The transformer has a delta winding connection on low voltage 

side and a grounded wye winding configuration on the higher voltage side to avoid distortions due to 

the triple-n harmonics of the magnetizing current. Also, the transformer isolates the FC system from 

the grid, in terms of zero sequence components of fault currents. In addition to the isolation 

transformer, utilities require another transformer, called the interconnection transformer, to interface 

the FC system with the network [68]. The combined effect of the two transformers is referred to as the 

interconnection transformer in this work. The filtered output voltage is stepped up through a 

transformer to 230 V rms per phase for interfacing to grid. 

 

2.5.3 Grid Synchronization 

 

 Information about the phase angle, amplitude and frequency of the grid voltage is of vital 

importance for the VSI control system to be able to accurately control the flow of active and reactive 

power. The purpose of the grid synchronization technique is therefore to identify the information 

needed by the control system. Although a wide range of synchronization methods have been proposed, 

the most common and well known synchronization technique for three-phase VSI is the Synchronous 

Reference Frame Phase Locked Loop [102]. 

 In a PLL, space vector corresponding to the grid voltage  ⃗ is projected on the   and   axes of 

a    frame as shown in          and the   frame is rotated in such a way that    becomes zero. This 

objective is achieved through a closed loop mechanism where any deviation of    from zero is 

processed by a filter     , and translated into a higher or lower rotational speed of the    frame with 

respect to the power system nominal frequency   . 

  In a steady state    settles to zero, the   axis of the    frame gets aligned with the grid 

voltage vector and the    frame rotational speed becomes equal to the grid angular frequency. As 

such, the extracted angle   becomes equal to the grid voltage angle  . The frequency response of      

is tailored so that grid voltage imbalance and distortion does not affect  . PLL also provides a measure 

of the grid instantaneous frequency       ⁄  [68]. 
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             Vector diagram illustrating the operation principle of Phase-Locked Loop     Block 

diagram of the Phase-Locked Loop 

 

2.6 POWER FLOW CONTROL FROM FC TO THE GRID 

 

In grid-connected mode, the output active power     and reactive power     from the FC 

system to the grid should be regulated to desired values      and      respectively. Both      and 

     can be positive or negative, which provides possibility for the FC unit to help with the energy 

production and stability enhancement of the power system. The power regulation goals are stability, 

low steady state error, and fast response with low coupling between     and    . The current injected 

into the DC-link by the FC stack     can be given as: 

    
     

   
                                                            (2.46) 

where     is the DC-link voltage and       is the power generated from the FC. The current flowing 

out of the DC-link     can be represented as 

    
   

   
 

           

   
                                                (2.47) 

where    ,       and       are total power available at grid interfacing inverter, active power supplied 

to the grid and loss power. To regulate the DC-link voltage, conventional PI controllers are used. The 

loss power i.e. the energy required by the DC-link capacitor to charge from actual voltage     to 

reference voltage         can be expressed as: 

      
 

 
           

     
                                           (2.48) 

where     is the DC-link capacitor.          shows the single line diagram of FCDG system where 

the inverter output voltage        is connected to the PCC      through impedance           

which includes the filter, transformer, coupling and transmission line impedances.         is the 

DC-link voltage and    is the current flowing from inverter to the PCC. The apparent power transfer 

from the FC inverter to the grid can be expressed as:  

 ⃗             ⃗⃗⃗ ⃗  ⃗⃗ ⃗    ⃗⃗⃗ ⃗ (
  ⃗⃗⃗⃗⃗   ⃗⃗ ⃗⃗

  
)                                                  (2.49)                                                            

where     is the real power,     is the reactive power flow from FC to the grid. 
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 ⃗    (
                   

      
)                                                          (2.50)                                                                                                                  

Multiplying the numerator and denominator of the above equation by the conjugate of the line 

impedance       , we get: 

      [
                        

  
    

 ]                                                     (2.51)                                                                                                     

      [
                        

  
    

 ]                                                     (2.52)   
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         Single line diagram of FCDG system 

                                                                                                    

The Equations (2.51) and (2.52) represent the active and reactive power transfer from FC to the grid. 

Neglecting the line resistance   , assuming the reactance    to be large compared to   , 

    
    

  
                                                                  (2.53)                                                                                                                             

    
  

  
                                                                 (2.54)                                                                                                                 

From the above equations, it is observed that both     and     depend upon    and   , which is called 

coupling between     and    . However both    and    have different levels of impact upon     and 

    [151]. Taking partial derivatives of     and     with respect to    and   , we get: 

    

   
 

    

  
      , 

    

   
 

  

  
                                                       (2.55) 

    

   
 

    

  
      , 

    

   
 

 

  
                                                      (2.56) 

When    is small as in large capacity power systems, 

    

   
 

    

  
 ,
    

   
                                                               (2.57) 

    

   
   , 

    

   
 

 

  
                                                              (2.58) 

Thus     is predominantly dependent on the power angle    and     is dependent on the voltage 

magnitude difference        . This different levels of sensitivity of     and     to    and    provides 

the possibility of controlling     and     independently [151]. The inverter output voltage is controlled 

by the modulation index    and phase angle   . Thus if the desired values of real and reactive power 

     and      are known, the values of    and    can be determined from Equations (2.53) and (2.54): 
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 (    

      
 )    

                                                     (2.59) 

   
 

 
      (

      

    
)                                                     (2.60) 

The Equations (2.53) and (2.54) can also be written as: 

    
       

  
                                                                  (2.61)                                                                                                                       

    
  

  
(             )                                                      (2.62)                                                                                                         

 For small phase angle,     is predominantly dependent on the power angle    and     is dependent on 

the voltage magnitude difference        . As a result, the control of real and reactive power flow is 

reduced to the control of the power angle and the voltage of the inverter. Αlthough the flow of real and 

reactive power is not completely decoupled, they are independent to a good extent, the control of one 

has a very minor impact on the other one [151].  

 

2.7 DESIGN OF CONTROL CIRCUIT FOR GRID INTERFACING VSI 

 

 The control strategy applied to the VSI consists of two cascaded loops. There is an inner 

current loop which regulates the grid current, and an external voltage loop which controls the DC-link 

voltage or an external power loop that controls the power flow. The current loop is responsible for 

power quality issues and current protection. The DC-link voltage/power controller is designed for 

balancing the power flow in the system [28]. The overall control scheme adopted for FC grid-

connected inverter is shown in         .               is the VSI AC output voltage, (           ) the 

VSI AC output current and               is the grid voltage.     ,      are the    components of 

              , (       ) are the    components of (           ) and (       ) are the    components 

of              . The values of voltage    and angle    are calculated corresponding to      and      

using Equation (2.59) and (2.60) respectively. The inverter control variables, voltage and angle are 

converted to         and        .                    
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         Control Circuit for the FCDG inverter 
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 The error signals between the actual    output voltages and the    reference voltages are fed 

to the PI controller that generates the current reference signals         and         for the current control 

loop. The output of the current controller transformed back to stationary reference frame is used to 

produce the sinusoidal PWM pulses to the inverter switches. The controller parameters are realised by 

trial and error method. The PLL technique is used for extracting the phase angle of the grid voltage and 

current. 

,cd refi

cdi

cdv
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         Inner current control loop ( -axis component) of grid-interfacing inverter 

 

         shows the  -axis component of the inner current control loop.      is the gain 

of the pulse width modulator and can be expressed as:       
   

     
 where      is the 

amplitude of the carrier signal.    is the current controller which is chosen as a generic PI 

controller with transfer function: 

      
        

 
    (  

   

    
)                                      (2.63) 

The expression        ⁄  is the model of the overall equivalent admittance of the LC filter 

inductor, transformer, coupling inductor and transmission line. The transfer function of the 

current control loop can be expressed as:  

      
      

          
 

    (
 

      
)

      (
 

      
)
                            (2.64) 

(Comment [8])The transfer function given in (2.64) is used to design the PI current controller 

as follows: 

 Determine the desired crossover frequency    where the phase angle of       is 

           .    is the specified phase margin.    normally, 5° is the phase 

allowance for the angle contributed by the controller       at    . 
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 Determine     so that          crosses the 0-dB axis at the specified crossover 

frequency   . 

 Choose the break frequency       ⁄  of the controller one decade below   , i.e. 

           ⁄⁄  to find    . 

 Plot            to verify that all the specifications are met. 

The parameters used for the design of current control loop and voltage control loop of inverter 

are given in Table 2.2. 

 

Table 2.2: Parameters used for the design of inverter control 

 

Parameters Values 

    400V 

     1V 

   0.001Ω 

   1 mH 

    75 

    0.75 

    7.5 

    0.075 

 

The unit step response of the current control loop is shown in Fig. 2.19. It is noted that the 

overshoot is 2.5% and the equivalent time constant is about 0.005s.  Therefore, the overall 

current control loop can be approximated by a simple lag as       
 

    
, where        s 

is the equivalent time constant of the current control loop. This approximated value is used for 

the design of voltage control loop.  

 

Fig. 2.19 Unit step response of the current control loop and its approximation 
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         Outer voltage control loop ( -axis component) of grid-interfacing inverter 

  

         shows the  -axis component of the outer voltage control loop.    is the current 

controller which is chosen as a generic PI controller with transfer function: 

      
        

 
    (  

   

    
)                                  (2.65) 

The expression         is the overall impedance of the transformer, coupling inductor and 

transmission line. The transfer function of the voltage control loop can be expressed as:  

       
(

 

    
)        

   
 

    
         

                                        (2.66) 

The transfer function given in (2.66) is used to design the PI voltage controller. The voltage 

controller parameters are determined using the four steps used for determining the current 

controller parameters. 

2.8 PROCESSOR - IN - LOOP SIMULATION, RESULTS AND DISCUSSIONS  

Processor-in-Loop (PIL) simulation is a means to run the control algorithm in a fixed 

point Digital Signal Processor.          gives an overview of the PIL simulation. In PIL 

simulation, the system model runs in Simulink software, while the code generated from the 

control subsystem runs in the DSP. The Simulink software sends the control signal from the 

model for one sample interval to the DSP via Code Composer Studio - Integrated Development 

Environment (CCS-IDE) [25].  

MATLAB 
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         Overview of Processor-in-Loop simulation 
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Rate limiters and data type converters are used to convert the output signals to DSP compatible 

signals. On receiving the signals, the processor executes the algorithm for one sample step and 

returns the output signals to Simulink software via CCS-IDE interface. Thus, one sample cycle 

of the simulation is completed and the system model proceeds to the next sample interval. The 

complete process repeats itself and the co-simulation progresses. 
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The model of proposed FCDG system is simulated in MATLAB/Simulink environment 

and then co-simulated in TMS320F2812 DSP to validate its performance. The simulation 

model of the FCDG system developed in Simulink using power system block sets is shown in 

              The control circuit is developed as per              in Simulink and created in 

subsystem with TMS320F2812 ezdsp target processor.  

 

 

Fig. 2.22 (b) PIL control circuit of proposed FCDG system 

 

          and          shows the FCDG system response  with the required active and 

reactive power demand.          shows the output voltage    , output current    , and output 

power       of the FC stack.          shows the active power     delivered from the FC stack 

to the grid along with the active power reference      and the reactive power flow     from 

FC to the grid along with the reactive power reference     . The initial active power demand 

from FC is set to 80 kW and the reactive power demand to 50 kVAR.  
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         Active power flow     from FC to the grid along with active power reference     , 

Reactive power     from FC to grid along with the reactive power reference      

 

 The stability of the FC system is investigated under electrical fault [17]. A three-phase to 

ground fault is simulated at   = 1.1s and is cleared at   = 1.109s in the FC system. During the 

fault the power flow changes direction, flowing from the grid towards the fault.          

shows the change in power flow in the FC system resulting from the three-phase to ground 

fault. From the figure it is clear that the system remains stable after the fault. 

 However, the energy drawn from the FC during the fault swings the voltage and current to 

maximum and minimum during the fault. The effect of this could be detrimental to the FC 

health and lifetime. Drawing the maximum current from the FC can move its operation into the 

concentration region [17]. 

 

 

         FC system response to three phase to ground fault 
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 The FCDG system circuit has been simulated for load variations in forward 

interconnected mode as well as reverse interconnected mode. In forward interconnected mode, 

the FCDG and the grid both supply power to the local loads. In reverse interconnected mode, 

the FCDG supply power to local loads as per the load requirement and rest of the power is 

injected to the grid.  

          shows the performance of FCDG system for active power control in reverse 

interconnected mode. In reverse interconnected mode, the load active power demand is less 

than the FCDG capacity i.e.           and hence FCDG supply active power to the load as 

per load requirement and rest of the power is injected to the grid system. The initial load 

demand is 30 kW. The FC supplies 30 kW power to the load. The rest of the power is injected 

into the grid. The grid currents are 180° out of phase with respective phase voltages which 

proves that DG system is injecting extra power into the grid.              and     shows the 

response of the system (                   ) to increase and decrease in resistive load 

respectively when          .              shows the response of the system when       is 

increased from 30 kW to 60 kW at   = 0.3s.              shows the response of the system 

when       is decreased from 60 kW to 30 kW at   = 0.3s.  

          show the performance of FCDG system for active power control in forward 

interconnected mode. In this case the active power demand of load is more than the FCDG 

capacity i.e.          and hence the grid and FCDG both will supply active power to load. 

The initial load demand is 150 kW. In all the cases the FC supply constant 100 kW power and 

the rest of the power is provided by the grid.               and     shows the response of the 

system to increase and decrease in resistive load respectively when          .              

shows the response of the system when       is increased from 150 kW to 200 kW at   = 0.4s. 

             shows the response of the system when       is decreased from 200 kW to 150 

kW at   = 0.4s. 

 

    

0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4
-5

0

5

10

15
x 10

4

Time (s)

P
fc

, 
P

lo
a

d
, 

P
g

ri
d
 (

W
)

 

 

Pfc

Pload

Pgrid



 
 

57 
 

 

    

         Response of the system when               to increase in resistive load     to 

decrease in resistive load 

 

 

    

 

    

         Response of the system when                to increase in resistive load     to decrease 

in resistive load 
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 In this work, dynamic model of 0.5 kW PEMFC is presented which models an open-circuit 

output voltage of the PEMFC, voltage losses in the PEMFC, formation of a charge double-layer on the 

surface of the cathode in the PEMFC, along with a mass balance and thermodynamic energy balance 

inside the PEMFC. The inputs to the FC model are anode and cathode pressures, initial temperature of 

the FC and room temperature.  

 It can be seen that as anode channel pressure and cathode channel pressure are increased, the 

output voltage of the PEMFC increases, which reduces voltage losses in the PEMFC. For higher 

values of anode and cathode channel pressures, voltage losses are smaller. Hence, it is possible to 

reduce voltage losses in the PEMFC by operating the PEMFC at higher values of anode and cathode 

channel pressures. Simulation results show that the model can predict the electrical response of the 

PEMFC stack under steady-state as well as transient conditions. Finally a 6kW PEMFC stack is 

developed from series parallel combination of the 0.5 kW FC stack. This PEMFC stack model is used 

in further work for designing the interfacing power electronic circuits in FCDG system. 

 This second half of the chapter presented the modeling and control of a single-stage FC based 

generation intended for grid-connected applications with real and reactive power control capability. 

The inverter control is designed to control the flow of active and reactive power from FC to the grid.A 

   transformed two-loop control scheme using PI controllers is used to control the real and reactive 

power delivered from FC to the grid. The external voltage controller generates the reference current to 

be tracked by the internal current controller, the output of which, transformed back to stationary 

reference frame is used to produce the sinusoidal PWM pulses to the inverter switches. With the 

proposed control the active and the reactive power could be controlled independent of each other. 

  The validity of the proposed control schemes is verified by developing a MATLAB/Simulink 

model of the proposed FCDG system. The control scheme is then co-simulated in Digital Signal 

Processor TMS320F2812 through Processor-in-Loop. The results show that the real and reactive 

power delivered from the FC system to the utility grid can be controlled as desired while the DC-link 

voltage is maintained constant.  The load following analysis and fault analysis of the PEMFC power 

plant is also performed. The results show that the FCDG system with the proposed two-loop inverter 

control scheme is capable of load-following and can remain stable under the occurrence of electrical 

faults.  
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 Chapter-3 

REACTIVE POWER AND HARMONIC COMPENSATION OF PCC 

LOAD IN FCDG SYSTEM USING ACTIVE POWER FILTER 

 

The chapter deals with design and analysis of FC system with active power filtering capability 

embedded in control circuit of the inverter interfacing the FC to the grid for both single-phase and 

three-phase systems. Simulation in MATLAB/Simulink environment, Processor-in-Loop simulation 

using Digital Signal Processor TMS320F2812 and experimentation is carried out and results presented 

to verify the operation and the control principle. 

 

3.1 INTRODUCTION 

 

 The increased use of power semiconductor devices in wide variety of loads have resulted in 

numerous power problems in the electric networks These Power Quality (PQ) problems are mitigated 

by installing filters in shunt with nonlinear loads. Earlier, passive filters were used, but owing to 

drawbacks of large size, resonance and fixed compensation associated with them, the focus has shifted 

towards Active Power Filters (APFs) [105, 111, 152]. APFs can provide harmonic compensation, 

reactive power compensation, balance supply currents, damping of oscillation in currents and voltage 

regulation. Since shunt APFs are connected in parallel with the load, they do not burden the source on 

account of displacement power factor and loading. The non-linear load current harmonics may result 

in voltage harmonics and can create a serious power quality problem in the power system network. 

APFs are extensively used to compensate the load current harmonics and load unbalance at 

distribution level thus resulting in an additional cost [153]. 

 To maintain the accuracy and fast response of APF controller, proper estimation of reference 

current and the hardware is required both in quality and configuration. Most of the algorithms reported 

in literature based on two axis transformations are complex in implementation. Some direct and 

indirect controls of shunt APFs are reported in the literature [106, 154, 155]. The rising uncertainties 

in AC system and increasing dynamics and nonlinearity of loads have attracted more attention of 

researchers to evolve improved algorithms. This led to evolution of universal control technique of 

compensation having substantially improved transient performance under unbalanced load conditions. 

In addition to above, in most of the industrial environment the distortion in utility voltage is escalating 

at a very fast rate. It is experienced that the performance of APF has deteriorated under distorted 

supply voltage conditions [8, 110, 113, 156]. Under distorted supply voltage conditions, the harmonics 

are generated in the load current, despite the load being a linear load. Xu and Liu [156] proposed a 

method to split out the customer and supply side current harmonic contributions.  
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 Various topologies of APF have been developed in recent years to compensate for harmonics 

and reactive power of non-linear loads [110, 121, 124, 154, 155, 157-160]. The Shunt Active Power 

Filter (SAPF) based on Current Controlled Pulse Width Modulated Voltage Source Inverter (CC 

PWM-VSI) is most effective even for highly non-linear loads.  Various frequency-domain methods 

based on Fourier transform and time-domain methods based on instantaneous reactive power    

theory, synchronous reference frame    theory, instantaneous active-reactive current      theory, have 

been developed for reference signal estimation [105].  

 Further large numbers of Alternative Energy Sources (AES) are being integrated at 

distribution level. The high penetration level of intermittent AES in distribution systems is a matter of 

great concern as it may pose a threat to network in terms of stability, voltage regulation and power-

quality issues. The Distributed Generation (DG) systems are hence required to comply with strict 

technical and regulatory frameworks to ensure safe, reliable and efficient operation of overall network 

[8]. With the advancement in power electronics and digital control technology, the DG systems can 

now be actively controlled to enhance the system operation with improved PQ at Point of Common 

Coupling (PCC). However, the extensive use of power electronics based equipment and non-linear 

loads at PCC generate harmonic currents, which may deteriorate the quality of power [161]. 

 As a consequence, there is a need to develop a method which attributes the responsibilities of 

the customer and utility at the PCC, and controller for APF that works properly under non-sinusoidal 

voltage and compensates customer as well as utility generated harmonics under unbalanced and 

varying load conditions. Technological advancement and availability of modern low cost Digital 

Signal Processors (DSPs) have motivated to develop simple and high performance control techniques. 

However, the installation of APF is accompanied by additional cost. 

 Generally, current controlled voltage source inverters are used to interface the intermittent 

AES in distributed system. Recently, a few control strategies for grid connected inverters 

incorporating PQ solution have been proposed. In [162], a control strategy for renewable interfacing 

inverter based on    theory is proposed. In this strategy both load and inverter current sensing is 

required to compensate the load current harmonics. The photovoltaic inverter system in [163] can 

perform both active power filtering and real power injection to the grid. A    based control of a three-

phase grid-connected photovoltaic system with APF functions is proposed [128, 129]. However, these 

methods of control need large number of transformation, and thus, are complicated to implement. 

Singh et. al. [8] have presented a novel control of an existing grid interfacing inverter to improve the 

quality of power at PCC for a three-phase four-wire DG system. 

 The private sectors and utilities are now concentrating on DGs based on renewable energy 

sources with accrued benefits on account of higher efficiency, improved power quality, reliability, and 

environmental friendly nature for grid connected applications. In this scenario, DGs play an important 

role over fossil fuel generation. Among different DG technologies such as fuel cell, wind power, and 
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solar; the fuel cell based DGs are becoming more popular due to its high efficiency, cleanliness, 

modularity, and cost effectiveness [25]. 

 Thus features of APF has been incorporated in the conventional inverter interfacing FC with 

the grid, without any additional hardware cost thus making maximum utilization of inverter rating. 

The grid-interfacing inverter is effectively utilized to transfer FC active power to the PCC, load 

reactive power demand support, current harmonics compensation of PCC load and load current 

unbalance. With adequate control of grid-interfacing inverter, all the four objectives is accomplished 

either individually or simultaneously. The PQ constraints at the PCC are therefore strictly maintained 

within the utility standards without additional hardware cost [164]. 

 In the presented work, the output of the FC stack is given to the DC-side of the VSI for 

interfacing to the grid and the features of APF have been incorporated in the control circuit of the CC-

VSI [165] interfacing the FC to the grid. Thus the function of APF is added in the existing inverter of 

FC system by making the necessary modification in the control circuit. A common inverter is utilized 

to inject FC power generated to the grid and also to act as SAPF to compensate for load current 

harmonics and reactive power demand. This chapter is divided into three major parts. The basic 

principle of compensation of APF is discussed in the first part. The second and third part of the 

chapter deals with the design and analysis of FC-APF-DG system utilizing a single inverter, for single-

phase and three-phase network respectively. 

 

3.2 OPERATING PRINCIPLE OF SHUNT ACTIVE POWER FILTER 

  

         shows the basic compensation principle of the shunt active power filter. The supply 

voltage can be written as: 

                                                                   (3.1)                    

where    is the peak value of source voltage. The non-linear load will draw current that will have a 

fundamental component and harmonic components which can be represented as: 

      ∑                            ∑              
 
   

 
         (3.2) 

where    and    are the peak values of fundamental load current and     harmonic load currents 

respectively.   and    are the phase angles of the fundamental and harmonic component of the load 

current respectively. The instantaneous power drawn by load can be given as: 

                  

        
                                 

                                    ∑              

 

   

 

                                                                      (3.3) 

The first term is the instantaneous load active power, the second term is the instantaneous load 

reactive power and the third term is the instantaneous load harmonic power. A SAPF is required to be 
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connected in parallel with the non-linear load to detect its reactive and harmonic current and to inject 

into the system a compensating current equal to the load reactive and harmonic current [117, 146]. The 

grid needs to supply only the real power requirement of the load, the reactive and harmonic power is 

to be provided by the compensator. The SAPF consists of an inductance    and a resistance     per 

phase on the AC-side of CC-VSI with a DC-link capacitor     [11, 153, 159, 164, 166, 167]. 
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        Compensation principle of Shunt Active Power Filter 

3.3  SINGLE-PHASE FCDG SYSTEM WITH SAPF 

 

 This section presents the modeling and control of single-phase grid-interfaced FC system with 

embedded active filter functioning. 

 

3.3.1 Power Circuit Description 

 

         shows the schematic diagram of single-phase grid-interfaced fuel cell system with 

non-linear load at PCC The system consists of a 6 kW PEMFC, connected to H-bridge VSI for 

interfacing to the grid via an energy storage DC-link capacitor    . An inductive filter with inductance 

   and a resistance    is connected on the AC-side of single-phase IGBT H-bridge VSI. A step-up 

transformer is used to increase the voltage level before the system is connected to the PCC. An 

uncontrolled diode rectifier non-linear load is connected at the PCC. The inverter control is designed 

to compensate the load current harmonics and load power factor and regulate the FC power flow to the 

PCC. Simulation study in MATLAB/Simulink and experimentation is carried out to verify the 
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proposed system with its control so as to achieve both the objectives of grid interfacing of FC system 

as well as active filtering. 
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        Schematic diagram of single-phase FCDG system with non-linear load at PCC 

 

3.3.2 Grid-Interfacing / SAPF Inverter Control 

 

Pulse-width modulated H-Bridge CC-VSI is used to interconnect the FC system to the utility 

grid for power flow and power quality control purposes. A DC-link capacitor on the DC-side of the 

VSI acts as an energy buffer and maintains a stable DC voltage for the converter in the steady state 

condition. This DC-link capacitor decouples the FC from the grid and also allows independent control 

of converters on either side of DC-link [146].  
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        Single line diagram of FCDG-APF system  
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        shows the grid-interfacing inverter        connected to the PCC      through a coupling 

impedance   . The AC-side voltage of the inverter is controlled both in magnitude and phase to 

control the active and reactive power flow between the FC and the grid.  
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        Vector diagram at unity power factor operation mode 

 

        represents the vector diagram with unity power factor. In this figure    and    are the rms 

voltages at PCC and AC-side of the inverter respectively.   ,   and    are the rms values of currents to 

the grid, to load and from the inverter respectively.     and     are the active and reactive components 

of grid current   ,     and     are the active and reactive components of load current    while     and 

    are the active and reactive components of inverter output current   , respectively.    is the load 

power factor angle.    is the angle between    and   . Taking    very small as compared to     

    , current    through inductor    can be written as 

   
   

  
                                                            (3.4)                                                                                                                                                  

From the vector diagram, we get 

   
    

    
                                               (3.5)                                                                                                             

From Equations (3.4) and (3.5), we get 

  
  

  
    

            

  
                                        (3.6)                     

The active power   and reactive power   flow from FC inverter output to the PCC can be given by: 

  
    

  
      

       

  
                                          (3.7)                                                                                                           

  
  

  
             

  

  
                                         (3.8)                                                                               

where    is the inverter modulation index. The grid-interface/SAPF inverter control circuit of 

proposed grid-interactive FC system is shown in        . The inverter consumes a small amount of 

active power to maintain the DC-link voltage and to overcome the losses associated with the inverter. 

The losses in the inverter are because of the switching loss in the devices, iron and copper losses in the 

circuit components etc [8, 11, 164, 168]. Proportional–Integral (PI) controller is used to maintain a 

constant DC-link voltage under varying conditions. 

 



 

65 
 

LPF PI 
Controller




2

dcrefV

2

dcV

)(tvs

)(tiL

Gate Pulses to 
the Inverter

1sI

fcP

sP

LP
slP






Calculate 

Vs1

Unit sine 
Vector







1sV

tsin
tI s sin1

( )Li t

( )ci t

  

        Control circuit of Grid-interfacing/SAPF Inverter 

 

Thus inverter loss power can as expressed as: 

                           (      
     

 )    ∫(      
     

 )                      (3.9)                                          

The average value of active power supplied by the grid is: 

                                                                                                           (3.10) 

where    is the load active power,      is the active loss power of the inverter and     is the active 

power supplied by the FC stack.    is positive when both grid and FC supply power to the load.    is 

negative when the FC supply power to the load as per the load requirement and rest of the power is 

supplied to the grid. The active power supplied by the source can be written as, 

                                                        
           

 
                                                       (3.11)                                                  

    and     are the peak value of fundamental component of PCC voltage and grid current 

respectively. The peak value of the desired source currents after compensation can be obtained as: 

                                                             
   

   
                                                             (3.12)                                                       

where         for unity power factor operation. The multiplication of peak value of the desired 

source current with unity grid voltage generates the reference grid current [11]. An LPF is used to 

filter out the high frequency components in the PCC voltage. The grid synchronising angle obtained 

from PLL is used to generate unity grid voltage.  

                                                       
                                                           (3.13)                                                   

The reference current is compared with the load current to get the compensating current      .  

  
             

                                               (3.14) 

The hysteresis controller generates the switching pulses for the gate drivers of grid-interfacing inverter 

on the basis of error      between the actual and reference current of inverter.   

      
                                                              (3.15) 

If         , where    is the width of hysteresis band, then upper switch    is on and lower switch    

is off in the phase-  leg of inverter and vice-versa if          [8]. 
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3.3.3 Controller Design (Comment [9]) 

 

 The DC-link capacitor is used as the energy storage element for the CC-VSI. There are two 

major factors that affect the voltage fluctuation of the DC-link capacitor. One is the transient under 

real power imbalance and other is the reactive power of the load to be compensated. To get the 

desired compensation the voltage fluctuation on the DC-link capacitor must be avoided. To regulate 

the DC-link voltage, conventionally PI controllers are used. The dynamic response of conventional PI 

control during transient is slow. To overcome the disadvantage of conventional PI controller, an 

energy based discrete PI controller is used here. To regulate the DC-link capacitor voltage at the 

desired level, an additional real power has been drawn by the APF from source to charge the 

capacitor. The energy     required by the DC-link capacitor to charge the capacitor from actual     

to the reference voltage        can be expressed as: 

    
 

 
   (      

     
 )                                             (3.16) 

On the other hand, the charging energy     delivered by the source to the inverter will be:  

    
   

√ 

   

√ 
  

      

 
                                                  (3.17) 

where     is the peak value of fundamental component of source voltage,     is the peak value of active 

loss component of source current  and   is the charging time to charge the capacitor. In general, the 

DC-link capacitor voltage has ripples with double frequency, that of the supply frequency, so that   

can be defined as      , where T is the time period of source voltage and    is the time period of 

DC-link capacitor voltage. According the energy conversion law (3.16) is equal to (3.17) 

 

 
   (      

     
 )                                                     (3.18) 

    
   (      

     
 )

      
                                                   (3.19) 

However, due to lack of integral term, there is always some steady-state error while compensating the 

load. This can be eliminated by introducing the integral term in the (3.19). After introducing the 

integral term the expression of     can be rewritten as: 

    
   (      

     
 )    ∫(      

     
 )  

   
                                     (3.20) 

 where     and     are the proportional and integral gain of the controller. As energy based 

controller, its response is faster as compared to conventional PI controller. The value of     can be 

given as: 

    
   

   
                                                                       (3.21) 

 The selection of     depends upon the trade-off between the transient response and overshoot 

in the compensated source current. If        , it will cause too much overshoot in the DC-link 

capacitor voltage. If        , it may give a slow response in the controlled variable and 

compensated currents. Thus we can safely choose the value of     in the range of (    ⁄        ). 
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Therefore, the selection of the gains for the proposed controller is relatively simple and straight 

forward. If the value of DC-link capacitor is 1500    and its voltage ripple period is 0.01 s, then     

is computed as 0.075 using (3.21).  

 

3.3.4 Simulation Results and Discussions 

 

The entire FCDG circuit is simulated in MATLAB/Simulink to validate its performance. The 

simulation results are presented for two different modes of operation. In the first mode of operation 

there is no power generation from the FC stack. Thus in this mode of operation, the grid-interfacing 

inverter is working as a SAPF, thus improving the power quality at PCC. In the second mode of 

operation, apart from working as a SAPF, the inverter is also injecting active power from FC to the 

grid. The grid current waveforms have been analysed to obtain their THDs before and after 

compensation in different modes of operation. The parameters used for FC/APF inverter simulation is 

given in Table 3.1. 

 

3.3.4.1 Mode 1: No supply from FC, active power filtering mode 

 

In this mode of operation, there is no power generation from the FC stack. Thus the grid 

interfacing inverter is operating as a SAPF. In the SAPF mode of operation, the inverter consumes a 

small amount of active power from the grid to maintain the DC-link voltage and to overcome the 

losses associated with the inverter and most of the load reactive power need is provided by inverter 

effectively. 

 

Case 1(a) Reactive compensation of linear load under sinusoidal voltage 

 

In this case a linear load is connected at PCC. Thus both source voltage as well as source 

current is sinusoidal but not in phase. The APF is required to compensate the reactive power only. At   

= 0.1 s, the inverter is switched on. At this instant the inverter starts injecting the compensating current 

so as to compensate the phase difference between the source voltage and current.             shows 

the waveforms of grid voltage   , load current   , grid current   , APF inverter compensating current    

and DC-link capacitor voltage    . The grid voltage    (scaled by a factor 0.2) and grid current    is 

together shown in            . At time   = 0.1s, when the inverter is switched on, there is a significant 

improvement in the power factor. Thus the APF compensates the phase difference between the grid 

voltage and grid current. The DC-link voltage is maintained at 150V. The linear load is changed at 

time   = 0.4 s and   = 0.8 s. The results confirm the good dynamic performance of the SAPF for a 

rapid change in the linear load current. The corresponding grid, load and inverter active powers 

(                    ) and reactive powers (                    ) is shown in            . 
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Table 3.1 Parameters used for Single-Phase FC/APF Inverter Simulation 

 

Parameters Values 

 

Source voltage, 

frequency 
   = 230V, 50 Hz 

Source resistance    = 0.1 Ω 

Source inductance    = 0.15 mH 

Filter inductance    = 5 mH 

DC-link capacitance     = 1500 µF 

DC-link voltage        = 100 V 

Switching frequency     = 10 kHz 

Step-up transformer   =100V/230V,   =10 kW 

 

 

 

 

Load parameters 

Mode 

1(a) 

t < 0.4, t >  0.8 Z = 7.5+j7.85 

0.4 < t < 0.8 Z = (7.5+j7.85)||(7.5+j0) 

Mode 

1(b) 

t < 0.4, t > 0.8         = 7.5+j7.85 

0.4 < t < 0.8         = (7.5+j7.85)||(7.5+j0) 

Mode 

1(c) 

t < 0.4, t > 0.8         = 7.5+j7.85 

0.4 < t < 0.8         = (7.5+j7.85)||(7.5+j0) 

Mode 

2 

t < 0.4, t > 0.8         = 7.5+j7.85 

0.4 < t < 0.8         = (7.5+j7.85)||(7.5+j0) 

 

Case 1(b) Reactive and harmonic compensation of non-linear load under sinusoidal voltage 

 

The source voltage is sinusoidal and the load current is non-sinusoidal because of the non-

linear load connected at PCC. The load in this case is a diode bridge rectifier load followed by an 

inductor in series with a resistor.             shows the waveforms of grid voltage   , load current   , 

grid current   , APF inverter compensating current    and DC-link capacitor voltage    . The APF 

inverter is switched on at   = 0.1 s. The grid current at   = 0.1 s become pure sinusoidal and in phase 

with the grid voltage as shown in            . The Fast Fourier Transform (FFT) of the grid current 

before and after compensation is carried out. The current THD is reduced from 30.58% to 2.70% as 

shown in            . The non-linear load is changed at time   = 0.4 s and   = 0.8 s to verify the 

dynamic performance of APF.  

 

Case 1(c) Reactive and harmonic compensation in non-linear load under non-sinusoidal voltage 

 

 Most of the developed techniques assume sinusoidal supply voltage when compensating non-

linear load currents. Practically, the supply voltage contains harmonics which further affect the shape 

of supply current with increased THD level. A non-sinusoidal voltage signal of 50.93% voltage THD 

is generated by adding a 3
rd

 harmonic voltage source of 150HZ in series with the 50 HZ source. This  
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            Grid voltage    (scaled by factor 0.2) and current    

 

non-sinusoidal voltage is applied to uncontrolled diode rectifier with series resistive-inductive load to 

build a non-sinusoidal load current with 43.98% current THD.  

            shows the waveforms of grid voltage   , load current   , grid current   , APF 

inverter compensating current    and DC-link capacitor voltage    . At the instant the inverter is 

switched on at   = 0.1 s, it starts injecting the current in a manner so that the grid current profile 

changes from non-linear to sinusoidal current.             reveals a comparison between grid voltage 

and grid current before and after compensation. Also the APF maintains its performance during 

change in load at 0.4 s and 0.8 s as shown. The FFT of the source current before after compensation is 

carried out. The current THD is trimmed down from 43.98% to 7.79% as shown in            . Thus 

the SAPF compensates for unwanted reactive and harmonic load current components under non-

sinusoidal supply voltage condition also. 

 

3.3.4.2 Mode 2: FC feeding power, non-linear load at PCC. 

 

In this mode of operation, the FC is supplying power to the grid and the load. Thus the inverter 

is also injecting active power from FC to the PCC apart from working as a SAPF. The AC-side 

voltage of APF inverter is controlled both in phase and magnitude to control the active and reactive 

power, respectively. The inverter is switched on at   = 0.05 s. Thus at   = 0.05 s the inverter starts 

injecting active power generated from FC stack. Since the FC power is more than the load active 

power demand      , after meeting the load power demand, additional power of the FC flows to the 

grid.             shows the FC stack output voltage     and current    . The PCC voltage   , load 

current   , grid current    and  inverter current    is shown in            . Thus, the grid-connected 

inverter provides the entire  
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            Grid voltage    (scaled by factor 0.2) and current    

 

 

 

 

 

 

 

 

 

            THDs of grid current before and after compensation 

 

load power demand i.e. active reactive and harmonic load power and feeds the additional active power 

to the grid. The grid current and voltage together is shown in            . The 180 degree phase shift 

between the grid voltage and grid current suggests that the additional power is fed to the grid at unity 

power factor. The exchange of active and reactive powers between grid, load and FC stack is shown in  

           . The active powers of grid, load and FC stack are represented as (                   ) 

and the reactive powers of grid, load and FC stack by (                   ) respectively. Thus in this 

case the grid interfacing inverter is simultaneously utilised to inject the power generated from FC to 

PCC and to improve the power quality at PCC.             shows the FC power reference         and 

FC power     simultaneously with variations in        . 
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            Grid voltage    (scaled by factor 0.2) and current    

 

 

 

 

 

 

 

            THDs of grid voltage, grid current before compensation and grid current after 

compensation 
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3.3.5 Experimental Validation 

 

 Experimental prototype as shown in          is developed and results obtained for Mode 1 

operation. The TMS320F2812 DSP is used to realize the proposed control scheme. The control 

algorithm is developed in MATLAB using power system block sets and the TMS320F2812 DSP is 

connected with MATLAB through a parallel port connector for transferring the real-time generated 

codes using the software Code Composer Studio. The DC-link voltage is sensed by a DC voltage 

sensor, load current is sensed by LA25-NP current sensors and PCC voltage by LV25-P voltage 

sensor. These signals are then applied to the inbuilt analog-to-digital converter of the processor 

through signal conditioner. The signal conditioner converts these entire signals into unipolar values in 

the range of 0-3 V compatible with DSP. The DSP generated pulses are applied to the switches 

through pulse isolation and a driver circuit [152]. The details of experimentation (Comment [5]) are 

given in Appendix-D.          shows real-time pulse generation circuit which is an interface between 

MATLAB and eZdsp. The parameters used for the experimental studies are given in Table 3.2. 

                  shows the experimental results for active power filtering mode of operation when there 

is no power generation from the FC stack.              shows the experimental results for reactive 

compensation in steady-state under sinusoidal voltage and linear load. It is observed that APF 

compensate the reactive component but current THD in this case after compensation is increased to 

some extent but within the recommended limits.                shows the experimental results for 

reactive and harmonic compensation in steady-state under sinusoidal voltage and non-linear load. The 

source current THD in this case is reduced from 35.87% to 2.62% along with reactive compensation. 

             shows the experimental results for reactive and harmonic compensation in steady-state 

under non-sinusoidal voltage (THD 6.4%) and nonlinear load (THD 38.87%). Source current is found 

in phase with source voltage and sinusoidal which ensures both harmonic and reactive compensation 

capabilities. The source current THD in this case is reduced from 37.88% to 2.92%. 
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            FC power reference         and     simultaneously 
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         Experimental prototype for active power filtering operation 
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Table 3.2 Parameters used for Experimentation in Single-Phase 

 

Parameters Values 

 

Source voltage and frequency    = 30V, 50Hz 

Source inductance    = 0.15mH 

Filter inductance    = 2.75mH 

DC-link capacitance     = 1600 F  

DC-link voltage        = 75V 

 

 

(a) 

 

(b) 

 

(c) 

         Experimental results for Case 1 

(a) Case 1(a)                                                  . (time - 10 ms/div) (b) 

Case 1(b)                                                 . (time - 10 ms/div) (c) Case 

1(c)                                       (time - 5 ms/div) 
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3.4 THREE-PHASE FCDG SYSTEM WITH SAPF 

 

This section presents the modeling, control and design analysis of a three-phase FCDG system 

with active filter functions. The main focus is to control the active power supplied by the FCDG 

system while compensating harmonics and reactive currents caused by the nonlinear loads using 

SAPF. The designed controller either regulates the power flow between the FC and the grid or works 

as an APF or performs both the functions simultaneously. Simulation in MATAB is carried out to 

verify the operation and the control principle. The results are obtained for different operating 

conditions with varying load demands to prove the effectiveness of the entire system. 

 

3.4.1 Power Circuit Description 

 

           shows the circuit of the proposed grid-interactive FC system that comprises of a 100 

kW FC stack connected to a three-phase VSI for interfacing to the grid via an energy storage DC-link 

capacitor    . A three-phase inductive filter is connected on the AC-side of the VSI. A step-up 

transformer is used to increase the voltage level before the system is connected to the PCC. An 

uncontrolled diode rectifier balanced/unbalanced non-linear load is connected at the PCC. The inverter 

control is designed to compensate the load current harmonics, load power factor, load current 

imbalance with distorted supply voltage and regulate the FC power flow to the PCC.  

 

 

 

         Proposed three-phase FCDG system 

 

3.4.2 Control Circuit Analysis and Design of Grid-Interfacing Inverter 

 

 Assuming the PCC voltage and the load current consists of a set of harmonic components n, 

where n  {     }  the PCC voltage vector       and load current vector       can be expressed as: 
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Here (              ) are the peak values of PCC voltages, (              ) are the peak values of load 

currents and (           ) are the phase angles corresponding to     order harmonics.  

 The control circuit of grid-interfacing inverter is developed as per         . PCC voltages   , 

grid currents   , load currents   , DC-link voltage     and FC output current     are the inputs the 

control algorithm. PCC voltages and load currents are used to calculate average value of load power. 

The inverter power loss is obtained by regulating DC-link capacitor voltage. The FC power is 

subtracted from the sum of active load power and the inverter loss to compute the source active power. 

Positive sequence component and unit sine template of the source voltages are estimated 

simultaneously. Optimized peak value of desired source currents is calculated by equating source 

active power to apparent power supplied by the source, and multiplied with voltage unit templates to 

compute the desired source currents. The desired source currents are compared with the actual load 

currents. The differences of the compared signals are, then, applied to hysteresis controllers to switch 

the devices used in CC-VSI. For compensation at unity power factor, the active power supplied by the 

source    should be equal to the source apparent power as given by: 

             
 

 
      

                                        (3.18)                                                                                                              

where    is the load active power,     is the active loss power of the inverter and     is the active 

power supplied by the FC,      is the peak value of the PCC voltages and    
 is the peak value of the 

desired source currents after compensation. Thus 

   
  

   

    
                                                             (3.19)                                                                                                                                              

The reference instantaneous source currents      
    

     
   are computed using the desired peak value 

and unit current vectors                   derived from sensed source voltages using PLL. 

   
        

     

   
        

                                                                       (3.20) 

   
        

     

The unit sine vectors are generated by instantaneous source voltage of any one phase using PLL. The 

unit sine templates are expressed as: 

             

        
 

 
      

√ 

 
                                                            (3.21) 
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√ 

 
      

where              and             . The reference inverter currents are computed by taking 

the difference between instantaneous source reference currents and sensed load currents. 

   
        

                                                                                                                                                                         

   
        

                                                         

   
        

                                                                (3.22) 
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         Control circuit of grid-interfacing inverter 

 

The error                      between the reference inverter current and the actual inverter current 

are given to hysteresis current controller which regulates the duty cycle of the PWM inverter. 

        
      

        
      

        
                                                                 (3.23) 

The hysteresis controller generates the switching pulses for the gate drives of grid-interfacing inverter 

on the basis of error between actual and reference current of inverter. If           then upper switch 

   is on and lower switch    is off in the phase-  leg of inverter and vice-versa if          . Here 

   is the width of hysteresis band. The switching pulses for the other two legs operate on the same 

principle. 
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3.4.3 Simulation Results and Discussions 

 

             shows the PIL simulated model of the proposed system.              shows the 

control circuit of the proposed system which is created in PIL subsystem for its real time simulation. 

The simulation study is carried out in MATLAB/Simulink to verify the proposed control algorithm to 

achieve multi-objectives of power quality enhancement and FC power injection to the grid. The aim of 

proposed approach is to regulate the power at PCC in two different modes of operation (1) 

Simultaneous power quality enhancement and FC power injection       and (2) Only power quality 

enhancement mode     = 0. Table 3.3 shows the parameters used for FC/APF circuit simulation. 

 

3.4.3.1 Mode - 1 operation: Simultaneous Power Quality Enhancement with FC power injection  

 

In this mode of operation, FC is supplying power to the PCC. Thus in this case the grid 

interfacing inverter is simultaneously utilised to inject the power generated from FC to PCC and to 

improve the power quality at PCC. An uncontrolled diode-rectifier with series resistive-inductive non-

linear load is connected at PCC. The FCDG supply active and reactive power to local loads as per the 

load requirement and rest of the active power is injected to the grid. The grid voltage is taken as non-

sinusoidal with THD of 13.93% generated by adding a 5th harmonic voltage source of 250 Hz in 

series with 50 Hz source. Thus the harmonics in grid voltage further affect the grid current with 

increased THD levels.  

 

Table 3.3 Parameters Used For Three-Phase FC/APF Circuit Simulation 

 

Parameters Values 

 

FC Stack Capacity 100 kW 

Grid voltage and frequency    = 440V (Ph-Ph rms), 50 Hz 

Grid resistance    = 0.1 Ω/phase 

Grid inductance    = 0.15 mH/phase 

Filter inductance    = 5 mH/phase 

DC-link capacitance     = 1500 µF 

DC-link voltage        = 380 V 

Switching frequency     = 10 kHz 

 

The PCC voltage   , grid current   , load current    and inverter output current    is shown in 

            . The inverter connecting the FCDG to the grid is switched on at   = 0.1 s. Thus at   = 0.1 

s the inverter starts injecting active power generated from FC stack.              shows the exchange 

of active powers between grid, load and FC (                    ). The grid-connected inverter 

provides the entire load power demand i.e. active reactive and harmonic load power and feeds the 

additional active power to the grid. There is a non-linear load variation between time   = 4.0 s to   = 
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4.2 s and load imbalance in between times   = 4.6 s and   = 4.8 s.              shows the FC stack 

output voltage    , output current     and FC stack output power    . 

 

    

 

    

             Overall PIL simulation model of the proposed FC-APF system     PIL control circuit of 

proposed system 

  

 Start-up 

 

The PCC voltage   , grid current   , load current    and inverter output current    for times   = 

0 s to   = 0.4 s i.e. during start-up is shown in             . From the figure   it can be seen   that   the  
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         Mode 1 operation: PQ enhancement with FC power injection     PCC voltage   , grid 

current   , load current    and inverter terminal output current        Grid, load and FC active powers 

(                    )     FC stack output voltage    , output current     and FC output power     
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PCC voltage is highly distorted with THD of 13.93% and the load current has a THD of 20.87%. 

             shows the three-phase PCC voltage and grid current simultaneously. Initially the 

reactive power demand of the load connected at PCC is provided by the grid and hence the PCC 

voltage and current are not in phase with each other. At   = 0.1s, when the FC is switched on, there is 

a 180-degree phase shift between the PCC voltage and grid current which suggests that the additional 

power from FC is fed to the grid at unity power factor. Further, the grid current becomes perfectly 

sinusoidal in nature. Thus as shown in              with supply voltage distortion of 13.93 %, the 

grid current has THD of 18.52% before compensation and a THD of 2.91% after compensation with 

PCC load current THD of 20.87%. The power factor is improved to 0.999 after FC is switched on. 

 

 Non-linear load variation 

 

The non-linear loads are time-varying, hence it is required to study the dynamic performance 

of the system with variation in non-linear load. The load consists of a three-phase diode rectifier 

followed by inductor LL = 10 mH in series with a resistor RL = 20 Ω. Another R-L segment of R = 20 Ω 

and L = 5 mH is added to the existing load at   = 4.0 s and removed at   = 4.2 s. Thus the non-linear 

load current increases from 30.76 A to 47.86 A at time   = 4.0 s and decreases from 47.86 A to 30.76 

A at   = 4.2 s. The PCC voltage   , the supply current    , the varying load currents    and the 

compensating current    for times   = 3.9 s to   = 4.3 s are shown in             . The results confirm 

good dynamic performance of the control for rapid change in non-linear load.              shows the 

THDs of load current and grid current after increase in the load current. Thus with increase in PCC 

load current, the THD of grid current is reduced from 18.52% before compensation to  6.08% after 

compensation with load current THD of 13.99% and supply voltage distortion of 13.93 %.  
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         Response of the system during start-up in Mode 1:     PCC voltage   , grid current   , load 

current    and inverter terminal output current    with distorted grid voltage and non-linear load at 

PCC, the FC inverter switched on at   = 0.1 s     Grid current and PCC voltage simultaneously for 

phase  ,   and       THDs of PCC voltage, load current, grid current before the FC is switched on and 

grid current after the FC is switched on. 
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             Response of the system to non-linear load variation in Mode 1: PCC voltage   , grid 

current   , load current    and inverter terminal output current    with non-linear load variation at the 

PCC at time   = 4s and   = 4.2s     THDs of load current and grid current after increase in the load 

current. 

 

 Unbalanced Non-Linear Load 

 

To verify the compensation of non-active load currents, an unbalanced non-linear load, whose 

unbalance, harmonics and reactive power need to be compensated is connected at PCC. The load 

initially consists of a three-phase diode rectifier followed by inductor LL = 10 mH in series with a 

resistor RL = 20 Ω. A single-phase diode rectifier followed by a resistor R = 75 Ω is connected to the 

PCC between phase   and phase   at time   = 4.6 s and removed at   = 4.8 s. The PCC voltage   , the 

supply current   , the unbalanced three-phase load current     and the inverter output current    is 

shown in             . It can be seen that the supply currents are balanced even with unbalanced load 

at PCC.  Thus the proposed control can balance the line currents while simultaneously compensating 

for reactive and harmonic load current components as shown by the frequency spectrum analysis of  
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load and line currents in              and              respectively. The THDs of load current are 

19.33%, 17.27% and 21.75% for phase  ,   and   while THDs of grid current are 4.77%, 4.71% and 

4.63% for phase  ,   and   respectively between time   = 4.6 s and   = 4.8 s. 

 Table 3.4 gives a brief summary of the simulation carried out for Mode 1: the fundamental 

values and THDs of PCC voltage, load current and supply current, load and source power factors for 

phase  ,   and   for different time intervals                .              shows the load power 

factor for phase  ,   and   which varies between 0.899 to 0.948.              shows the source 

power factor for phase  ,   and   which is unity negative after the FC is switched on. 
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             Response of the system to load imbalance in Mode 1: PCC voltage   , grid current   , 

load current    and inverter terminal output current    with unbalanced non-linear load at the PCC 

from time   = 4.6 s to   = 4.8 s     THDs of unbalanced load currents     THDs of grid currents with 

unbalanced non-linear load at PCC 
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Table 3.4 Summary of the Simulated Results for Mode 1 Operation 

 

 

 Phase             

 

 

   (V) 

a 356.2 368.3 366.8 367.8 

b 356.2 368.3 366.8 367.5 

c 356.2 368.3 366.8 367.5 

 

   (A) 

a 29.71 30.76 47.86 38.54 

b 29.71 30.76 47.86 37.07 

c 29.70 30.75 47.85 30.54 

 

   (A) 

a 34.48 90.87 75.6 85.88 

b 34.49 90.91 75.25 82.5 

c 34.49 90.87 75.22 82.56 

 

THD of    

(%) 

a 13.93 13.54 13.56 13.56 

b 13.93 13.54 13.57 13.56 

c 13.93 13.55 13.56 13.56 

 

THD of    

(%) 

a 20.87 21.29 13.99 19.33 

b 20.87 21.29 13.98 17.27 

c 20.88 21.30 13.98 21.75 

 

THD of 

  (%) 

a 18.52 3.04 6.08 4.77 

b 18.52 3.12 5.98 4.71 

c 18.52 3.01 6.28 4.63 

 

Load PF 

a 0.905 0.899 0.926 0.905 

b 0.899 0.899 0.948 0.911 

c 0.904 0.902 0.933 0.901 

 

Source PF 

a 0.873 0.999 0.999 0.998 

b 0.857 0.999 0.998 0.999 

c 0.880 0.999 0.999 0.999 

 

   : 0 <    < 0.1 s,    : 0.1 s <    < 4 s, 4.2 s <   < 4.6 s, 4.8 s <    < 5 s,    : 4 s <    < 4.2 s, 

   : 4.6 s <   < 4.8 s 

 

 

3.4.3.2 Mode - 2 operation: Power quality enhancement (    = 0) 

 

In this mode of operation, there is no power generation from the FC stack. Thus the grid 

interfacing inverter is operating as a SAPF. The inverter is switched on at   = 0.1 s. The PCC voltage 

  , the supply current   , the non-linear load current   , the compensating current    and the DC-link 

voltage     are shown in             .              shows the grid, load and inverter active powers 

     ,       and     . The grid-connected inverter provides the entire reactive and harmonic load 

power and load active power is provided by the grid. There is a non-linear load variation between time 

  = 1.5 s to   = 1.7 s and load imbalance between times   = 2 s and   = 2.2 s.  
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         Mode 2 operation: Power quality enhancement     PCC voltage   , grid current   , load 

current   , inverter compensating current    and DC-link voltage    .     Grid, load and inverter active 

powers (     ,       and     )  

 

 During Start-up 

 

The PCC voltage   , grid current   , load current   , inverter output current    and DC-link 

voltage     for time   = 0 to    = 0.4 s is shown in             .              shows the three-phase 

grid voltage and current simultaneously. Initially the reactive power demand of the load connected at 

PCC is provided by the grid and hence the grid voltage and current are not in phase with each other. 

At   = 0.1s, when the inverter is switched on, the PCC voltage and grid current become in phase with 

each other. Further, the grid current becomes perfectly sinusoidal in nature and the capacitor voltage 

reaches a steady state value within a few cycles. With supply voltage distortion of 13.93 %, the grid 

current has THD of 18.52% before compensation and a THD of 0.86% after compensation with PCC 

load current THD of 20.87%. The input power factor has been improved to 0.999 after compensation. 
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             Response of the system: PCC voltage   , grid current   , load current   , inverter 

compensating current    and DC-link voltage     with distorted grid voltage and non-linear load at 

PCC, the inverter switched on at   = 0.1 s     Grid current and distorted grid voltage simultaneously 

for phase  ,   and   

 

 Non-linear Load Variation 

 

The PCC voltage   , the supply current   , the load current   , the compensating current    and 

the DC-link voltage     are shown in          for non-linear load variations at times   = 1.5 s and   = 

1.7 s. Initially, the load consists of a three-phase diode rectifier followed by inductor    = 10 mH in 
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series with a resistor    = 20 Ω. Another     segment of   = 20 Ω and   = 5 mH is added to the 

existing load at   = 1.5 s and removed at   = 1.7 s. Thus the non-linear load current increases from 

29.66 A to 46.07 A at time   = 1.5 s and decreases from 46.07 A to 29.66 A at   = 1.7 s. The results 

confirm good dynamic performance of the SAPF for rapid change in non-linear load. With increase or 

decrease in load current, the capacitor voltage decreases or increases from the reference value to 

release or absorb energy during the transient period. The steady state condition is reached within a few 

cycles of the supply.  For a change in load current there is smooth change in the grid current. With 

increase in PCC load current, the THD of grid current is reduced from 18.52% before compensation to  

0.59% after compensation with load current THD of 14.16% and supply voltage distortion of 13.93 %.  

 

 

         Response of the system: PCC voltage   , grid current   , load current   , inverter 

compensating current    and DC-link voltage     to non-linear load variation at the PCC at times   = 

1.5 s and   = 1.7 s 

 

 Unbalanced Non-linear Load  

 

 The PCC voltage   , the supply current   , the unbalanced three-phase load current   , the 

inverter output current    and DC-link voltage     is shown in          for load imbalance from time 

  = 2 s to   = 2.2 s. The non-linear load consists of a three-phase diode rectifier followed by inductor 

   = 10mH in series with a resistor    = 20 Ω. A single-phase diode rectifier followed by a resistor R 

= 75 Ω is connected to the PCC between phase   and phase   at time   = 2 s and removed at   = 2.2 s. 

It can be seen that the supply currents after compensation are balanced.  Thus the proposed control can 

balance the line currents while simultaneously compensating for reactive and harmonic load current 
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components. The THDs of load current are 19.43%, 17.33% and 21.78% for phase a, b and c while 

THDs of grid current are 0.75%, 0.78% and 0.77% for phase  ,   and   respectively between time   = 

2 s and   = 2.2 s. 

 Table 3.5 gives a brief summary of the simulation carried out for Mode 2: the fundamental 

values and THDs of PCC voltage, load current and supply current, load and source power factors for 

phase -  ,   and   for different time intervals                .              shows the load power 

factor for phase -  ,   and   which varies between 0.880 and 0.968.              shows the source 

power factor for phase -  ,   and   which is nearly unity after compensation. 

 

 

         Response of the system: PCC voltage   , grid current   , load current   , inverter 

compensating current    and DC-link voltage     to unbalanced non-linear load at the PCC from time 

  = 2 s to   = 2.2 s 
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             Load power factor for phase  ,   and       Source power factor for phase  ,   and   

 

Table 3.5 Summary of the Simulated Results for Mode 2 Operation 

 

 Phase             

 

 

   (V) 

a 356.2 355.6 353.5 354.9 

b 356.2 355.6 353.5 354.9 

c 356.2 355.6 353.5 354.9 

 

   (A) 

a 29.71 29.66 46.07 37.19 

b 29.71 29.66 46.07 35.75 

c 29.70 29.65 46.06 29.43 

 

   (A) 

a 34.48 36.44 57.83 43.36 

b 34.49 36.45 57.91 43.39 

c 34.49 36.46 57.71 43.28 

 

THD of    

(%) 

a 13.93 14.06 14.14 14.09 

b 13.93 14.06 14.14 14.09 

c 13.93 14.06 14.14 14.09 

 

THD of    

(%) 

a 20.87 21.29 14.16 19.43 

b 20.87 21.29 14.15 17.33 

c 20.88 21.30 14.16 21.78 

 

THD of 

  (%) 

a 18.52 0.86 0.59 0.75 

b 18.52 0.85 0.81 0.78 

c 18.52 0.90 0.80 0.77 

 

Load PF 

a 0.930 0.931 0.869 0.883 

b 0.922 0.922 0.968 0.957 

c 0.880 0.876 0.893 0.901 

 

Source PF 

a 0.930 0.999 0.998 0.998 

b 0.921 0.999 0.999 0.999 

c 0.871 0.995 0.999 0.999 

 

   : 0 <   < 0.1 s,    : 0.1 s <   < 1.5 s, 1.7 s <   < 2 s, 2.2 s <   < 2.5 s,    : 1.5 s <   < 1.7 s,     : 2 s <   

< 2.2 s 
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3.4.4 Experimental Validation 

 

 Experimental prototype is developed for power quality enhancement mode of operation i.e. 

when there is no power supply from the FC and the grid interfacing inverter is utilised only as APF in 

improving the power quality at the PCC. Fixed point DSP TMS320F2812 is used to implement the 

proposed control algorithm. The processor is interfaced to MATLAB through a parallel port connector 

using Code Composer Studio. The inputs to the controller are the DC-link voltage, the PCC voltage 

and the load current. The voltage and current signals sensed by the voltage and current sensors 

respectively are given to the signal conditioner to convert them into unipolar signals in range of 0-3V 

and then fed to the eZdsp. The GPIO outputs of the eZdsp are given to the gates of IGBTs of the 

inverter through the pulse isolation and amplifier circuit. The parameter values used for 

experimentation are given in Table3.6. The experimental results are presented for the following cases: 

 

Table 3.6 Parameters used for Experimentation in Three-Phase 

 

Parameters Values 

 

Source voltage and frequency    = 50V rms, 50 Hz 

Source inductance   = 0.15 mH 

Filter inductance    = 2.75 mH 

DC-link capacitance    =1500µF 

DC-link voltage reference        = 150 V 

 

3.4.4.1 Case-1: No supply from FC, sinusoidal source voltage and non-linear load 

 

 In this case the source voltage is taken as sinusoidal. Three-phase diode rectifier with a 

resistive load on its DC-side is taken as the non-linear load.              show the experimental 

waveforms of the source voltage, load current, source current, and APF compensating current for 

phase a under steady-state.              shows the source voltage and source current together and the 

APF-compensating current for phase- . The compensated source current is in phase with the source 

voltage which ensures reactive power compensation. The FFTs of the load current, as well as the 

compensated source current are carried out and shown in             . The THDs of the load current 

and compensated source current are measured as 24.4% and 3.2%, respectively. 

 

3.4.4.2  Case 2: No supply from FC, distorted source voltage and non-linear load 

 

 In this case, non-sinusoidal source voltages and non-linear loads are used to validate the 

performance of the controller. To obtain distorted voltage at the PCC, another non-linear load with  
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(a) 

 

(b) 

 

 

    

 

         Experimental Results for Case 1:     1 - Source voltage (75 V/div), 2 - Load current (10 

A/div), 3-Source current (5 A/div), 4 - Inverter compensating current (5 A/div)     1, 2 - Source 

voltage and source current together, 3 - Inverter compensating current     THDs of load current and 

compensated source current 
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         Experimental Results for Case 2:      1 - Source voltage (75 V/div), 2 - Load current (10 

A/div), 3-Source current (5 A/div), 4 - Inverter compensating current (5 A/div)     1, 2 - Source 

voltage and source current together, 3 - Inverter compensating current     THDs of source voltage, 

load current and compensated source current 
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high series impedance is connected, which results in distorted voltage with 6.4% THD.              

shows the waveforms of the source voltage, load current, compensated source current, and inverter 

compensating current for phase a in this case.              shows the source voltage and 

compensated source current together, and inverter compensating current. Source currents after 

compensation are found in phase with the respective source voltages and completely sinusoidal in 

shape. This ensures the compensation of both harmonics and reactive power under non-sinusoidal 

source voltage. The FFT of source voltage, load current, and compensating source current of phase a 

are carried out, and given in             . The THD of load current is 24.5% and that of compensated 

source current is 3.4%. 

 

3.5 CONCLUSION 

 

In the proposed work, the features of shunt active power filter have been incorporated in the 

inverter interfacing the FC to the grid without any additional hardware cost. Thus a common inverter 

with the proposed control is utilised to inject active power generated from FC to the PCC and also to 

operate as SAPF. The results show that the VSI not only injects active power at the PCC but also 

compensates load reactive power and maintains a sinusoidal current from/to grid thus proving the 

effectiveness of the proposed control in harmonic reduction and power factor correction. The inverter 

control works effectively under non-sinusoidal voltage and compensates customer as well as utility 

generated harmonics under unbalanced and varying load conditions. After compensation, the grid 

current is sinusoidal and in phase with grid voltage. The THD in the grid current is well within the 

IEEE 519-1992 recommended limits. 

The grid-interfacing FC inverter is effectively utilised to perform different functions either 

individually or simultaneously: FC power transfer to the PCC, load reactive power demand, current 

harmonic compensation at PCC and load current imbalance. Thus, the proposed interface does not 

require any additional circuit for enabling the existing inverter to also perform APF function. This 

concept, thus, reduces the overall design cost of the system.  

The designed controller for FC inverter either regulates the power flow between the FC and the 

grid or works as an active power filter or performs both the functions simultaneously. The results are 

obtained for different operating conditions with varying load demands to prove the effectiveness of the 

entire system. The simulation study is carried out in MATLAB/Simulink to verify the proposed 

control algorithm to achieve multi-objectives of power quality enhancement and FC power injection to 

the grid. Two different modes of operation are considered:  Simultaneous power quality enhancement 

and FC power injection, and only power quality enhancement mode. Experimental prototype is 

developed and results obtained for single-phase and three-phase system in Mode 2 operation.  
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Chapter-4 

GRID-CONNECTED PHOTOVOLTAIC SYSTEM WITH MAXIMUM 

POWER POINT TRACKING AND REACTIVE POWER CONTROL 

 

  

Solar energy is the ultimate source of energy which is naturally replenished in a short period 

of time, hence called renewable energy or sustainable energy source. The first half of the chapter gives 

an overview of the photovoltaic technology for converting solar energy into electrical energy and the 

modeling of photovoltaic array required for photovoltaic studies. This second half of this chapter 

presents the modeling and design of a single-stage three-phase grid-connected photovoltaic system 

topology with maximum power point tracking and reactive power control. 

4.1 INTRODUCTION  

 The Photovoltaic energy is particularly attractive as a renewable source for distributed 

generation systems due to their clean, pollution free and inexhaustible nature [77]. With the decrease 

in price of the PV modules due to massive increase in the production capability of PV modules [81], 

PV systems are expected to play an important role in the future and so a great deal of research work is 

dedicated to enhancing the performance and efficiency of PV systems [1]. In the near future, a 

significant penetration of PV energy into the power system is anticipated [68]. In the PV system, PV 

modules are connected in series and parallel to enable power generation and processing at an 

adequately large voltage level and efficiency [1]. In the distributed generation PV systems, power 

electronic converters are needed to realise the DC-AC power conversion, grid-interconnection and 

power optimisation [169]. 

 Interfacing the PV to the grid presents a quite different and challenging scenario because 

unlike the conventional system, the PV cannot be directly connected to the grid. A power conditioning 

interface between the PV and grid is required to match the characteristics of PV and the requirements 

of the grid connections such as voltage, frequency, active and reactive power control, harmonic 

minimization etc. The connection of the PV array to the grid is usually made with a voltage source 

inverter which include an intermediate DC-DC converter for voltage boosting [170]. The presence of a 

DC-DC converter allows the PV panels to operate over a wider voltage range, with a fixed inverter DC 

voltage and a simplified system design. On the other hand, the DC-DC converter increases the cost 

and decreases the conversion efficiency [96, 171].  

A grid-connected PV system has two control loops. The inner loop modulates the output 

current of the inverter to meet the waveform and phase requirement. The outer loop determines the 

output power of the inverter according to the maximum power point of PV panels [75, 96]. 

Conventionally, these two loops are realized respectively in two stages of power conversion, one is a 
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DC-DC converter with MPPT control and the other is a DC-AC inverter [96]. In single-stage grid-

connected PV systems, both loops can be realized simultaneously in one power conversion stage, thus 

simplifying the system topology. According to [172], the total power loss in a single-stage grid-

connected PV system is close to a two-stage PV system, while in a single-stage one stage of boost 

converter can be saved. Thus from a viewpoint of efficiency, cost and system size, a single-stage grid-

connected PV system is feasible if the operating voltage range is properly selected [171]. 

Due to the utilization of only one energy conversion stage, the single-stage grid-connected PV 

system is expected to be simpler, more efficient and economical than its two-stage counterpart [68]. 

However, since the MPPT control, synchronization with the utility voltage, output current control with 

harmonic reduction needs to be considered simultaneously, the complexity of the control scheme 

would be much increased [96]. This chapter presents the design and analysis of a single-stage three-

phase PV based DG system. The PV array is interfaced to the grid through the power conditioning unit 

with MPPT and reactive power flow control. The proposed system consists of PV array connected to 

the DC-side of the VSI for interfacing to the grid. The maximum power point tracking, grid 

synchronisation, reactive power compensation, output current harmonic reduction is included 

simultaneously in the inverter control. The entire system is modeled in MATLAB/Simulink 

environment and simulations carried out to verify the operation and the control principle. Various 

simulation results are presented for the proposed PV grid-interfaced system.  

 

4.2 DEVELOPMENT OF PHOTOVOLTAIC ARRAY MODEL 

 

 Photovoltaic model is required for the purpose of studying electronic converters for PV 

systems. The manufacturers of PV devices provide a set of empirical data that may be used for the 

design of PV model. Some manufacturers also provide     curves obtained experimentally for 

different operating conditions. The PV model use in this work is adjusted with the experimental curves 

of Kyocera KC200GT 200 W PV module. Table 4.1 gives the nomenclature for PV array modeling. 

 

Table 4.1 Nomenclature for Photovoltaic Array Modeling 

 

  Diode ideality factor 

  Inverse thermal voltage 

  Solar irradiance (W/m
2
) 

   Solar irradiance at STC (1000 W/m
2
) 

  PV cell output current (A) 

   Current through the diode (A) 

   Current source in PV equivalent circuit (A) 

   Diode reverse saturation current (A) 

    Current at MPP at solar insolation G and temperature T (A) 

      Current at MPP at STC (A) 
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   Current through    (A) 

    PV module short circuit current at irradiance G and temperature T (A) 

      Short circuit current at STC (A) 

  Boltzmann’s constant 

   Open circuit voltage temperature coefficient 

   Short circuit current temperature coefficient 

   Number of PV modules in series in a PV array 

   Number of PV modules in parallel in a PV array 

    Power at MPP at solar insolation G and temperature T 

     Power at MPP at STC 

  Electron charge 

   Series resistance in equivalent circuit of PV cell 

   Parallel resistance in equivalent circuit of PV cell 

      junction temperature (K) 

   STC temperature (298 K) 

  PV cell output voltage 

    Voltage at MPP at solar insolation G and temperature T 

      Voltage at MPP at STC 

    PV module open circuit voltage at irradiance G and temperature T 

      Open circuit voltage at STC 

 

Fig. 4.1 shows the equivalent circuit of a PV cell. The     characteristic of a single-diode PV cell 

described by Equation 4.1 is represented by a current source    and a diode in parallel with the current 

source. 

                ( 
        

   )  (
     

  
)                          (4.1) 

The current source models the photon generated electron-hole pairs under the influence of the built-in 

electric field. The diode models the diffusion of minority carriers in the depletion region.  
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        Equivalent circuit of a PV cell 

 

where   and   are the terminal current and voltage of the PV cell,    is the current through the diode. 

The current    is replaced by the Shockley diode equation.   is the diode ideality factor to account for 
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the effect of recombination in the space-charge region and depends on the PV device type.    is the 

diode reverse saturation current, and   is the inverse thermal voltage defined by Equation 4.2. 

     
 

  
                                                                 (4.2)                                                                                                                       

Here   is the Boltzmann’s constant,   is the electron charge,   is the     junction temperature.     

represents the structural resistance of the PV cell.    models the leakage current of the     junction 

and depends upon the fabrication method of the PV cell.    is the current through   .    is generally 

high and hence some authors neglect it to simplify the model. The value of    is very low and also 

neglected sometimes.                         

 The PV module is composed of a parallel connection of strings of panels to ensure adequately 

large power. In turn, to ensure an adequately large DC voltage, each string consists of a number of PV 

panels connected in series. The PV panel corresponds to series-connected PV cells.  The PV module 

datasheets gives the following data with reference to nominal or standard test conditions (STC) of 

temperature (   = 298 K) and solar irradiance (   = 1 kW/m
2
): open circuit voltage      , short circuit 

current      , voltage at maximum power point      , current at the maximum power point      , open 

circuit voltage temperature coefficient   , short circuit current temperature coefficient    and the 

maximum output power     . The light generated    depends on solar irradiance   and junction 

temperature  . In the short circuit condition    can be expressed as: 

   (              )
 

  
                                             (4.3)                                                                                                 

Diode reverse saturation current    depends only on  . In open circuit condition,    can be expressed 

as: 

   
              

 
 
 
(              )

  

                                                    (4.4)                                                                                                          

   and    can be determined by imposing two conditions with reference to the maximum power point 

at the STC. Evaluating Equation 4.1 at MPP, we get, 

         ( 
 

 
(             )   )  (

             

  
)                             (4.5)                                                       

Taking the derivative of PV power with respect to terminal voltage at MPP at STC and equating to 

zero,  
     

  
|
          

   

           

 

 
     

 
 
(             )

 
 

  

   
 

 
     

 
 
(             )

 
  
  

                                         (4.6)                                                                             

  Thus    and    is derived from Equation 4.5 and Equation 4.6. The     characteristic of the PV 

device depends upon the internal characteristics of the device (     ) and on external influences such 

as irradiation level   and temperature  . The     and     characteristic of a PV module can be 

determined for a given radiation level   and ambient temperature   using the following relations: 

            (
 

  
)      (

 

  
  )                                       (4.7)                                                                                    
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                                                                (4.8)                                                                                                   

                                                                    (4.9)                                                                                                               

                                                                       (4.10)  

 where     indicates PV module open circuit voltage and     the PV module short-circuit current, 

corresponding to   and  , respectively.         

              The rating of a PV module is estimated by the maximum power produced by a module at 

STC. The power output from a PV array, containing    in series and    in parallel PV modules, can 

be calculated as: 

                                                                   (4.11)                                                                                                     

where fill factor (FF) is given by the following relation:  

    
          

          
                                                      (4.12)                                                                                                                  

The modelled PV array used for single-phase system study (in Chapter 5) is a 2×15 series-parallel 

matrix of 200 W PV module, thus having a rating of 6 kW. The PV array used for three-phase system 

study is a 30×30 series-parallel matrix of 200 W PV module thus having a maximum power output of 

180 kW.  

 

 

4.3 POWER CIRCUIT DESCRIPTION OF SINGLE-STAGE GRID-INTERFACED 

 PHOTOVOLTAIC SYSTEM 

 

The proposed three-phase single-stage grid-connected PV system consists of PV panels, a 

VSI, a controller and a filter.         shows a schematic diagram of a three-phase, single-stage PV 

system interfaced to the distribution network at the point of common coupling. The core of the PV 

system is a current-controlled VSI that interfaces a PV array with the distribution network. The PV 

array is connected in parallel to the DC-link capacitor C and the DC-side terminals of the VSI. The 

VSI AC-side is connected to the network, at the PCC through a three-phase LC filter and a coupling 

transformer. The LC filter prevents the switching voltage and current harmonics generated by the VSI 

from penetrating into the grid. Thus the harmonic currents injected by the PV system into the network 

and the voltage distortions at PCC are reasonably low. C provides a low-impedance path for the 

current harmonics generated by the PV system and prevents them from penetrating into the 

distribution network. The interface reactor connects the AC-side terminals of the VSI to the 

corresponding phases of the PCC via the transformer. The transformer is included in the PV system to 

adapt the VSI AC-side terminal voltage to the nominal PCC voltage. The transformer has a delta 

winding connection on low-voltage side to avoid distortions due to the triple-n harmonics of the 

magnetizing current. The higher voltage side has a wye winding configuration and is grounded. Also, 

the transformer isolates the PV system from the grid, in terms of zero sequence components of fault 

currents. The VSI is controlled based on the sinusoidal PWM strategy. The distribution network is 
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supplied by a utility substation and is represented by a three-phase voltage source. Further a three-

phase load is connected at the PCC. The inductance and resistance of the distribution line segment 

between the inverter and the PCC is represented by    and    respectively.    and    also include the 

leakage inductance and winding resistance of transformer respectively.  
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        Three-phase single-stage PVDG system 

 

4.4 GRID-INTERFACING INVERTER CONTROL DESIGN 

 

The dynamics of the VSI AC-side current can be described by the following phasor equation: 

  
  ⃗

  
      ⃗    ⃗⃗ ⃗⃗    ⃗⃗⃗⃗                                                        (4.13) 

  ⃗⃗ ⃗⃗  the VSI AC-side terminal voltage can be controlled as:  

  ⃗⃗ ⃗⃗  
   

 
 ⃗⃗⃗                                                              (4.14) 

where  ⃗⃗⃗ represents the phasor corresponding to the PWM modulating signal normalised to the peak 

value of the triangular carrier signal. Substituting (4.14) in (4.13): 

  
  ⃗

  
      ⃗  

   

 
 ⃗⃗⃗    ⃗⃗⃗⃗                                                   (4.15) 
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4.4.1 Active and Reactive Power Flow Control 

 

        shows the active and reactive power flow control circuit. The real power and reactive 

power flow from the PV to the grid is controlled by regulating phase and amplitude, respectively of 

the inverter output voltage relative to grid voltage. This is implemented in rotating    reference frame. 

The controller       and       act on the error signals        and        respectively to 

determine the  -axis and  -axis components of the VSI terminal current references        and       . 

To regulate the  -axis and  -axis components of the VSI current    and   , two PI controllers are used 

which process the errors           and           to determine the reference voltage components 

       and       . The compensator outputs are augmented by grid voltage components    and    

passed through low pass filters (LPFs), as feedforward signals for improved response to start-up 

transients, grid voltage disturbances and imbalance. The feedforward signals are passed through low 

pass filters to nullify the effect of switching ripple components.        and        are divided by VSI 

amplification gain 0.5     to generate    and    to provide switching pulses to the inverter. 

Saturation blocks are used to protect the VSI against overcurrents and network faults. PI controllers 

are used with the    control structure since they provide satisfactory behaviour when regulating DC 

variables. The active and reactive powers   and   are calculated as: 

  
 

 
(         )                                                    (4.16)                                                                                                               

  
 

 
(         )                                                    (4.17)                                                                                                                 

 The desired reactive power to be delivered to the PCC determines the value of     , the reference for 

reactive power control. Regulation of    at zero has the effect that the expression for the PV system 

real power output is simplified to: 

  
 

 
                                                                (4.18) 

The above equation indicates that   is proportional to and can be controlled by   .   is controlled to 

regulate the DC-link voltage and control the power extracted from the PV array. Similarly, the 

expression   is simplified to 

   
 

 
                                                              (4.19) 

Thus,   can be regulated by    to adjust the power factor that the PV system exhibits to the 

distribution network 

 

4.4.2 VSI Current Control  

 

The current control scheme is devised to ensure that     and    rapidly track their respective reference 

commands        and       . The current control strategy also enhances protection of the VSC against 
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overload and external faults. The current control schemes are designed based on the following 

equations which are   -frame equivalents of Equation (5.15). 

  
   

  
             

   

 
                                     (4.20) 

  
   

  
             

   

 
                                      (4.21) 

In Equations (4.20) and (4.21)    and    are the state variables and the outputs    and    are the 

control inputs, and    and    are the disturbance inputs. Due to the factor    , the dynamics of    

and    are coupled and nonlinear. To decouple and linearize the dynamics,    and    are 

determined based on the following control laws: 

   
 

   
(           )                                    (4.22) 

   
 

   
(           )                                    (4.23) 

where    and    are the two new control inputs. Substituting    and    in Equations (4.20) and 

(4.21), we get: 

  
   

  
                                                         (4.24) 

  
   

  
                                                         (4.25) 

The above equations represent two, decoupled, linear, first-order systems in which    and    can be 

controlled by    and    respectively. The block diagram of the control scheme in Figure 4.3 shows 

that the control signal    is the output of a compensator      , processing the error signal    

           Similarly    is the output of another compensator       processing the error signal 

            . To produce    and   , the factor      ⁄  is employed as a feedforward signal to 

decouple the dynamics of    and    from those of    . The PWM modulating signals are generated by 

transformation of    and    into   ,    and   . 

 

4.4.3 DC-Link Voltage Control  

 

 Fig. E.2 (a) of Appendix-E shows the variations of     as a function of     for different levels 

of the solar irradiation. For a given irradiation level,       for       but increases with increase in 

   . This continues only up to a certain voltage at which     reaches a peak value. Beyond this voltage 

    decreases with increase in    . Thus     can be maximised by the control of    . This is referred 

to as Maximum Power Point Tracking. The DC-link voltage control as shown in         is required to 

regulate the DC-link voltage to its reference value          which in turn is determined by the MPPT 

scheme. It is also required for protection of DC-link capacitor and VSI switches against overvoltage 

stress accomplished through real power control. The DC-link voltage control scheme processes the 

error             to give the real power reference      for real power control. Ignoring the VSI 
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power losses, the active power   is approximately equal to the power that is drawn from VSI DC-side 

terminals. The difference between active power   and incoming power     is integrated by the DC-

link capacitor   and results in a voltage rise or fall. In steady state     settles to         due to the 

integral term of       and   becomes equal to     as given in Equation 4.26. 

 

  
(
 

 
    

 )                                                    (4.26)                                                                                                                                       
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        PVDG inverter control circuit 
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        DC-link voltage control 

 

4.4.4 Maximum Power Point Tracking Control 

 

 The task of a maximum power point tracker in a PV energy conversion system is to 

continuously tune the system so that it draws maximum power from the PV array regardless of 

weather or load conditions [90]. The two algorithms most commonly used to achieve MPP tracking 

are Perturb and Observe (P&O) method and the Incremental Conductance (IC) methods. The IC 

method has good performance under rapidly changing atmospheric conditions. The disadvantage 

associated with it is that four sensors are required to perform the computations. Thus the MPPT will 

take more time to track the maximum power point. During the tracking time, the PV power is less than 

the maximum power. Thus IC method results in more power loss. On the contrary, the P&O method 
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requires only two sensors, thus reducing hardware requirement and cost. Thus, in this work, P&O 

method is used to control the MPPT process. 

 

4.5 SIMULATION RESULTS AND DISCUSSIONS 

 

To evaluate the performance of PV system and the effectiveness of its control strategy, a 

detailed model of 180 kW photovoltaic system is simulated in MATLAB. The various parameters 

used for simulation are given in Table 4.2. The grid is represented by a balanced three-phase voltage 

source. Each phase is connected with a series     branch. An inductive load is connected at the 

point of common coupling. The PV array consists of    = 30 parallel connected strings of   = 30 

series connected PV modules. Each module in turn is composed of 54 identical PV cells. The power 

circuit is developed as per         and the control circuit as per        .  Perturb and Observe control 

algorithm is used for the MPPT scheme. Simulation results have been presented for the PV system 

during start-up process and normal operating conditions with variation in solar irradiation. 

         shows the PV output voltage    , PV output current     and PV output power     for 

two different solar irradiations of 1 kW/m
2
 and 0.4 kW/m

2
 during start-up. The junction temperature is 

25°C. The PV system is started at   = 0.1 s. For solar irradiation   of 1 kW/m
2
 the PV output power is 

180 kW and for solar irradiation of 0.4 kW/m
2 
the PV output power is 72 kW. The prestart-up DC-link 

voltage for   = 1 kW/m
2
 is 1000V which is higher than that for   = 0.4 kW/m

2
 which is 950 V. 

 

Table 4.2  Parameters used for PVDG System Simulation 

 

Parameter Value 

 

PV module data  

STC Temperature,    25°C 

STC Irradiance,    1 kW/m
2
 

Open circuit voltage at STC,       32.9 V 

Short circuit current at STC,       8.21 A 

Maximum power at STC,        200 W 

Voltage at       ,        26.3 V 

Current at       ,       7.61 A 

Short circuit current temperature coefficient,    3.18 mA/°C 

Open circuit voltage temperature coefficient,    -123 mV/°C 

PV array  

Number of modules in parallel,    30 

Number of modules in series,    30 

Number of series cells in PV module,    54 

Others  
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Boltzmanns constant,   1.3806503×10-23 J/K 

Electron charge,   1.60217646×10-19 C 

Diode ideality factor,   1.5 

Grid voltage    440 (Ph-Ph Vrms) 

DC-link capacitor,     1000µF 

Filter inductance,    0.3 mH 

Filter Capacitance,    1 µF 

VSI Switching frequency 1080 Hz 

Transformer ratio Ү/∆ 200 V/440 V 

Transformer rating 500 kW 

 

         represents the change in PV output power with change in solar irradiation. The initial 

solar irradiation is   = 0.5 kW/m
2
 and the solar irradiation increases to 1.0 kW/m

2
 at   = 0.4 s and 

again drops down to 0.5 kW/m
2 
at   = 0.8 s. The PV DC-link voltage is maintained at 400 V. The DC-

link voltage is compensated by the MPPT scheme for any variation in solar irradiation so as to 

maximize the output power.  

         shows the reference active power      with the active power   delivered to the PCC 

and the reference reactive power      with the reactive power   delivered to the PCC, simultaneously. 

The reactive power reference      is determined by the reactive power requirement of the load 

connected at the PCC. Initially the reactive power demand is 85 VAR which is changed to 60 VAR at 

  = 0.55 s. The change is captured in 0.05 s. The reference active power     , and hence active power 

delivered to PCC,   is determined by the MPPT and hence increases with increase in solar insolation 

and vice-versa.  

 

 

             PV output voltage    , PV output current     and PV output power     at  solar 

irradiation   = 1kW/m
2
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            PV output voltage    , PV output current     and PV output power     at  solar 

irradiation   = 0.4 kW/m
2 

 

 

 

        PV system response to change in solar irradiation: Solar irradiation  , PV voltage    , PV 

current    , PV power     

 

        shows the three-phase grid voltage and current simultaneously. Initially the reactive power 

demand of the load connected at PCC is provided by the grid and hence the grid voltage and current 

are not in phase with each other. At   = 0.1 s, when the PV system is switched on, the grid current 

becomes in phase with the grid voltage because the reactive power requirement of the load is now 

provided by the PV system and the grid needs to provide only the active power to the load if the PV 
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power delivered to the PCC is less the load active power requirement or receive active power from the 

PV if the generated PV power is more that the load active power requirement. 

 

 

        Reference and actual active power (      ), reference and actual reactive powers (      ) 

delivered by PV to the PCC 

  

 

        Grid current and voltage simultaneously for phase  ,   and   

 

Grid connected PV application is not restricted to power generation alone. It has been shown that such 

systems have significant potential in terms of improving the grid power quality [60].  The grid-

connected PV based inverter feeding active power into the grid, can also be controlled to act as APF 

so that it can compensate for harmonic and reactive power demand. 
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4.6 CONCLUSION 

 

 The substantial increase of research and development work in the area of PV systems in recent 

years has made the PV generators a feasible alternative energy source. The increase in PV energy 

usage is related to the increasing efficiency of solar cells as well as the improvements of 

manufacturing technology of solar panels. With the development of distributed generation systems, the 

renewable electricity from PV generators have become a resource of energy in great demand. The 

fundamental issues related to PV generation are the PV generation efficiency and issues related to grid 

integration. PV sources needs to be integrated with control algorithm that perform the task of ensuring 

maximum power point operation. 

 The first half of this chapter presented the modeling of PV generator which is further used for 

design of PVDG system. The presented PV model exhibits a non-linear voltage-current characteristic 

and its maximum power point varies with solar insolation and temperature.  The second half of this 

chapter presented the modeling and control of single-stage three-phase grid-connected PV system. The 

power flow between the PV source and the grid is controlled by a power conditioning system which is 

designed to obtain the power extracted from the PV panels close to MPP and also provide reactive 

power flow control. The proposed system consists of PV array connected to the DC-side of the VSI for 

interfacing to the grid.  

 A two-loop control scheme is used to control the power delivered from the PV system to the 

utility grid. The MPPT control, the output current control and the reactive power control is realized 

simultaneously in one power conversion stage thus simplifying the system topology, however 

increasing the control complexity. The entire system is modeled in MATLAB/Simulink environment 

and simulations carried out to verify the operation and the control principle. Various simulation results 

are presented for the proposed PV grid-interfaced system.  
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Chapter-5 

GRID-INTERACTIVE PHOTOVOLTAIC-FUEL CELL HYBRID 

SYSTEM WITH REACTIVE AND HARMONIC COMPENSATION OF 

PCC LOAD 

 

 

  This chapter proposes a utility-interactive hybrid distributed generation system consisting of 

PV and FC to realize a reliable power supply for a grid connected critical load. The proposed system 

ensures maximum utilization of the PV array, and necessary utilisation of FC stack resulting in 

optimum operational costs. The inverter control also provides harmonic compensation for any non-

linear load connected at the PCC thus maintaining the grid current free of any distortions because of 

the load. 

 

5.1 INTRODUCTION 

 

 Distributed Generations are rapidly increasing across the globe because they can meet the 

increasing power demand while complying with the environmental regulations of low emissions [164]. 

When, different types of energy sources are integrated into a DG system, it is called a Hybrid 

Distributed Generation System (HDGS) [140]. Photovoltaic power generation is the most promising 

renewable power generation technology but it has large variations in its output power during day and 

night and during varying weather conditions. Fuel Cell systems show great potential in DG source of 

the future due to their fast technology development, high energy efficiency, extremely low emission of 

pollutant gases, reusability of exhaust heat, low noise, cleanness of its energy production and flexible 

modular structure. However, the cost of FC is too high to justify their widespread use. Hence a PV-FC 

hybrid system proves to be best to provide a reliable power source for grid-connected applications 

than a system comprising a single resource [137-141, 143].  

 This chapter proposes a hybrid PV-FC DG system to realize a reliable power supply for a grid 

connected critical linear/non-linear load. The power conditioning unit consists of two DC-DC boost 

converters where one of them is fed by a PV array and the other by an FC stack. The output of the two 

DC-DC converters is connected to a common DC-link. The power from the DC-link is fed to the grid 

through the inverter. The power circuit description, the control circuit for the PV DC-DC converter 

which extracts maximum power from the PV array, the control circuits for the FC DC-DC converter 

which regulates the required FC power, the control circuit for the DC-AC converter which apart from 

feeding active power to the grid also provides reactive power and harmonic compensation of PCC 

load, the algorithm implementation of Maximum Power Point Tracking (MPPT) in PV, and MATLAB 

simulation results are presented. 
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 The advantages offered by the proposed single inverter hybrid system is that in this topology 

only the two DC output voltages are required to match whereas in the two inverter topology both the 

magnitude and the phase are required to match. Further the presence of DC-DC converters ensures a 

stable DC-link voltage at the input of the inverter, thus eliminating the chances of injecting sub-

harmonics into the grid. The DC-DC converter provides the required boosting. This topology offers 

independent control of active and reactive power by controlling the phase angle and modulation index 

or magnitude of the inverter respectively. The number of switches is reduced from 12 as in the two 

inverter topology to 8 switches in the proposed scheme. The MPPT implemented in the PV DC-DC 

converter ensures maximum utilisation of the PV array. The system is optimised to minimise the 

running cost by making only necessary utilisation of the FC stack.  It provides a reliable power supply 

to the grid-connected critical load. The inverter interfacing the FC and the PV to the grid also provides 

active power filtering if the PCC load is non-linear thus ensuring a sinusoidal grid current in phase 

with the grid voltage. 

  

5.2 POWER CIRCUIT DESCRIPTION OF THE HYBRID PV-FC-DG SYSTEM 

 

 The PV array model of 6 kW rating used for this study is a 2×15 series-parallel matrix of 0.2 

kW PV module. The FC stack model used for this study has a rating of 6 kW. The power circuit 

topology of the proposed hybrid PV-FC DG system consists of two DC-DC boost converters. One of 

the converters is fed by the PV array and the other by the FC stack. The incremental conductance 

MPPT control algorithm is implemented in the DC-DC converter connecting the PV array to the DC-

link. This ensures extraction of maximum power from the PV array under all conditions. The 

difference of required power and the PV power is provided by the FC and regulated through proper 

control of DC-DC converter connecting the FC stack to the DC-link. The outputs of the DC-DC 

converters are connected to a common DC-link. The power from the DC-link is fed into the grid 

through an inverter. An inductive filter is connected at the output of the inverter to reduce the 

harmonics introduced by the inverter. A step-up transformer is then used to increase the voltage level 

before the system is connected to the grid. 

 The inverter control is so designed that apart from feeding active power into the grid, the 

system can also provide reactive power and harmonic compensation for any non-linear/linear load 

connected at PCC. The inverter power angle is controlled to maintain a constant DC-link voltage to 

ensure that all the power transferred from the two DC-DC converters is delivered to the PCC. The 

reactive power requirement of the PCC load is controlled by controlling the inverter’s modulation 

index. Thus the active and reactive powers are controlled independently by controlling the inverter 

angle and the modulation index. The inverter also includes the active filtering functionality thus 

providing harmonic power requirement of the PCC load thus maintaining the grid current free of any 

distortions. 
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        Proposed PV-FC hybrid system 

 

5.3 CONTROL CIRCUIT DESCRIPTION  

 

 The FC generates power at variable low DC voltage. A simple DC-DC boost converter is used 

to boost the output voltage of the FC stack before being interfaced to the DC-link of the grid-

interfacing inverter. The boost converter has higher efficiency and requires less components as 

compared to other DC-DC converter topologies like push pull, half bride and full bridge etc. which 

could possibly be used to interface the FC system to the grid.  

 The DC-DC converter output voltage (inverter DC-link voltage)     is compared with a 

reference value         and the error signal is processed through PI controller. The output of the 

controller is used to control the pulse width modulated pulses with the right duty ratio     so that the 
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output voltage follows the reference value. Similarly, a DC-DC converter connects the PV array to the 

DC-link. The MPPT control is implemented in the DC-DC converter to extract maximum power from 

the PV array under all conditions. The output of the MPPT controls the PWM pulses with the right 

duty ratio     for maximum power extraction. 

For PV array,  

                  (     )                                     (5.1)                                       

where     and     are PV array voltage and current, respectively. 

Similarly, for FC stack,  

                 (     )                                      (5.2)                        

where     is the FC stack voltage,     is the FC stack current. The active and reactive power transfer 

            from DC-link voltage to PCC is expressed as: 

     
    

  
      

       

  
                                         (5.3)                                                       

     
  

  
             

  

  
                                    (5.4)                                               

where    is the grid voltage,    is the inverter output voltage,    is the resultant impedence between 

AC-side of inverter and the PCC which includes the filter, transformer and line impedances,    is the 

inverter power angle and    the inverter modulation index. 

 Thus there are four control variables    ,    ,    and    available.    is strongly coupled to 

     while   is strongly coupled to     . Thus      and      can be controlled independent of each 

other by controlling    and    respectively. For a voltage source inverter, it is desirable to maintain 

    constant.     and     can control the PV and FC power components, respectively, and there is 

only slight dependency between the two. The power angle    directly controls the output power of the 

inverter. It also controls     to a constant value by achieving a perfect power balance across the DC-

link capacitor. The MPPT governs     independent of any other variables. This ensures transfer of 

maximum power to DC-link under all conditions. The power deficit between      and     is supplied 

by the FC stack through proper control of    . Once     and     are determined, the amount of power 

transfer from the boost converters to the inverter input is decided.    is suitably controlled to regulate 

   , thereby ensuring that all the power pumped in by the DC-DC converters to the DC-link is 

transferred to the PCC. Depending on the reactive power requirement of the PCC load     ,      can 

be changed with the help of    [168].         shows the proposed system and the control circuit. The 

inverter control also includes the functionality of harmonic compensation of PCC load. Appendix-C 

gives an insight into the boost converter topology and its small signal analysis for controller design. 
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5.4 SIMULATION RESULTS AND DISCUSSIONS 

 

 To demonstrate the proposed HDGS scheme, a model has been built and simulated in 

MATLAB/ Simulink environment. Both FC stack and PV panel is of 6 kW rating. Four different 

modes of HDGS operation are considered.  

 Mode 1 is operational only when the generated PV power is greater than the reference power 

and thus only PV source is operational thus saving the FC running cost. As the PV array is 

operated with MPPT, the inverter provides the maximum power available to the DC-link. Any 

extra power after fulfilling the load requirement is fed into the grid.  

 Mode 2 is operational when the power generated by the PV array is less than the reference 

value. The difference between the reference power and the power supplied by the PV is 

supplied by the FC stack.   

 In mode 3, only the FC stack supplies power. This mode is operational only when the PV 

power becomes zero during nights or less than a defined minimum value during cloudy 

conditions. In all these modes, apart from transferring active power from DC-link to grid, the 

inverter also provides the reactive and harmonic power to the PCC load. 

  Mode 4 operation is further considered when both the energy sources are non-operational for 

any reason, the active power demand of PCC load is provided by the grid while the reactive 

and harmonic power of the PCC load is provided by the inverter. The parameters used for 

simulation are given in Table 5.1. 

 

Table 5.1 Parameters used for PV-FC-DG Hybrid System Simulation 

 

Parameters Values 

 

FC rating 6 kW 

PV rating 6 kW 

DC-link capacitance     = 15000 µF 

Reference DC-link voltage        = 100 V 

Source voltage, frequency    = 230V, 50 Hz 

Source resistance    = 0.1 Ω 

Source inductance    = 0.15 mH 

Filter inductance   = 5 mH 

Step-up transformer   =100V/230V,   =15 kW 

Load parameters:  

Mode (a), (b) t < 3.3, t > 3.7 

3.3 < t < 3.7 
        =10+j3.77 

        = (10+j3.77)||(10+j0) 

Mode (c) t < 2.4, t > 2.8 

2.4 < t < 2.8 
        =10+j3.77 

        = (10+j3.77)||(10+j0) 

Mode (d) t < 0.4, t > 0.8 

0.4 < t < 0.8 
        =10+j3.77 

        = (10+j3.77)||(10+j0) 
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 5.4.1 Only Photovoltaic Operation Mode (              ) 

 

 This mode is operational when PV power     is greater than the reference power     . Since 

the PV array is operated with MPPT, the inverter feeds the maximum power available to the DC-link. 

The remaining power after supplying the local load is fed into the grid. To study the effect of change 

in solar insolation,   is gradually increased from 0.7 kW/m
2
 to 1.0 kW/m

2
, starting at        , then 

decreased linearly from 1.0 kW/m
2
 to 0.5 kW/m

2
, starting at           and finally increased to 0.5 

kW/m
2
 starting at            Simulation results showing the transients in    ,     and     due to 

variations in   are given in            . With change in insolation, the current fed by the DC-DC 

converter into the DC-link changes with a corresponding change in the power generated by the PV 

array.     also changes during change in insolation, but the control circuit restores it to its reference 

value of 100 V. 

             shows the PCC voltage   , PCC load current   , grid current   , inverter output 

current    and DC-link voltage    . The reactive power and harmonic power demanded by the non-

linear PCC load is supplied by the inverter, independent of     thus maintain the grid current    

sinusoidal. A 180-degree phase shift between    and    as can be seen in             shows that extra 

power remaining after supplying the load is fed to the grid.             shows the variation in grid, 

load and inverter active powers (                    ) and reactive powers (                    ). 

The active power from PV is given to load and grid, and the reactive power of the load is provided by 

the inverter. Due to small fluctuations in    , the disturbances in the reactive power appear more 

pronounced. This shows a strong coupling between      and    . This is due to the incremental 

conductance algorithm employed by the MPPT technique and the power balance carried out by the 

inverter at the DC-link.             also shows a load change at the PCC at times        and 

      . 

 

            Only PV mode operation: Solar insolation  , PV output voltage    , PV output current 

    and PV output power     
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            Only PV mode operation: PCC voltage   , Load current   , Grid current   , Inverter 

output current    and DC-link voltage     

 

            Only PV mode operation: PCC voltage     and grid current    simultaneously 

 

            Only PV mode operation: Active powers of grid, load and inverter 

(                    ), Reactive powers of grid, load and inverter (                    ) 
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5.4.2 Photovoltaic and Fuel Cell Combination Operation Mode (                  

    ) 

 

 This mode is operational when the power generated by the PV array is less than required 

reference power     . The power difference between      and     is supplied by the FC stack. The PV 

array is operated with MPPT, thus freely available     is completely utilized and the FC stack is used 

to meet the deficit power (        ). Again, the reactive power and harmonic power demanded by 

the load is supplied by the inverter, independent of     and    . 

 To study the transient behaviour of the HDGS      and   are varied at different time intervals 

and the response shown.             shows the variation in      and solar insolation         changes 

in a stepwise manner every 1 s. Initially, the solar insolation is maintained at 700 W/m
2
. There is a 

gradual increase in insolation between       and         and finally reaches an insolation of 1000 

W/m
2
.             , the insolation starts decreasing from 1.0 kW/m

2
 and reaches 0.5 kW/m

2 
by 

          and is further increased to 0.7 kW/m
2 

from           to           and maintained 

constant thereafter.  

             shows the PV output voltage    , PV output current    , PV DC-DC converter 

output voltage     and PV DC-DC converter output current       .     is maintained constant at 100 

V.             shows the FC output voltage    , FC output current    , FC DC-DC converter output 

voltage     and FC DC-DC converter output current       .             shows the variation in FC 

output power     and PV output power    .     varies according to   tracking its maximum power 

point. Any deficit between      and     is supplied by the FC source. When     becomes equal to 

    , FC stops supplying power,      .             shows variations in the duty ratio of PV DC-

DC converter switch     and FC DC-DC converter switch    . The ripple in     is due to MPPT. 

            shows the variation in grid, load and inverter active powers (                    ) and 

reactive powers (                    ). Whenever      is greater than      , the remaining power  

           is given to the grid.      follows       very closely. The figure also shows a load 

variation at times        and       .              shows the PCC voltage   , PCC load current   , 

grid current   , inverter output current    and DC-link voltage     showing the inverter is again 

providing harmonic compensation to PCC load. 
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            PV and FC combination mode operation: Reference power      and solar insolation   

 

            PV and FC combination mode operation: PV output voltage    , PV output current    , 

PV DC-DC converter output voltage     and PV DC-DC converter output current        

 

            PV and FC combination mode operation: FC output voltage    , FC output current    , 

FC DC-DC converter output voltage     and FC DC-DC converter output current        
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            PV and FC combination mode operation: FC output power     and PV output power     

 

            PV and FC combination mode operation: Duty ratio of PV DC-DC converter switch     

and FC DC-DC converter switch     

 

            PV and FC combination mode operation: Active powers of grid, load and inverter 

(                    ), Reactive powers of grid, load and inverter (                    ) 
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            PV and FC combination mode operation: PCC voltage   , load current   , grid current   , 

inverter output current    and DC-link voltage     

 

5.4.3 Only Fuel Cell Operation Mode (              ) 

 

 In this mode, only the FC stack supplies power. This mode is operational when       i.e. 

during nights or less than a minimum defined value i.e. during cloudy conditions. The reference active 

power is provided by the FC and the reactive power demand of the load is provided by the inverter. 

Even though the FC source is capable of supplying more power, only      is supplied because 

operation of the FC incurs running cost, thereby increasing the overall cost.      demanded by the 

load is supplied by the inverter and it is independent of either     or     .     is maintained at 100 V.  

 Initially      is 4 kW.      is varied from one value to another in a time interval of 1 s in a 

stepwise manner.     follows      very closely highlighting the effectiveness of the control circuit. In 

response to the sudden change in     ,     tries to increase abruptly to meet the new demand. This 

overshoot in     causes an overshoot in     that also gets projected in     .             shows the 

reference power      and the power supplied by the FC    . The PCC load variation can be seen 

projected in    .             shows the variations in FC stack output voltage    , FC stack output 

current    , DC-DC converter output voltage     and DC-DC converter output current        with 

change in     .             shows the duty ratio of FC DC-DC converter    .             shows the 

active powers of grid, load and inverter (                    ), and the reactive powers of grid, load 

and inverter (                    ). 
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            Only FC mode operation: Reference power      and FC stack power     

 

            Only FC mode operation: FC stack output voltage    , FC stack output current    , DC-

DC converter output voltage     and DC-DC converter output current        

 

            Only FC mode operation: Duty ratio of FC DC-DC converter     
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            Only FC mode operation: Active powers of grid, load and inverter 

(                    ), reactive powers of grid, load and inverter (                    ) 

 

 

5.4.4 No supply from Photovoltaic or Fuel Cell (           ) 

 

 Mode 4 operation is functional when both the energy sources are non-operational for any 

reason. Thus the active power demand of PCC load is provided by the grid while the reactive and 

harmonic power of the PCC load is provided by the inverter.             shows the PCC voltage   , 

load current   , grid current   , inverter output current    and DC-link voltage    . It can be seen that 

the inverter supplies a compensating current to the PCC so that the grid current remains of good 

quality.             shows active powers of grid, load and inverter (                    ), and the 

reactive powers of grid, load and inverter (                    ). The inverter consumes a small 

amount of active power from the grid to maintain the DC-link voltage and to overcome the losses 

associated with the inverter. The load reactive power is provided by inverter effectively.             

shows the PCC voltage     and grid current    simultaneously. They are in phase with each other, 

means now the grid is supplying power to the load.  

 Similar to a single-phase PV-FC hybrid system a three-phase hybrid system could be 

designed. The DC-DC converters would remain the same. The single-phase DC-AC converter would 

be replaced by a three-phase converter. The control algorithm and control circuit would be similar to 

that given in Chapter-3 for three-phase FC system with active filter functionality. Thus a three-phase 

hybrid system can be designed with a single inverter and the same inverter also acts as an APF. 
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            No supply from PV and FC: PCC voltage   , Load current   , Grid current   , Inverter 

output current    and DC-link voltage     

 

            No supply from PV and FC: Active powers of grid, load and inverter 

(                    ), Reactive powers of grid, load and inverter (                    ) 

 

            No supply from PV and FC: PCC voltage     and grid current    simultaneously 
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5.5 CONCLUSION (Comment [14]) 

 

 In conclusion, FC is a promising technology for DG. However, considering with the 

performance and cost of the FC, a hybrid power system is a practical solution. It can provide higher 

efficiency, enhanced reliability, lower emissions, and an acceptable cost.  The chapter 

presented a new hybrid PV-FC DG system. Instead of connecting the PV and FC sources to the grid 

with separate inverters, the energy sources are first connected to a common DC-link by separate DC-

DC converters and then connected to the grid through a common inverter. The proposed system works 

flexibly, exploiting maximum solar energy and optimum energy from FC. Appropriate control schemes 

have been designed for the inverter incorporating the active filtering capability thus compensating for 

reactive and harmonic power of PCC load as well and thus maintaining the grid current of good 

quality.  

 In the proposed hybrid system, only the two DC output voltages are required to match 

whereas in the two inverter topology both the magnitude and the phase are required to match. The 

presence of DC-DC converters ensures a stable DC-link voltage at the input of the inverter. This 

topology offers independent control of active and reactive power by controlling the phase angle and 

modulation index or magnitude of the inverter respectively. The Incremental Conductance MPPT 

implemented in the PV DC-DC converter ensures maximum utilisation of the PV array. The system is 

optimised to minimise the running cost by making only necessary utilisation of the FC stack.  It 

provides a reliable power supply to the grid-connected critical load. The inverter interfacing the FC 

and the PV to the grid also provides active power filtering if the PCC load is non-linear thus ensuring 

a sinusoidal grid current in phase with the grid voltage. 
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Chapter-6 

CONCLUSION AND SCOPE OF FUTURE WORK 

 

 

6.1 CONCLUSIONS (Comment [15]) 

 

 The concept of using alternative energy sources as distributed generation is rapidly gaining 

universal acceptance because of its technical, economic and environmental benefits over conventional 

energy generation. This thesis gives an insight into photovoltaic and fuel cell distributed energy 

systems. FCs and PVs produce DC power which needs to be converted to single-phase or three-phase 

AC for grid-interface. This has led to the development of various power electronic topologies for 

converting the generated DC power to utility compatible AC power.  

 Conventionally, an isolated or non-isolated DC-DC converter is used before the DC-AC grid-

interfacing inverter to provide the required voltage boost. In this thesis, a single-stage FC 

based DG system is proposed where instead of using DC-DC converter for voltage boosting, a 

transformer is used for making the DC-AC converter output voltage compatible with the grid 

voltage. The behaviour of the FC system is studied by performing mathematical analyses and 

simulation studies. Suitable control strategy is designed for the DC-AC converter in FC 

system. An attempt has been made to address the following key challenges: developing single-

stage DC-AC conversion with low component count, regulation of active and reactive power 

to the grid, harmonic control in inverter output voltage and grid synchronisation. A dynamic 

circuit model for a Proton Exchange Membrane FC based on its electrochemical and 

thermodynamic phenomena was used for the simulation study.  

 In the conventional two-stage PVDG system, the power electronic converter is a DC-DC-AC 

converter. Thus the PV voltage is first boosted to an adequately large level and the VSI 

interfaces the boosted voltage to the grid. In second phase of the presented work, a single-

stage PVDG system is proposed. The VSI facilitates the MPPT through regulation of DC-link 

voltage as well as transfer of power to the grid. Due to the utilisation of only one conversion 

stage, the proposed single-stage PVDG system proved to be simpler, more efficient and 

economical than the two-stage conversion system. All the four operation, power flow control, 

the DC-link voltage control, the maximum power point tracking and grid synchronisation was 

included simultaneously in the PVDG inverter. 

 A novel control for a grid-interfacing inverter to improve the quality of power at PCC for a 

single-phase and three-phase FCDG system has further been proposed. It has been shown that 

the grid-interfacing inverter can be effectively utilized for power conditioning without 

affecting its normal operation of real power transfer. The grid-interfacing inverter with the 

proposed approach can be utilized to inject real power generated from FC to the grid, and/or 
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operate as a Shunt Active Power Filter. This approach thus eliminates the need for additional 

power conditioning equipment to improve the quality of power at PCC. Simulation as well as 

experimentation have validated the proposed approach and have shown that the grid-

interfacing inverter can be utilized as a multi-function device.  

 It is further demonstrated that the PQ enhancement can be achieved under different 

scenarios. The current unbalance, current harmonics and load reactive power due to 

unbalanced and non-linear load connected to the PCC, are compensated effectively such that 

the grid side currents are always maintained as balanced and sinusoidal at unity power 

factor. When the power generated from FC is more than the total load power demand, the 

grid-interfacing inverter with the proposed control approach not only fulfils the total load 

active and reactive power demand with harmonic compensation but also delivers the excess 

generated active power to the grid at unity power factor. 

 The last part of the work presented PV- FC hybrid DG system. PV power generation has large 

variations in its output power and the cost of FC is too high to justify their widespread use. 

Hence a PV-FC hybrid system is proposed to provide a reliable power source for grid-

connected applications than a system comprising a single resource.  

 Instead of connecting the PV and FC sources to the grid with separate inverters, the 

energy sources are first connected to a common DC-link by separate DC-DC converters and 

then connected to the grid through a common inverter. The proposed system works flexibly, 

exploiting maximum solar energy and optimum energy from FC. Appropriate control scheme 

have been designed for the DC-DC converters and the inverter incorporating the active 

filtering capability thus compensating for reactive and harmonic power of PCC load as well 

and thus maintaining the grid current of good quality.  

 The system configuration and control strategy for power management is presented for 

the PVFC hybrid system. The simulation results show that the PV-FC hybrid system with 

proposed control and power management can achieve the desired performance. The PV-FC 

hybrid system thus provides higher efficiency, enhanced reliability, low emission and reduced 

cost. Thus the proposed hybrid system has a better potential to provide higher quality and 

more reliable power than a system comprising a single source. 

 

6.2 FUTURE SCOPE OF WORK 

 

 The simulation results of the PV system, FC system and the PV-FC hybrid system may be 

validated using lab experiments and on-site monitoring with actual installation of FC and PV. 

The practically measured data with variation in solar irradiance, ambient temperature and 

wind velocity should be compared with the values predicted from the simulation work. 
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 Studies on economic feasibility and analysis, initial investment and operating costs, payback 

period for all the systems and the cost of electricity generated by PV, FC and hybrid systems 

compared to utility rates for all three alternatives. 

 Energy storage devices such as batteries and ultracapacitors can be used with FCs to improve 

the performance of FC under transient disturbances and also with PVs to provide 

uninterrupted supply. 

 Multi-level inverter for integrating PV and FC to the grid combining the features of active 

power filter for high power applications is a potential area for future research. 

 Advance control techniques like artificial neural network and fuzzy logic can be introduced 

into the power converter circuits to generate the converter switching signals.  

 The proposed systems are grid-connected systems and cease to operate in case of grid failure. 

The system works well as long as the grid is present. In an event of grid failure, appropriate 

design will be needed. This needs to be investigated further and reported in future work. 
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Appendix-A 

 

MODELING OF VSI CONNECTED TO THE GRID 

 

 

A.1 CIRCUIT TOPOLOGY 

 

 In a single-stage FC system, the transfer of energy from the FC to the grid is achieved by a 

DC-AC converter.         shows the circuit of a three-phase PWM VSI connected to AC bus. The 

VSI is used to convert the power from a DC voltage to three-phase AC output voltages with 120° 

phase displacement to each other. The VSI has three arms, one for each phase. Each arm has two 

power electronic switches - the upper and the lower. The output of each phase with respect to the 

negative point on the DC-side      depends on how the switches in arm a are controlled and on the 

value of the DC voltage. The output obtained is either positive or a zero value. The corresponding 

output with respect to the neutral point n on the DC bus     is either positive or negative. Thus the DC 

is converted to AC [173]. 
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        Three-phase DC-AC voltage source inverter 

 

 Sinusoidal pulse-width modulation scheme is one of the modulation schemes used to generate 

appropriate switching pulses to the six switches of the VSI to control the magnitude, phase angle and 

frequency of the AC output voltage. In this scheme, three balanced sinusoidal control voltages called 

carrier signals   
 ,   

  and   
  are compared with the same triangular voltage      with a switching 

frequency    much higher than the carrier signal frequency   . The frequency modulation ratio is 

defined as        ⁄  and the amplitude modulation ratio is defined as          ⁄  where    is the 

peak value of the control signal for each phase and      is the peak value of the triangular voltage. 

 For phase a, when the control voltage   
  is larger than the triangular signal     , the upper 

switch   
  is on and the lower switch   

  is off. Thus the output voltage of phase a with respect to the 

negative terminal of the DC bus      is equal to    . Thus,          when   
       and        
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when   
      . The output voltages of other two phases are modulated similar to phase a. The 

switching pulse for   
  has the same wave shape as      and the switching pulse for   

   is inverse of  

  
 . The DC component and the harmonics of multiples of three of the fundamental frequency are 

cancelled out in the line to line voltages. 

 The switching frequency    is first determined depending upon the switching properties of the 

power electronic switches used in the inverter. For linear modulation, the rms value of the line-to-line 

voltage at fundamental frequency    is : 

     
√ 

 √ 
                                                          (A.1) 

Though some harmonics are cancelled out in the line-to-line voltage, the voltage is still pulsating, not 

sinusoidal. To further reduce the harmonics in the output, an output filter is normally needed. 

 

A.2 STATE-SPACE REPRESENTATION OF THREE-PHASE VSI 

 

 Taking the neutral point N as the common potential reference point, defining the following 

switching functions: 
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                                                         (A.2) 
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the inverter output voltages between each phase and its imaginary neutral point   (   ,     and    ) 

can be expressed as: 

    
  

 

 
    

    
  

 

 
                                                                  (A.3) 

    
  

 

 
    

where     is the DC bus voltage. 

The output phase potentials of the inverter   ,    and    can be obtained as: 

          

                                                                       (A.4) 

          

where    is the voltage between the point n and the common reference neutral point N. Since    

        and               and           . That is,                  . 

Therefore    is obtained as: 

    
   

 
∑   

  
                                                         (A.5) 
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The following dynamic equations is obtained for the circuit shown: 

        

    
  

         

        
    

  
                                                           (A.6) 

        

    
  

         

 

A.3 IDEAL MODEL OF THREE-PHASE VSI 

 

         shows the ideal model for a three-phase VSI used for long time simulation studies. 

The load current of the input DC voltage source     is determined by the power consumed at the AC-

side. The other three input quantities are the desired output AC frequency  , AC voltage amplitude 

index (similar to the modulation index in a real VSI control)  , and the initial phase of the three-phase 

AC output voltages    The “abc signal formation” block gives the base signals for the three phases 

     ,       and      . 

                    

                    ⁄                                                  (A.9) 

                    ⁄     

The output voltage values      ,       and       are calculated by multiplying the base signal values 

by the possible peak of the output AC, which is        . For example,                    . Then 

     ,       and       are used to control the three controlled voltage sources, which are the AC 

output voltages of the inverter model. The AC power is calculated as:  

                                                          (A.10) 

The ideal model is capable of simulating a VSI with good accuracy at large time scale. 
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Appendix-B 

DESIGN OF APF PARAMETERS 

 

 

 The desired compensation current waveform is obtained by controlling the switching of the 

IGBTs in the VSI. The switching ripple     of the compensation current is determined by the available 

driving voltage across the interfacing inductor, the size of the interfacing inductor and switching 

frequency. In the proposed scheme, the driving voltage is the DC-bus voltage    . The bipolar DC-bus 

voltage across the interfacing inductor determines the peak-to-peak switching ripple          [153]. 

 A controllable voltage source       is applied to the interfacing inductor    terminal to 

establish the compensation current       as illustrated by          

( )cv t

( )ci t cR
cL

( )sv t

 

        Equivalent circuit of SAPF 

 

Therefore    in the interfacing inductor is determined by   , the source voltage   , the interfacing 

inductor resistor     and the interfacing inductor   , as given by: 

                     
      

  
                                      (B.1) 

The terminal voltage and the compensation current can be expressed in terms of their DC and the 

switching ripple components as 

                                                               (B.2) 

                                                                (B.3) 

where        and        are the ripple components in    and    respectively. From the above 

equations: 

              [         ]   
       

  
                             (B.4) 

where        and 

                   
       

  
                                  (B.5) 

We know that the ripple current is high frequency component and primarily determined by the 

interfacing inductor L. Therefore,    and R are assumed to have negligible effects. From above 

equation:  

        
       

  
                                                (B.6) 
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        shows the voltage ripple        and the resulting ripple current        using the above 

equation. It is assumed that the voltage ripple        is represented by the bipolar DC-bus voltage 
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        Switching ripple of the compensation current  

 

From the above equation the peak-to-peak switching ripple can be calculated as: 
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From the above equation, the minimum interfacing inductor      can be derived as: 

     
   

                
                                              (B.10) 

where         is maximum frequency of switching ripple and          is the peak-to-peak switching 

ripple of compensation current. 

 This VSI uses DC-link capacitor as the supply and switches at high-frequency to generate a 

compensation current that follows the estimated current reference. Thus, the voltage across the DC-

bus capacitor     must kept to a value that is higher than the amplitude of the source voltage        

 The DC-bus capacitor     is used as a temporally energy storage element in the proposed 

SAPF. During steady state condition, the reactive and harmonic load currents will charge and 

discharge the DC-bus capacitor during the source voltage period. The size determination of the DC-

link capacitor is based on the energy balance principle. Using this concept, the following equations 

can be derived: 

 

 
   (       

     
 )  

 

 
 √       

 

 
                                (B.11) 

        is the DC-bus voltage reference,    is the rms value of the source voltage,    is the rms value of 

harmonic and reactive load current (compensating current of APF) and T is the period of source 

voltage. The size of DC-link capacitor is determined by 

    
√         ⁄

       
     

                                                   (B.12) 
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Appendix-C 

BOOST CONVERTER WITH CONTROLLER DESIGN 

 

C.1 CIRCUIT OF A BOOST CONVERTER (Comment [17]) 

  The circuit diagram of a boost DC-DC converter is shown in            .             

shows the steady state inductor voltage and current waveforms for continuous conduction operation 

mode of the circuit i.e when inductor current flows continuously. With positive switching pulse, 

switch    is on and diode    is off. Thus the voltage across the inductor    
 is same as the input 

voltage       and the inductor current    
 increases with a slope        ⁄ . With negative switching 

pulse, switch    is off and diode    is on. Thus the inductor voltage becomes (            ) and the 

inductor current decreases with a slope of (            )   ⁄ . In steady state the average value of 

inductor current    
 is constant in one switching period   . The inductor voltage can be written as 

   
   (    

  ⁄ ). The integral of the inductor voltage    
 over one switching period is zero in 

steady state [173]. Hence: 

          (            )                                      (C.1) 

From the above equation, the output voltage      can be written as  

                 ⁄                                           (C.2) 

Where        ⁄  is the duty ratio of the switching pulse. 

The values of inductor    and capacitor    are selected according to the rated voltage, current ripple, 

voltage ripple and switching frequency of the boost converter. 
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            DC-DC boost converter     Inductor current and voltage waveforms in continuous 

conduction mode 
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C.2 STATE-SPACE MODEL OF BOOST CONVERTER (Comment [18]) 

 

 Taking       
 and       

 as state variables. Let      ̃,      ̃,             

 ̃     and                ̃     . The symbol “~” denotes small perturbation signals and state 

variable X denotes the system operating point. 

When switch    is on and diode    is off, the state-space equation of the circuit can be written as: 

 ̇               

         
                                                                  (C.3) 

where   [    ] ,    [
  
      ⁄ ],    [

   ⁄
 

] and   
  [  ]. The symbol “T” 

represents the transpose operation of matrix. 

When switch    is off and diode    is on, the state-space equation of the circuit can be written as: 

 ̇              

         
                                                                 (C.4) 

where,    [
     ⁄

   ⁄      ⁄
],    [

   ⁄
 

] and   
  [  ]. 

Hence, the average state-space model of the circuit at the operating point is: 

 ̇            

                                                                          (C.5) 

where               [
         ⁄

       ⁄      ⁄
] 

              [
   ⁄
 

] ,    [           ]  [  ]  

The small signal model for the DC-DC boost converter can be written as: 

 ̇̃     ̃     ̃     ̃     

 ̃         ̃                                                               (C.6) 

where   ̃  [ ̃  ̃ ]
 ,    [

         ⁄

       ⁄      ⁄
],    [

    ⁄

     ⁄
] and    [

   ⁄
 

]  

   and    are the steady state values of    and    respectively. Considering only the perturbation of 

duty ratio  ̃ i.e.  ̃      , the transfer function        can be obtained as: 

       
 ̃        

 ̃   
   [     ]

     
[      ]⁄  [           ]⁄

 [       ⁄  ] [          ⁄ ]
            (C.7) 

The developed transfer function is used for the controller design. 
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        Average model for DC-DC boost converter 
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Appendix-D 

DETAILS OF EXPERIMENTATION (Comment [5]) 

 

 

 A single-phase and three-phase inverter experimental (Comment [5]) platform is developed to 

test the control for the utility connected APF inverter. The experimental (Comment [5]) setup consists 

of inverter power and control circuits, sinusoidal/non-sinusoidal supply source, DC voltage source, 

DC-link capacitor, filter inductors, linear/non-linear load bank etc. The integrated power electronic 

modules with IGBTs are used for the power circuit whereas a DSP-based controller is used to 

implement the control objectives. The same platform can be extended for integration of the distributed 

energy into the utility. 

 

D.1 Inverter Power Circuit 

 

 In the experimentation (Comment [5]), a Semikron make SKAI module was used. The module 

consists of six 1200V, 45 A IGBTs of type APT25GP120BDF1 arranged in a three-phase bridge 

format. Three inductors of 2.75 mH are connected to each of the three phases on the inverter AC-side. 

An electrolytic capacitor of 1600 µF, 1200 V is connected on the DC-side of inverter module. The 

non-linear load is full bridge diode rectifier module SKB60/08 (Semikron) of 1200V, 25 A. 

 External current sensors LA-25NP (LEM) are used to sense the AC current signals from the 

inverter power circuit. LA-25NP provides five selectable current measurement ranges (5/6/8/12/25 A). 

The supply voltage requirement is ± 15 V. 

 External voltage sensors LV25-P (LEM) is used to sense the AC voltages and the DC-link 

voltage. The supply voltage ranges from ± 12V to ± 15V.  Both the sensors provide galvanic isolation 

between the high voltage power circuit and the low voltage control circuit with isolation capability of 

about 2.5 kV rms at 50 Hz. Further details can be obtained from the attached datasheet.  

 The signals from the current and voltage sensors are passed through signal conditioner before 

being applied to ADC of the DSP. The signal conditioner converts these bipolar signals (in the range 

of ± 1.5 V) into the unipolar signals (in the range of 0-3V) by providing a shift of 1.5 V DC in the AC 

signals, thus making it compatible with the analog channels of the DSP.  

 The switching signals obtained from the DSP are not suitable to drive the IGBTs of the 

inverter. Isolation and amplifier circuit using Photocoupler TLP250 (Toshiba) is used between the 

DSP output switching signals and the inverter module in order to make the generated switching pulses 

compatible to the IGBT switches of the VSI. 
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D.2 Inverter Control Circuit 

 

 The inverter control is designed with Spectrum Digital eZdspF2812 [174, 175] evaluation 

module. This module contains the TMS320F2812 DSP by Texas Instruments. To simplify code 

development and shorten debugging time a C2000 Tools Code Composer Studio (Texas Instruments) 

driver is provided with the eZdsp module. The inputs to the control board are voltage and current 

measurement signals from the external sensors. Thus the instantaneous values of source voltages, DC-

bus capacitor voltage, and linear/nonlinear load currents are the inputs to the controller.  

 

D.3 OVERVIEW OF THE eZdspTM F2812 

 

 The eZdspTM F2812 is an excellent platform to develop and run software for the 

TMS320F2812 processor. The eZdspTM F2812 allows full speed verification of F2812 code. To 

simplify code development and shorten debugging time, a C2000 Tools Code Composer driver is 

provided. In addition, an onboard JTAG connector provides interface to emulators, operating with 

other debuggers to provide assembly language and ‘C’ high level language debug. 

 

D.3.1 Key Features of the eZdspTM F2812 

 

The eZdspTM F2812 has the following features: 

•     TMS320F2812 Digital Signal Processor 

•     150 MIPS operating speed 

•     18K words on-chip RAM 

•     128K words on-chip Flash memory 

•     64K words off-chip SRAM memory 

•     30 MHz. clock 

•     2 Expansion Connectors (analog, I/O) 

•     Onboard IEEE 1149.1 JTAG Controller 

•     5-volt only operation with supplied AC adapter 

•     TI F28xx Code Composer Studio tools driver 

•     On board IEEE 1149.1 JTAG emulation connector 

 

D.3.2 Functional Overview of the eZdspTM F2812 

 

         shows a block diagram of the basic configuration for the eZdspTM F2812. The 

major interfaces of the eZdsp are the JTAG interface and the expansion interface. 
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        Block diagram of eZdsp
TM

F2812 

 

The eZdsp
TM 

F2812 consists of four major blocks of logic: 

•     Analog Interface Connector 

•     I/O Interface Connector 

•     JTAG Interface 

•     Parallel Port JTAG Controller Interface 

The eZdsp
TM

F2812 is a 5.25 x 3.0 inch, multi-layered printed circuit board, powered by an external 5-

Volt only power supply.         shows the layout of eZdsp
TM

F2812. 

 

 

 

        Layout of eZdsp
TM

F2812 PCB 
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Appendix-E 

PHOTOVOLTAIC MODELING AND MPPT ALGORITHMS 

 

 

E.1 PHOTOVOLTAIC MODELING 

 

             shows the     and             the     curve of the modeled PV device 

(based on KC200GT module) at STC highlighting the three main points: short circuit (       ), 

maximum power point (           ) and open circuit (       ).  

 

                characteristic of PV Module at STC (based on Kyocera KC200GT 200W PV 

module) 

 

 

                 characteristic of PV Module at STC (based on Kyocera KC200GT 200W PV 

module)  
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            shows the     characteristic of PV module at different irradiance levels with constant 

cell temperature of 25 °C and             the     characteristic of PV module at different cell 

temperatures with constant solar irradiation of 1 kW/m
2
.             shows that the open circuit 

voltage increases logarithmically with irradiance while the short circuit current is a linear function of 

the irradiance.             shows that with increasing cell temperature there is linear decrease of the 

open circuit voltage, the cell being thus less efficient. The short circuit current slightly increases with 

cell temperature.      
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            characteristic of Photovoltaic Module (based on Kyocera KC200GT PV module) at 

    different irradiance levels   (  = 25°C)     different cell temperatures   (  = 1 kW/m
2
) 

 

            shows the     characteristic of PV module at different irradiance levels with constant 

cell temperature of 25 °C and             the     characteristic of PV module at different cell 

temperatures with constant solar irradiation of 1 kW/m
2
. 

 

    

 

    

 

            characteristic of Photovoltaic Module (based on Kyocera KC200GT PV module) at 

    different irradiance levels   (  = 25°C)     different cell temperatures   (  = 1 kW/m
2
) 
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E.2 MPPT Algorithms 

 

 Perturb and Observe MPPT control algorithm 

 

         shows the flowchart for the Perturb and Observe MPPT algorithm. In this method, 

periodic incremental or decremental perturbations are imposed on the PV system output voltage     

and the resulting power output     is compared with the value in the last perturbation cycle. If the 

changes in the power and voltage are of the same polarity, i.e. if         ⁄  is greater than zero, then 

the MPPT scheme continues to change the voltage in the same direction as that in the last cycle 

otherwise the voltage is changed in the opposite direction for the next cycle [66, 84, 88]. 
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        Perturb and Observe MPPT algorithm 

 

 Incremental Conductance MPPT control algorithm 

  

 The Incremental Conductance (IC) MPPT control algorithm is based on the observation that 

the following equation holds at the MPP: (        ⁄ )  (      ⁄ )   . (        ⁄ )  (      ⁄ ) is 

negative when the operating point on the     plane is on the right-hand side of the MPP, and is 

positive when the operating point is on the left-hand side of the MPP. The MPP can thus be tracked by 

trying to regulate the difference between instantaneous conductance       ⁄  and incremental 

conductance         ⁄  at zero, by properly shifting the PV terminal voltage    . The algorithm is 
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described by the flowchart given in        .  If (        ⁄ )  (      ⁄ ) is positive and larger than 

a small value  , the operating point is on the left-hand side of the MPP, and     is increased by one 

step. If (        ⁄ )  (      ⁄ ) is negative and larger in absolute value than  , then the operating 

point is on the right-hand side of the MPP, and     is decreased by one step. When the absolute value 

of (        ⁄ )  (      ⁄ ) becomes smaller than  , the MPP is considered to have reached and the 

voltage is kept unchanged, unless a new change is detected in    . If so, the algorithm changes     in 

an appropriate direction and the search for the new MPP begins. The IC method offers satisfactory 

performance under rapidly changing atmospheric conditions. The IC algorithm requires measurement 

of both     and    . The magnitude of the voltage increment step    determines the algorithm 

tracking speed [66, 68, 84, 90]. 
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        Incremental Conductance MPPT algorithm 


